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Objectives

Obesity is associated with COVID-19 severity and mortality. We investigated relationships between adipokines, cytokines and redox parameters with obesity, human immunodeficiency virus (HIV), severity and outcome.





Methods

In the exploratory study, adipose tissue (AT) was sampled in patients with COVID-19 on admission. Concentrations of leptin, adiponectin, resistin, interleukin 1 beta (IL-1b), IL-2, IL-6, IL-10, IL-17, tumor necrosis factor alpha (TNF-a), monocyte chemoattractant protein 1 (MCP-1), Trolox equivalent antioxidant capacity (TEAC), oxidative stress (H202) and malonaldehyde (MDA) were determined.





Results

Thirty-eight biopsies of subcutaneous adipose tissue were obtained (prevalence of HIV was 39% and of obesity 61%). Higher IL-6 serum concentrations (p=0.03) were associated with more severe COVID-19, and higher serum IL-10 concentrations, (p=0.03) with mortality. People with obesity had higher leptin concentrations (p=0.03, and p<0.01), lower adiponectin/leptin (p=0.03 and p<0.01), and higher leptin/resistin ratios (p=0.09 and p<0.01) in both AT and serum respectively. Higher leptin/resistin (p=0.04) and lower adiponectin/resistin (p=0.05) ratios in AT, but not serum, were predictive of mortality. HIV was not associated with any differences. Relationships between resistin and redox indicators, TEAC and MDA, suggest a dysregulation of metabolic vs immune-relevant effect of resistin, which differentially predicted severity and mortality. SARS-CoV-2 RNA was detected in the subcutaneous AT in 3/8 patients who demised, but only in 1/30 who survived.





Conclusion

Given the significant link demonstrated between leptin dysregulation in obesity and mortal severity of COVID-19, addressing obesity should be a priority therapeutic target in terms of future pandemic preparedness. Mechanistic studies are recommended to further elucidate the importance of metabolic vs immune modulation by resistin in COVID-19, to identify future therapeutic targets.
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Introduction

The Coronavirus disease 2019 (COVID-19) pandemic highlighted the pleiotropic effects of adipose tissue (AT), and its link with infection and inflammation (1). AT is comprised of adipocytes and the stromal vascular fraction, made up of fibroblasts, endothelium, blood, macrophages, and other immune cells (2). In addition to its traditional function of energy storage, AT also has endocrine and immune properties (2). Both the adipocytes and macrophages in AT secrete pro- and anti-inflammatory cytokines which contribute to the overwhelming inflammatory response or ‘cytokine storm’ reported in patients hospitalized with severe COVID-19 (1, 2). Although the pandemic of COVID-19 is no longer an imminent global threat, much can be learned from the COVID-19 literature, in terms of measures to be put in place for future pandemic preparedness. This includes both management of patients during a pandemic, as well as management of the risk for co-morbid sequelae in the patient with obesity.

For example, obesity has been established as a significant risk factor for severe COVID-19 and mortality (3, 4). Obesity is associated with underlying chronic low grade localized AT inflammation, which may prime the immune system for an exaggerated inflammatory response to novel pathogens such as SARS-CoV-2 (5). Furthermore, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been demonstrated in various extra-pulmonary sites, including AT, where it has been detected in both adipocytes and AT macrophages in post-mortem samples (6–8). The membrane protein angiotensin converting enzyme 2 (ACE-2) receptors are abundantly expressed in adipose tissue (9), which SARS-CoV-2 (as well as other similar viruses) can bind to facilitating cell entry and viral replication (5). In persons with obesity, adipocytes are hypertrophied and consequently have increased expression of ACE-2 receptors per cell (10), which along with impaired viral responses in obesity, may result in a higher intracellular SARS-CoV-2 load or reservoir in AT (11). In addition to these avenues by which obesity may affect prognosis in COVID-19, a preclinical report of longer-term adverse mitochondrial functionality (12), raises concerns of post-recovery susceptibility to chronic diseases in the obese patient – especially since obesity is already linked to unfavorable redox status.

