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Summary

The increased prevalence of obesity, diabetes and cardiovascular risk factors in people hospitalized with
severe COVID-19 iliness has engendered considerable interest in the metabolic aspects of SARS-CoV-2-
induced pathophysiology. Here, | update concepts informing how metabolic disorders and their
comorbidities modify the susceptibility to, natural history and potential treatment of SARS-CoV-2
infection, with a focus on human biology. New data informing genetic predisposition, epidemiology,
immune responses, disease severity and therapy of COVID-19 in people with obesity and diabetes are
highlighted. The emerging relationships of metabolic disorders to viral-induced immune responses and
viral persistence, and the putative importance of adipose and islet ACE2 expression, glycemic control,
cholesterol metabolism, and glucose- and lipid-lowering drugs is reviewed, with attention to
controversies and unresolved questions. Rapid progress in these areas informs our growing
understanding of SARS-CoV-2 infection in people with diabetes and obesity, while refining the
therapeutic strategies and research priorities in this vulnerable population.



Introduction

The world is fully engaged in all aspects of the COVID-19 pandemic, which has disrupted the health and
well-being of people and nations on a global scale. The striking susceptibility of individuals with
cardiovascular disease (CVD), type 2 diabetes (T2D) and obesity to severe cases of COVID-19, evident by
increased rates of hospitalization and mortality, has focused the attention of the endocrine and
metabolism community on the pandemic, both in the laboratory and in the clinic.

The increased prevalence of diabetes and obesity and greater rates of adverse outcomes in hospitalized
subjects with COVID-19 raises important scientific questions with immediate clinical implications. These
range from the extent, if any, of disproportionate immune dysregulation, the relative importance of
mechanisms predisposing to enhanced disease severity, duration of viral shedding, the response to
vaccines, the importance of optimizing metabolic control and the safety, and potential benefits of
commonly used medications, in people with T2D and obesity. Moreover, a flurry of reports has raised
multiple competing hypotheses surrounding the pathophysiology of SARS-CoV-2 infection in people with
diabetes and obesity, encompassing the gastrointestinal tract, liver, islets and adipose tissue, raising
uncertainty surrounding relevant biology and validated mechanisms.

Understandably, the majority of reports in this rapidly evolving field represent retrospective case series,
often reporting associations, without randomized controls. Many of these reports have multiple
scientific deficiencies. These include failing to fully account appropriately for multiple confounders,
missing data, inappropriate statistical comparisons, reporting dynamic data often at a single, sometimes
random time point, and selection of arbitrary endpoints for post hoc emphasis and analysis (Selvin and
Juraschek, 2020). Moreover, many observational studies do not prospectively define primary and
secondary outcomes, and sometimes fail to comprehensively report the pre-defined outcomes, focusing
instead on other outcomes deemed to be of interest following retrospective analysis. Our understanding
of how SARS-CoV-2 infection modifies the pathophysiology and clinical outcomes of people with
metabolic disorders has advanced substantially during the first year of the COVID-19 pandemic.
Nevertheless, the existing literature is replete with contrasting interpretations of similar data, frequently
precluding definitive conclusions

Here, | discuss key perspectives of general metabolic and translational interest, focusing on scientific
data made available since the spring of 2020, with an emphasis, wherever possible, on research,
relevant to people with obesity and diabetes. The available data are interpreted through a lens focusing
on gaps and limitations, often precluding definitive conclusions. Readers are referred to earlier reviews
that predominantly address clinical and therapeutic guidance (Bornstein et al., 2020; Drucker, 2020; Lim
et al,, 2021).

The Epidemiology of COVID-19 in People with Diabetes and Obesity

People with diabetes or obesity do not exhibit increased susceptibility to SARS-CoV-2 infection.
However, COVID-19 infection results in increased rates of hospitalization and greater severity of illness
in people with type 1 diabetes (T1D), T2D or obesity. A few illustrative reports highlight the extent of
these findings, with relative proportions often differing across centers. On November 20, 2020 the
International Severe Acute Respiratory and Emerging Infection Consortium (https://isaric.tghn.org/),



representing dozens of countries and multiple continents , reported 95,966 clinical COVID-19 cases
(93.4% with laboratory confirmed SARS-CoV-2 infection) wherein prevalence of diabetes and obesity
was 17.4% and 13.4%, respectively (Hall et al., 2020). In contrast, rates of diabetes and obesity reported
in 5,700 COVID-19 cases in 12 New York city hospitals from March 1-April 4 2020 were much higher,
33.8 and 41.7%, respectively (Richardson et al., 2020). Not surprisingly, consistent with lower population
BMls in Asia, the mean BMI in 7,337 subjects with COVID-19 in China was 24.7 and 23.4 in people with
and without T2D, respectively (Zhu et al., 2020), further highlighting population differences in
overweight and obesity.