In terms of future therapeutic targets, it is important to note that many biomarkers or outcome predictors in COVID-19, are also associated with obesity even in the absence of infection. Most prominently, leptin – known to be elevated in people with obesity (13) - was reported to recruit AT and alveolar macrophages and to induce secretion of interleukin (IL)-1, tumor necrosis factor alpha (TNF-a) and IL-6 (i.e. the cytokine storm), in COVID-19 disease (5) and thus contributed significantly to a pro-inflammatory outcome (5, 14, 15). Of interest, hyperleptinemia contributes to lung inflammation and is also linked to viral infections such as influenza (16), which underlined the broader applicability of COVID disease data to other viral threats. Furthermore, increased resistin, another hallmark of obesity (17) and pro-inflammatory action (18–20), was associated with increased IL-6 and TNF-a signaling, activation of complement, and the synthesis of TNF-a, IL-6 and monocyte chemoattractant protein 1 (MCP-1) in COVID disease (18, 19). By generating reactive oxygen species, resistin contributes to oxidative stress in various tissues, including the lung (20). Adiponectin, pathologically reduced in people with obesity (PWO) and by leptin, IL-6, and TNF-a (14), activates COVID-19-linked secretion of the anti-inflammatory cytokine, IL-10, and reduces secretion of IL-6 and TNF-a (15, 21).

Of further interest, although strong correlations have been reported between serum cytokine levels and redox parameters in a COVID-19 patient cohort (22), lack of a AT profile in parallel to this data, precludes conclusions on the contribution of obesity in the context of redox and the cytokine storm in COVID disease. An unbalanced redox status in the AT would play an important role in exacerbating a pro-inflammatory microenvironment which may contribute to progression or worse prognosis in conditions such as COVID-19, as well as exacerbating longer-term susceptibility to post-covid health issues resulting from chronic inflammation.

Therefore, the aim of the current study was to investigate the relationship between AT redox status and AT signaling profile vs prognosis in a condition such as COVID-19, to shed light on the importance of management of obesity during viral infection, as well as in preparation for future pandemic scenarios.





Materials and methods




Study design, setting, and population

We conducted a single center exploratory cross-sectional study investigating the sAT profile of patients admitted to the COVID-19 medical wards with COVID-19 pneumonia. The study was performed at Tygerberg Hospital, a university affiliated tertiary hospital in Cape Town, South Africa. The hospital is the largest in the Western Cape province and serves a population with a high burden of communicable (HIV and tuberculosis) and non-communicable diseases. Patient recruitment for this study occurred from 14 July 2021 until 08 September 2021, which coincided with the third wave of the pandemic in South Africa, when the Delta variant of SARS-CoV-2 predominated.





Participant selection and ethical considerations

Ethical approval for this study was obtained from the Health Research Ethics Committee of Stellenbosch University (HREC Reference number: N20/04/002_COVID-19). As this was an exploratory study investigating the relationship between adipose tissue and COVID-19, we aimed to recruit a minimum of 20 to 30 patients. The samples size was determined by feasibility rather than statistical calculations. A total number of 38 patients were recruited before the COVID-19 wave ended and there were no further hospital admissions meeting the inclusion criteria. Written informed consent was obtained from all participants. All patients had to fulfill the following inclusion criteria: (1) be at least 18 years of age, (2) have a positive nasopharyngeal SARS-CoV-2 polymerase chain reaction (PCR) or antigen test, (3) be hospitalized with COVID-19 pneumonia requiring oxygen, (4) be within 48 hours of admission, and (5)  should not have received > 2 doses of dexamethasone 6mg daily, or prednisone 40mg daily. Patients were excluded based on presence of any malignancy, autoimmune or connective tissue disease, or diabetic keto-acidosis, as well as any patient in ICU or who was intubated, incidental SARS-CoV-2 positive test (PCR or antigen) without a pneumonia, or inability or being unwilling to provide informed consent.





Clinical and routine laboratory data collection

Clinical data collected included age, sex, symptoms (dyspnea, cough and/or fever), co-morbidities such as hypertension, diabetes, obesity, HIV status and tuberculosis, as well as an assessment of COVID-19 severity. A clinical definition for early stage severe COVID-19 included patients with symptoms (dyspnea, cough and/or fever) and minimal chest radiograph infiltrates, who required minimal supplementary oxygen (nasal prong or 40% facemask oxygen). Advanced stage severe COVID-19 was clinically defined as those with symptoms and significant chest radiograph infiltrates, who required non-rebreather mask oxygen or non-invasive ventilation in a medical ward setting. Obesity was defined as a body mass index (BMI) of ≥ 30 kg/m2. Duration of hospital stay, and outcome (survival to discharge or death in hospital) was recorded. Laboratory data generated as part of routine care was collected and included admission full blood counts, differential leukocyte counts, as well as concentrations of creatinine, general inflammatory markers (C reactive protein, lactate dehydrogenase), and the metabolic indicators glycated hemoglobin (HbA1C), vitamin D and cholesterol.





AT and serum sampling and processing

AT samples were obtained between 10h00 and 12h00 to minimize any effect of diurnal variation in adipokine concentrations. A biopsy of abdominal sAT (akin to a skin biopsy) was collected from consenting participants by first anaesthetizing the skin after cleaning the area with chlorhexidine. A 6mm superficial skin incision was made just below the umbilicus and two 6mm punches of sAT were obtained. After the procedure the biopsy site was covered and cared for by standard procedures. None of the 38 patients required sutures or had complications after the adipose tissue biopsy procedure. Biopsies were immediately flash frozen in liquid nitrogen and stored at -80°C until analysis. On the day of analysis, biopsies were thawed on ice. AT biopsies were mechanically homogenized in 250uL standard PBS (pH 7.2) using the Omni bead ruptor (Sigma Aldrich, USA). Thereafter the homogenates were centrifuged at 10,000xg for 15 minutes at 4°C to obtain the supernatants used for the analyses. The sAT homogenate supernatant obtained was immediately analyzed to determine adipokine concentrations. The lipid rich (pellet) layer of homogenate was removed via scraping of tubes and stored at -80°C. This was used to extract RNA for detection of SARS-CoV-2. Total protein content of each sAT homogenate sample was determined by using a Jenway 7415 nanodrop Micro-volume Spectrophotometer (Cole-Parmer Instrument Company, LLC, United Kingdom). The concentrations of analytes in sAT were expressed relative to sample protein content.

Blood for cytokine analysis was collected into serum separation tubes (Vacutainer, BD Systems, Plymouth, UK) within 15 minutes of collection of sAT biopsies. Blood samples were allowed to clot at room temperature for 10 minutes and then centrifuged at 1,300xg for 10 minutes, within 1 hour of samples collection. The serum was aliquoted and stored at -80°C for batch analysis.





AT and serum cytokine and chemokine signaling profile

Concentrations of the following cytokines and adipokines were measured using Discovery Luminex Assays from R&D Systems (LXSAHM; R&D Systems, Inc., MN, USA): adiponectin, leptin, resistin, IL-1b, IL-2, IL-6, TNF-a, interferon gamma (IFN-g), IL-17, IL-10, and MCP-1. All analytes were measured simultaneously in sAT samples (diluted 1:2) using an 11-plex assay. Two kits were used for serum samples: a 1-plex to measure adiponectin (sample diluted 1:200) and a 10-plex (sample diluted 1:2) to measure the remaining analytes. Assays were performed following the manufacturer’s instructions and the plates read on the Luminex LX200 Instrument with xPONENT software.





AT viral detection

RNA was extracted from 160µL of the homogenate using the NucleoSpin RNA Virus kit (Macherey-Nagel, Germany). Samples were eluted into 50µL of elution buffer. Testing for SARS-CoV-2 RNA through detection of the E gene was performed using reverse-transcriptase real-time PCR utilizing the SARS-CoV-2 ModularDx kit (TIB MOLBIOL, Germany) on the CFX96 Touch real-time PCR system (Bio-Rad, USA). The SARS-CoV-2 ModularDx kit can further differentiate SARS-CoV-2 sequences if they belong to the Delta or other variants by detecting the deletion mutation at positions 157/158 of the Delta within the spike region.





AT redox and signaling profile




Hydrogen peroxide assay

Free radical estimation was conducted using a commercial Hydrogen Peroxide (H2O2) colorimetric assay kit (Elabscience, EBC-K102-S, USA) with minor modifications. Adipose tissue homogenates were centrifuged at 10,000xg at 4°C for 10 minutes and supernatants were collected for the assay. Briefly, 100ul of the buffer solution 1 was added to a 96 well plate and incubated for 10 minutes at 37°C. Thereafter, 100ul of reagent 2 was added along with either 10ul of H2O2 standard or 20ul of sAT supernatant. The 96 well plate was then read at 405nm on a microplate reader (Victor Nivo Multimode Plate Reader, Perkin Elmer).





Trolox equivalent antioxidant capacity (TEAC) assay

Total antioxidant capacity was measured using the TEAC assay adapted from Miller, 1993. The radical 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (Sigma, A1888) was combined with Potassium-peroxodisulphate (Merck,105091) to develop overnight. In a 96 well plate the sample was added to the ABTS mix and incubated at room temperature for 30 minutes. The plate was then read at 734nm on the Victor Nivo Multimode Plate Reader, Perkin Elmer.





Thiobarbituric acid reactive substances (TBARS) assay

Oxidative damage was measured using TBARS assay which measures the lipid peroxidation product, malondialdehyde (MDA) in a sample. The method used was adapted from Varshney and Kale (1990). Briefly, butanol and saturated sodium chloride are added to the MDA-TBA complex formed in a sample. Absorbance was read at 532nm (with a reference wavelength of 572nm) using a Victor Nivo Multimode Plate Reader, Perkin Elmer.