Type 1 Diabetes (T1D)

People with COVID-19 and T1D do not invariably exhibit an increased risk for hospitalization or more
severe illness (Vangoitsenhoven et al., 2020); however, older subjects with T1D (age >65-75) exhibit
higher rates of COVID-19-related mortality, as described in the CORONAvirus-SARS-CoV-2 and Diabetes
Outcomes (CORONADQO) study in France (Wargny et al., 2020). Barron and colleagues reported that one
third of all COVID-19-related mortality (23,698 deaths) in England from March 1-May 11 2020 occurred
in people with diabetes, 31.4% and 1.5% for T2D and T1D, respectively (Barron et al., 2020). After
adjustments for age, sex, and geographical region, the odds ratios for adjusted in-hospital COVID-19-
related death rates were 3.51 and 2.03 for T1D and T2D, respectively (Barron et al., 2020). Notably, no
deaths were reported in the T1D cohort <50 years of age and the association of diabetes (both T1D and
T2D) with excess mortality was independent of age, sex, ethnicity, socioeconomic deprivation and
cardiovascular co-morbidities (Barron et al., 2020). Nevertheless, in the related National Health Service
cohort of death certificate audits reported from February 16-May 11, 2020, deaths were more common
in people with COVID-19 and either T1D orT2D, older age, male sex and a history of cardiovascular and
renal disease (Holman et al., 2020). The risk of COVID-19-related mortality was increased in individuals
with an elevated level of percent glycosylated hemoglobin (%HbA1c); only the greatest quartiles of
%HbA1c elevation were associated with mortality in T1D, whereas the risk of mortality in people with
T2D increased with progressive gradations in %HbA1c elevations, starting with a %HbAlc of 7.6 or
greater (Holman et al., 2020). Both very low (<20 kg/m?) and high (>40 kg/m?) body mass index (BMI)
was associated with increased mortality in people with T1D and T2D.

T2D, Severity of lliness and Associated Complications

Increased rates of all-cause mortality for people with T2D and COVID-19 was reported in a retrospective
analysis of patients admitted to a high dependency unit (HDU) or intensive care unit (ICU) in England
from March 1-July 27 2020, after correction for multiple confounding comorbidities (Dennis et al., 2020).
The authors scrutinized 19,256 admissions, 13,809 in a HDU (mean age 70 years) and 5,447 in the ICU
(mean age 58), with data obtained from the COVID-19 Hospitalisation in England Surveillance System.
People with T2D represented 18.3% of the admissions and obesity was present in 45% vs. 31% of the
T2D vs. the non-T2D cohort. The unadjusted 30-day rates of mortality were 34.7 vs. 25.5% for T2D vs no
T2D, respectively. In contrast, after propensity matching, no increased risk of mortality was noted for
people with T1D (n = 135). The relative risk of mortality for people with T2D decreased progressively
with increasing age, highlighting the importance of T2D as a risk factor for severe COVID-19 illness, even
in younger people 18-49 years old (Dennis et al., 2020). These findings were confirmed in an analysis of
risk factors associated with mortality in hospitalized young adults ages 18-35 in New York (NY) city
(Altonen et a., 2020). A diagnosis of T2D (14.5% of 5,307 people with COVID-19 in Korea) was similarly



associated with greater severity of clinical iliness and death in both male and female individuals, even
after correction for multiple comorbidities (Moon et al., 2020).

Obesity and COVID-19 Outcomes

Obesity with or without T2D, has been associated with higher rates of hospitalization and an increased
severity of illness, in multiple retrospective observational analyses. Investigators in the French
CORONADO trial observed that the risk of mechanical ventilation or death (the primary composite
outcome) by day 7 of hospital admission in 1,965 people with SARS-CoV-2 infection and T2D rose
progressively with increasing BMI, with odds ratios of 1.65, 1.93 and 1.98, for overweight, class | and
class 11/11l obesity, respectively (Smati et al., 2021). Nevertheless, increasing BMI alone was not a risk
factor for mortality in the CORONADO study, and the relationship between BMI and the primary
outcome was not evident in people > 75 years of age (Smati et al., 2021).