Statistical analysis

Clinical parameters were compared between BMI groups and outcome groups (alive or died) using cross tabulation and the Fisher Exact test for categorical data, and one-way ANOVA for continuous data. Immune marker values that were too low to be extrapolated by the xPONENT Software, were imputed to the lowest value that could be extrapolated by the software minus 10% of the range. For adiponectin concentrations in sAT > 20% of values were too high to be extrapolated by the xPONENT Software so the fluorescence intensity (FI) was used as a surrogate. Corresponding FI of leptin and resistin were used to calculate adipokine ratios in sAT. Serum IFN-g was not included in analysis as > 20% of both observed concentrations and fluorescence intensities were too low to be extrapolated by the software. Immune marker concentrations were compared between above mentioned groups using one-way ANOVA. Homogeneity-of-variance was checked using the Levene’s test and in cases where it did not hold, the Welch test was done. However, in all cases the Welch test gave similar results to the ANOVA results. Normality of marker concentrations were first checked by visually inspecting normal probability plots, and in cases where outliers were detected, winsorizing was done by calculating interquartile range (IQR) scores using the R package “outliers”. Values outside the IQR ranges were changed to fall on the borders of the IQR ranges, thus still retaining the rank of the data points (reducing their influence on the mean) and leaving the non-outlier data points untouched. The Benjamini-Hochberg procedure was used to correct for multiple testing. The adjusted p-values did not meet the 5% level of significance; therefore, unadjusted p-values were reported. The effect of potential confounders (age, sex, obesity, hypertension, diabetes, HIV and severity) was assessed using a Factored ANOVA which includes each variable as a second main effect in the ANOVA (together with patient outcome). To understand the interplay between signaling role players, Spearman correlations were calculated between redox parameters and adipokines, with consideration of obesity, disease severity and outcome.






Results




Baseline clinical data and routine laboratory data

The mean (± standard deviation) age of participating patients was 51 ± 10 years, and most patients were female (n=29, 76%). None had a history of prior COVID-19 or had received any COVID-19 vaccines. The most common comorbidities were obesity (n=23, 61%), hypertension (n=23, 61%) and HIV (n=15, 39%) (Table 1). All patients had at least one symptom, commonly dyspnea (n=36, 95%), cough (n=32, 84%) and fever (n=17, 45%), with a median (range) duration of symptoms of 9 (2 to 10) days at the time of sampling. There were 11 patients with early stage severe COVID-19 (29%) and 27 with advanced stage severe COVID-19 (71%). In people with HIV (PWH), 12 had at least one other comorbidity (80%). The mean CD4 count was 428 ± 290 cells/ul and HIV viral loads were available and suppressed in 14 of 15 PWH (93%). Where antiretroviral therapy was documented, 9 were on dolutegravir-based regimens, and 2 were on atazanavir/ritonavir-based regimens.


Table 1 | Baseline clinical and laboratory test findings of COVID-19 hospitalized patients.



PWO had significantly higher serum LDH, although higher LDH did not seem to be a prognostic indicator for survival (Table 1). Although PWO exhibited lower vitamin D concentrations than non-obese patients, low vitamin D was similar in patients who survived and those who died.





Obesity-associated differences in blood and AT adipokine profile is linked to disease outcome

There were no differences in serum and sAT cytokine and adipokine concentrations in PWH compared to people without HIV. Obesity was associated with higher leptin concentrations, lower adiponectin/leptin and higher leptin/resistin ratios in both serum and sAT (Table 2). However, adipose tissue (but not serum) adipokine dysregulation - higher leptin/resistin and lower adiponectin/resistin – was associated with mortality.


Table 2 | Adipose tissue and serum adipokine concentrations and adipokine ratios stratified by obesity, COVID-19 severity, and outcome.



In line with COVID literature, higher serum IL-6 concentration was associated with advanced severe disease, while higher serum IL-10 also predicted mortality (Table 3). AT concentrations of inflammatory cytokines did not align with changes reflected in serum. However, all AT cytokine concentrations were very low, which may have resulted in suboptimal detection accuracy. The decision was therefore made to exclude this data from interpretation. Correcting for age, sex, obesity, hypertension, diabetes, HIV and severity did not change the interpretation of any of the findings reported here (Supplementary Data Sheet 1).


Table 3 | Adipose tissue and serum cytokine concentrations stratified by obesity, COVID-19 severity, and outcome.







Antioxidant capacity of AT reflects changes in response and predicted disease outcome

In terms of redox indicators, neither AT hydrogen peroxide levels (as proxy for presence of reactive oxygen species), nor the indicator of oxidative damage, malonaldehyde (MDA), were associated with any of the stratification factors (Figure 1). However, total antioxidant capacity (TEAC) was significantly higher in the non-obese group (Figure 1). In order to interrogate the potential influence of obesity on antioxidant capacity in the context of COVID-19 disease outcome, data was assessed for potential correlations between AT TEAC and AT adipokine ratios associating with mortality in the current study. Indeed, while in non-obese patients, TEAC was positively correlated with leptin:resistin ratio, this correlation was lost in obesity (Figures 2a, b). No correlation was observed between TEAC and adiponectin:resistin ratio, regardless of obesity status (Figures 2c, d). Furthermore, resistin was positively correlated with TEAC in early severe disease (but not advanced severe disease) (Figures 3a, b) and negatively correlated to MDA in patients with obesity (but not in people without obesity) (Figures 3c, d), as well as in the patient group who did not survive (but not in the survivors) (Figures 3e, f).




Figure 1 | Adipose tissue homogenate levels of H2O2, MDA and Trolox equivalent antioxidant capacity stratified by (a–c) obesity, (d–e) outcome, (g–i) COVID-19 severity.






Figure 2 | (a) Adipose tissue homogenate levels of Trolox equivalent antioxidant capacity (TEAC) in correlation to the ratio of leptin/resistin for patients classified as non-obese (a) and obese (b), as well as the ratio of adiponectin/resistin in non-obese (c) and obese (d) patients.






Figure 3 | Adipose tissue homogenate levels of resistin in comparison to Trolox equivalent antioxidant capacity for patients classified as early severe disease (a) and advanced severe disease (b), resistin in comparison to malondialdehyde (MDA) for patients without obesity (c) and patients with obesity (d) and resistin in comparison to malondialdehyde (MDA) for patients classified as surviving (e) and non-surviving (f).







Adipose tissue SARS-CoV-2 RNA

Low levels of SARS-CoV-2 RNA were detected in only four (10.5%) sAT samples. All 4 had advanced severe disease (n=4/27, 15%), of whom 2 suffered from obesity and another from HIV. Three of the 8 patients who died and only 1 of the 30 who survived (n=3/8 (38%) vs 1/30 (3%), p = 0.02) had detectable SARS-CoV-2 RNA in sAT within 48 hours of hospital admission. None of the positive sequences belonged to the Delta variant.






Discussion

Despite the relatively low sample number, our data aligns with other COVID-19 literature reporting cytokine and adipokine dysregulation in serum (22–26), underlining the significant magnitude of the dysregulation. For example, the finding of elevated concentrations of serum IL-6 in severe COVID-19 and the elevation of the anti-inflammatory cytokine IL-10 in serum -likely as compensatory mechanism - in patients who died, is in keeping with existing data that suggests hyperinflammation or a cytokine storm contributes to severity and outcomes in COVID-19 (27). IL-10 has also previously been shown to reflect a poor prognosis if elevated early in COVID-19 (27).

To the best of our knowledge, no other published studies on adipokine signaling in adipose tissue in COVID-19 exist. Thus, current data add to existing literature by also demonstrating similar adipokine dysregulation in the sAT - specifically higher leptin/resistin and lower adiponectin/resistin ratios, which were associated with COVID-19 mortality. Adipokine ratios are novel biomarkers that are more sensitive indicators of AT dysfunction and dysregulation of adipokine signaling than adipokines alone and have also been reported in the COVID-19 context (24, 28). This result is also somewhat different from the majority of relevant COVID-related literature which seems to link increase serum inflammatory cytokine and adipokine content to severity of disease, but not necessarily mortality (19, 24, 28, 29). Importantly, while serum adipokine levels did not sensitively predict mortality in our cohort either, AT adipokine ratios did, which confirms adipose tissue – and by implication pre-existing obesity - as a primary contributor to adipokine dysregulation of immune activation that reaches mortal magnitude in COVID disease. Regardless of the specific molecular mechanisms involved – which remain to be elucidated (5, 28, 30) – this result alone, underlines the urgency of addressing obesity itself as a “therapeutic target”, not only to alleviate risk for chronic inflammatory diseases linked to obesity, but also as a measure of future pandemic preparedness. In this context, the recent advances on anti-obesity drug development made by leading pharmaceutical giants – if made available at affordable prices – could significantly and beneficially impact mortality risk in infectious pandemics in future.