Obesity (72.5%) was the most common co-morbidity identified in 6,760 hospitalized health care
personnel hospitalized in 14 US states from March 1-May 31 2020 reported by the COVID-19—-Associated
Hospitalization Surveillance Network (Kambhampati et al., 2020). Analysis of COVID-19-related mortality
in participants from the United Kingdom (UK) BioBank linked higher BMI, waist circumference, waist-to-
hip ratio and waist to-height ratio in men and women with overweight and obesity with an increased
risk of COVID-19-related mortality (Peters et al., 2021). Nevertheless, these analyses were not corrected
for multiple confounding cardiometabolic risk factors in the same population. Hamer et al. examined
640 subjects with COVID-19 among 334,329 individuals in the UK from March 16-April 26 2020. The
likelihood of hospitalization was greater with increasing BMI, with odds ratios of 1.39, 1.7 and 3.38 for
BMI ranges of 25-29, 30-34.9, and >35, respectively (Hamer et al., 2020). The magnitude of these
relationships was attenuated, but remained present, after correction for high density lipoprotein (HDL)
and %HbA1c. Similar relationships linking a progressive increase in BMI, obesity and adverse outcomes,
were reported among 7,606 people enrolled in the American Heart Association’s COVID-19
Cardiovascular Disease Registry studied up to July 22 2020. Notably, the linkage between class I-ll|
obesity and increased mechanical ventilation and mortality, was most pronounced in younger
individuals <50 years of age (Hendren et al., 2021). These findings were corroborated by analysis of a
large cohort of hospitalized individuals in Spain, where the association of increased BMI and COVID-19
severity in 10,862 hospitalizations was strongest for people <59 years old (Recalde et al., 2020).

Among critically ill subjects with acute hypoxemic respiratory failure admitted to two NY hospitals
between March 1 and April 2 2020, 46% were people with obesity, including 39 out of 55 individuals less
than 50 years of age (Cummings et al., 2020). Similar findings were reported in 5,795 patients with
COVID-19, ages 18-79, hospitalized in Paris from February 1-April 20 2020, with a mean BMI of 29.3 and
27.2 for women and men, respectively. The odds ratios for relative risk of mortality at 30 days for SARS-
CoV-2-infected subjects with a BMI of 25-29.9, 30-35, 35-40, and >40 were 1.41, 1.89, 2.79, and 2.55,
respectively, even after correction for age, sex and co-morbidities (Czernichow et al., 2020). Notably, the
relative risk of mortality for people with obesity increased progressively in older individuals. Increasing
BMI was also linked to illness severity in 10,861 individuals with COVID-19 admitted to the Northwell
Health hospitals in the NY city area from March 1 to April 27 2020. A multivariate analysis of 20,133
hospitalized COVID-19 patients in England, Scotland and Wales demonstrated that obesity, but not
diabetes, was associated with excess in hospital mortality (Hazard Ratio 1.33) (Docherty et al., 2020).



In contrast, analysis of 10,131 United States (US) veterans testing positive for SARS-CoV-2 in the
Veterans Affairs national health care system did not reveal difference in mortality, when comparing
outcomes for individuals across a range of BMIs. Mortality was not different in those with a BMI > 35 (n
=1,968) vs. people with a BMI from 18.5-24.9 (n = 1,889), after adjustment for age, socioeconomic
characteristics and comorbidities (loannou et al., 2020). Within the same population, diabetes was
associated with an increased risk of hospitalization and mechanical ventilation.

Mendelian randomization studies have analyzed potential causal associations linking 17 cardiometabolic
risk factors, including BMI, with susceptibility to severe SARS-CoV-2 infection (Leong et al., 2020).
Although genetic predisposition to an increased BMI was associated with increased susceptibility to
infection and hospitalization, this relationship was mitigated by adjustment of the genetic risk for co-
existing T2D. Whether the genetic predisposition to obesity might be associated with adverse clinical
outcomes, including mortality, was not determined.

Summary and areas of uncertainty

Substantial evidence supports a greater risk of more severe COVID-19 outcomes in people with T2D and
obesity, two frequently co-existing conditions. Some of the risk attributed to obesity likely reflects
coincident T2D, and impaired cardiopulmonary fitness. The relative risk also appears greater in
individuals with T2D, suboptimal health care, and in some but not all studies, socioeconomic deprivation
(Ken-Dror et al., 2020; Sosa-Rubi et al., 2020), risk factors less frequently reported in most reports. The
pathophysiology of T2D underlying enhanced SARS-CoV-2 pathogenicity remains uncertain, but may be
associated with increased rates of coagulopathy underlying enhanced mortality, as described in severely
ill, hospitalized people with COVID-19 in Wuhan (Chen et al., 2020a). Many older individuals with T2D
and obesity also have pre-existing cardiovascular disease. Shared pathophysiology underlying greater
COVID-19 susceptibility in people with T2D or obesity may include heightened basal inflammatory tone,
defective adaptive immune responses, endothelial dysfunction, and a greater propensity for
development of coagulation-related complications (Figure 1). Collectively, the available data suggests
that the relationship between increasing BMI, severity of SARS-CoV-2 infection and outcomes is not
always linear, more relevant in younger people (Burn et al., 2020), including children (Duarte-Salles et
al., 2020; Fernandes et al., 2020; Tsankov et al., 2020), and frequently complicated in adults by co-
existing cardiometabolic risk factors. A diagnosis of T2D is also associated with adverse COVID-19
outcomes in younger adults, even those between 20-39 years of age (Woolcott and Castilla-Bancayan,
2020).