The current data set may be too modest to provide conclusive answers in terms of viral distribution and sequestration. However, the fact that detectable levels of SARS-CoV-2 RNA in sAT biopsies performed early after hospital admission, was associated with advanced severe disease and increased risk of mortality in the current cohort, could suggest adipose tissue as a viral reservoir. In support of this interpretation, previous studies have demonstrated the virus in 49% to 56% of various adipose depots in postmortem samples (6–8, 31). This should be further investigated in larger populations (or perhaps preclinical models at this point), as sequestration of viral RNA in adipose tissue may further exacerbate already present obesity-associated signaling dysregulation.

Of interest in terms of mechanisms, the relationships between resistin and redox indicators TEAC and MDA reported here, suggest uncoupling of the immune vs metabolic role of resistin in determining disease severity and outcome respectively.

Current results, despite the relatively low sample size, reflect the same profile, confirming the robustness of these observations. Analysis of relationships between different signaling role players in sAT in the current study, suggests a significant role for resistin and its interplay with other adipokines. The stratification of correlations between resistin and redox indicators according to obesity, disease severity and outcome, suggests that disease severity may be determined by immune-linked resistin function, while mortality is linked to a metabolic function of resistin, similar to what is observed in obesity. Resistin is known to have pro-inflammatory effects (18–20). Patients with early severe disease exhibited the ability to upregulate AT TEAC with increasing resistin, while those with more advanced severe disease were unable to do so, suggesting failure of endogenous antioxidant systems. This relationship between AT TEAC and resistin was not evident when stratifying for disease outcome, but AT TEAC exhibited a positive correlation to leptin:resistin ratio in non-obese individuals, which was lost in obesity. Given that increased leptin:resistin ratio was associated with COVID-19 mortality, these data suggest that the mortality associated with increased leptin:resistin ratio, may be due to failure of the endogenous antioxidant mechanisms to adequately respond in patients with obesity.

In contrast, both obesity and mortality are linked to a negative correlation between resistin and MDA (an indicator of oxidative damage to cell membranes) (32), arguing against early oxidative damage as determining factor. Considering that resistin is also known to impair glucose uptake into tissue (33), the hyperleptinaemia observed in sAT is suggestive of leptin resistance and a more metabolic role for resistin in these groups. This is in line with the finding that oxidative damage (MDA) did not parallel increases in resistin in obese and non-surviving patients. Obesity causes leptin resistance even before SARS-CoV-2 infection, thus dysregulating sAT leptin/resistin signaling in a manner shifting the role of resistin to a metabolic, rather than an immune function. Given the known effect of resistin on glucose transport, and the presence of a diabetic-like state in COVID-19 patients (22) – which may be exacerbated by cortisol action triggered by the elevated IL-10 secretion in the cytokine storm - we propose that metabolic dysregulation is also a contributor to mortality. This is supported in part by the early elevation of IL-10 reflecting a poor prognosis in COVID-19 (27). Although our interpretation is currently largely speculative, it is in line with current literature. The notion that therapy targeting resistin action in a way that uncouples metabolic vs immune pathways, may present greater versatility in terms of treatment of especially those patients with comorbidities such as obesity, warrants mechanistic studies to fully elucidate future therapeutic targets and biomarkers. In the current study, HIV did not have predictive power, which further supports a significant metabolic component as determinant of outcome.




Strengths and limitations

This is the first study to characterize the relationships between adiponectin, leptin and resistin in sAT and patients with COVID-19, stratified for disease outcome, obesity and disease severity. This is also the only study of adipose tissue in COVID-19 patients which includes PWH. Given the exploratory nature of this study, there are several limitations which should be considered when interpreting the findings. Considering the small sample, we report the unadjusted p-values which should be interpreted as hypotheses or trends rather than as definitive conclusions, When correcting for multiple comparisons, the adjusted p-values were not below the 5% significance level but this may be a reflection of the increased risk of Type II error. These findings should therefore be interpreted in context of the sample size limitations, however the trends or hypothesis derived from the unadjusted data are still useful and may provide information on areas that should be validated in a larger cohort. In this analysis we corrected for confounders, however it is possible confounding still occurred. We used Factored ANOVA instead of multivariable regression because of sample size limitations. Factors such as smoking, alcohol and drug use, diet and other co-infections, which are likely to affect hormonal and cytokine responses, may also impact the interpretation of the findings. In addition, the study was conducted at only one site and caution must be taken when generalizing the data to other populations and time periods. Because adipose tissue was obtained from awake patients (as opposed to postmortem or intra-operative sampling), testing was limited to a small volume specimen. Further analysis of biobanked samples should include tests such as immunohistochemistry to definitively characterize viral particles in tissue compartments vs. blood in the adipose tissue. Inclusion of a SARS-CoV-2 negative control group and a larger sample size would have strengthened the study findings and should be a consideration in the design of future studies of this nature. Nevertheless, the current data aligns with findings of studies from larger cohorts, supporting the robustness of our more modest data set.

Further research is needed to explore the role of pharmacological and non-pharmacological interventions to address leptin resistance and especially the function of resistin with consideration of metabolic vs immune-linked pathways. The feasibility of this approach is evident from emerging reports (34). There is also role for similar studies in other viral infections, such as influenza, where obesity is a risk factor for mortality.






Conclusion

Current data suggests a role for resistin in COVID-19 outcome. Although the assessment of sAT for biomarkers is not a feasible approach in an emergency patient care setting, the current study sheds light on the potential role of resistin in disease outcome. Further research is needed to investigate whether targeted therapy to regulate adipokine interplay has potential to reduce mortality in COVID-19. Future pandemic preparedness plans should prioritize public health and pharmaceutical interventions to target obesity itself as therapeutic target, including in low to middle income settings.
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Obesity COVID-19 severity

BMI > 30 Advanced =14\ Survived

kg/m_2 Severe Severe
Adiponectin® 1672 (1290) 1133 (1228) 021 | 1359 (1216) 1705 (1449) 046 | 1184 (1110) 1533 (1326) 05
Leptin* 1683 (1477) 692 (963) 0.03 | 1171 (1299) 1587 (1572) 040 | 1059 (999) 1354 (1467) 0.60
Resistin* 860 (1097) 635 (894) 051 | 775 (1088) 761 (857) 097 | 428 (749) 863 (1067) 029
Leptin/resistin* 5.6 (54) 2.8 (4.0) 0.09 | 50(57) 32(25) 034 7.7 (7.2) 3.6 (4.0) 0.04
Adiponectin/resistin* | 17.2 (25.6) 17.9 (27.0) 094 | 192 (24.3) 17.0 (30.2) 081 8.1(85) 20.1 (28.2) 0.05
Adiponectin/leptin® 9.0 (14.42) 22.5 (21.8) 0.03 | 165 (21.0) 9.0 (10.1) 027 | 190 (25.8) 13.1 (16.6) 044
Serum:
Adiponectin (mg/ml) | 10.04 (3.0) 10.08 (4.4) 097 | 101 (36) 100 (3.5) 095 105 (3.2) 100 (3.7) 067
Leptin (ug/ml) 68 (52) 26 (25) <0.01 | 47 (48) 63 (49) 036 70 (71) 47 (40) 023
Resistin (ug/ml) 24(7) 22 (10) 057 | 23(9) 24 (7) 089 | 23 (8) 24 (10) 068
Leptin/resistin 3(2.2) 1.3 (1.1) <0.01 | 2.1 (19) 28 (22) 035 | 3.1(26) 21 (1.8) 022
Adiponectin/resistin 460 (178) 558 (351) 026 | 514(287) 462 (186) 058 | 415 (239) 495 (269) 085
Adiponectin/leptin® | 241 (214) 884 (956) <0.01 | 599 (792) 239 (160) 0.15 | 470 (657) 501 (708) 091

Data reflect the differences in the means [+ standard deviations(SD)] or the *winsorised means (+ SD) of the ratios or concentrations measured in picograms per milligrams (pg/mg) for adipose
tissue and picograms per milliliter (pg/ml) for serum. mg/ml, milligram/milliliter; ug/ml, microgram/mililiter. One way ANOVA was used to test for significance.
Bold values = p < 0.05.
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Obesity COVID-19 severity

Adipose Tissue: BMI > 30 Advanced Early severe p Survived
ka/i m? Severe

TNF-a* 0.4 (0.3) 03(03) 018 | 0.3(0.3) 0.4 (0.4) 035 | 0.2(02) 0.4 (0.4) 0.18
1L-2 94 (76) 74 (95) 047 | 75 (66) 114 (115) 0.19 | 51(39) 95 (90) 0.19
IL-1b 0.7 (0.6) 0.4 (0.5) 023 | 08(0.7) 05 (05) 015 | 0.3(0.2) 0.7 (0.6) 0.08
IL -6* 14 (1.2) 1.1(1.2) 045 | 1.2(1.1) 1.6 (1.5) 034 | 09(07) 1.4 (1.3) 0.25
IL-17* 0.7 (0.5) 0.5 (0.5) 038 | 0.6 (0.4) 0.7 (0.6) 031 | 0.4 (04) 0.7 (0.5) 0.21
1L-10 1.1 (0.8) 0.8 (0.8) 033 | 08(0.7) 13 (1.1) 0.16 | 0.7 (0.5) 1.1 (0.9) 0.27
MCP-1* 14.5 (12.6) 12.0 (11.9) 0.53 12.7 (11.6) 15.5 (14.0) 0.53 9.2 (84) 14.7 (12.9) 0.26
Serum:

TNF-a 9.7 (5.3) 7.8 (3.8) 025 | 89 (47) 9.1 (5.1) 092 | 9.1(3.6) 8.9 (5.1) 0.93
IL-2 149 (43) 140 (45) 0.55 | 142 (45) 153 (41) 051 | 145 (35) 145 (46) 0.97
IL-1b* 5.5 (0.6) 5.2 (0.4) 0.03  53(0.6) 5.5 (0.5) 033 | 5.4(07) 5.4 (0.5) 0.84
1L- 6 117 (11.3) 141 (13.2) 055 153 (12.7) 6.2 (6.1) 0.03 | 168 (13.4) 116 (11.6) 028
1L-17* 3.2 (28) I 2.3 (2.4) 030 | 28(27) 2.8 (2.8) 096 | 2.7 (29) 29 (2.7) 0.89
1L-10 5.1 (3.3) 5.0 (4.3) 094 | 55 (4.1) 3.9 (2.0) 023 | 7.5(5.2) 4.4 (29) 0.03
MCP-1 408 (298) 580 (515) 020 | 516 (416) 378 (360) 034 | 540 (471) 459 (387) 0.52

Data reflect the differences in the means (+ SD) or the *winsorised means (+ SD) of cytokine concentrations, in pg/mg for adipose tissue and pg/ml for serum. One way ANOVA was used to test
for significance.
Bold values = p < 0.05.
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All patients BMI > 30 kg/m? BMI < 30 kg/m? Survived

(n=38) (n=23) (n=15) (n=30)

Clinical Features

Age* (years) 51(10.1) 52 50 069 55 50 0.17

Sex, Female 29 (76) 21 (91) 8 (53) 0.02 7 (88) 22 (73) 065
Sex, Male 9 (24) 209 7 (47) 1(12) 8(27)

Cough 32(84) 21 (91) 11 (73) 0.19 6(19) 26 (81) 059
Dyspnea 36 (95) 22 (96) 14 (93) 1.00 8 (75) 28 (93) 032
Fever 17 (45) 11 (48) 6 (40) 074 2(25) 15 (50) 026
Obesity 23 (61) = @ < 6(75) 17 (57) 033
Hypertension 23 (61) 15 (65) 8 (53) 051 6(75) 17 (57) 033
HIV 15 (39) 6 (26) 9 (60) 005 3(38) 12 (40) 1.00
Diabetes 10 (26) 7 (30) 3 (20) 071 3(38) 7 (23) 041
Dyslipidemia 4(11) 3(13) 1(7) 1.00 2 (50) 2 (50) 019
Tuberculosis 1(3) 0 1(7) - 1(100) 0 =
Early severe 11 (29) 8 (35 3(20) 047 0(0) 11 (100) 0.19
Advanced severe 27 (71) 15 (65) 12 (80) 8 (30) 19 (70)

Laboratory tests

HbAILc* (%) 73(23) 7.4 (23) 7.1(2.5) 0.69 7.4 (22 7.3 (2.4) 091

Cholesterol* (mmol/L) 40 (0.9) 40 40 4.0 (0.9) 4.0 (0.9) 098
Vitamin D* (nmol/L) 37.7 (16.4) 33 (13) 45 (18) 002 38 (12) 38 (18) 095
CRP** (mg/L) 117 (35-412) 125 (45 - 260) 105 (35 - 412) 100 (35 - 260) 119 (45 - 412)

LDH* (U/L) 511 (175) 595 (184) 428 (125) 002 438 (168) 530 (177) 030
P/F Ratio* 114 (51) 121 (51) 103 (51) 033 102 (49) 118 (52) 042

Data is expressed as n (%) or *mean (standard deviation) or **median (interquartile range). HIV, Human Immunodeficiency Virus; BMI, Body mass index; HbA1C, glycated hemoglobin; CRP, C
reactive protein; LDH, Lactate dehydrogenase; P/F ratio, partial pressure of oxygen to fraction of inspired oxygen. Fisher Exact test for categorical data, and one-way ANOV A for continuous data
were used to test for significance.