While it seems reasonable to support exercise and healthy eating behaviors to maximize immune and
nutritional health and fitness in people with T2D and obesity during the pandemic, whether such
regimens influence COVID-19 severity is uncertain. Moreover, restrictions on movement and associated
stress have made it difficult for people with obesity to pursue a healthy lifestyle (Robinson et al., 2021).
Importantly, in some large studies (McPadden et al., 2020), the diagnoses of T2D or obesity are not
associated with adverse COVID-19 outcomes in hospitalized people, highlighting the importance of
understanding the prevalent pathophysiology central to development of severe SARS-CoV-2 infection.

Susceptibility of People with Diabetes and Obesity to Infection

T2D and obesity are metabolic disorders characterized by immune dysfunction, including increased
accumulation of resident immune cells in multiple tissues, which in turn enables a heightened state of



basal inflammation via enhanced cytokine and chemokine production, leading to impairment of [3-cell
function and exacerbation of insulin resistance (Donath et al., 2019). These immune cell populations
encompass macrophages, neutrophils, eosinophils, T cells, B cells and dendritic cells, collectively
impairing the control of insulin action and energy homeostasis (Figure 1). Moreover, the extent of
systemic inflammation is further modified by adipokines, hepatokines, myokines, lipokines, branched
chain amino acids and microbial metabolites, which may circulate at abnormal levels in some people
with T2D or obesity. Collectively, these acquired abnormalities broadly impair cellular immune function,
likely contributing to enhanced activation of the NLRP3 inflammasome, and a greater susceptibility to
infection in vulnerable individuals (Rodrigues et al., 2021). There is considerable interest in whether the
expression of viral entry factors essential for SARS-CoV-2 infectivity is enhanced in one or more tissues
in people with T2D or obesity (Figure 1), however the available data is inconclusive (Drucker, 2020).
Considerable data supports androgen upregulation of TMPRSS2 expression, providing a mechanistic
hypothesis for greater illness severity in men, supporting investigation of agents that downregulate or
block androgen-mediated TMPRSS2 activity.

Prior to the COVID-19 pandemic, diabetes was associated with increased risk for multiple infections, and
infection-related morbidity and mortality often proportional to the degree of glycemic control (Critchley
et al., 2018). In a primary care practice audit in the UK, 6% of infection-related hospitalizations and 12%
of infection-related deaths were associated with a diagnosis of diabetes (Carey et al., 2018). The
increased rate of complicated tuberculosis infections in people with T2D may be explained in part by
defective T cell responses, including elevated frequencies of Thl and Th17 cells, reduced numbers of
regulatory T cells and aberrant cytokine responses (Kumar et al., 2013).

Concerns surrounding the potential for people with obesity to exhibit a defective immune response to
SARS-CoV-2 stem in part from experience with the influenza virus (Ledford, 2020). Obesity has been
recognized as a risk factor for development of more severe clinical illness with some but not all strains of
influenza virus, most commonly influenza A, and suboptimal humoral and cellular immune responses to
vaccination (for multiple different viruses) have been observed in people with increasing BMI (Painter et
al., 2015; Sheridan et al., 2012). The response to influenza vaccination has been examined in a
prospective study of 1,022 people (28% overweight, 44% with obesity) in North Carolina who received
the trivalent inactivated influenza vaccine (11V3) from 2013-2015. Obesity (but not diabetes) was
associated with a two-fold risk of developing influenza or an influenza-related iliness. Despite greater
clinical reports of illness, no differences were observed after vaccination in antibody seroconversion
rates or seroprotective titers in the cohorts with normal weight vs. obesity (Neidich et al., 2017). The
differences in these studies may also reflect the timing of sampling, as some studies show a normal
initial antibody titer response , but subsequently diminished antibody response in people with obesity
when studied 12 months after vaccination (Sheridan et al., 2012). The enhanced susceptibility to viral
infection in people with T2D and obesity, and defective immune responses in the context of influenza
vaccination has been recently discussed (Drucker, 2020). Defective immune responses to hepatitis B
vaccines in people with obesity and a BMI> 35 have been reported in a small study of 68 individuals with
NAFLD, with antibody titers measured after the third vaccine dose (Joshi et al., 2021). The number of
individuals demonstrating HBsAg-stimulated proliferation of CD4+ T cells was also lower in people with a
BMI>35, as was the relative rate of T cell proliferation.

Immune Responses in People with Obesity, Diabetes and SARS-CoV-2 Infection

Circulating leukocyte populations were characterized in 45 hospitalized subjects with SARS-CoV-2
infection, with (n = 30) and without (n = 15) T2D (Alzaid et al., 2020). BMI was increased (mean 28),



%HbAlc was elevated (mean 7.8) and hypertension was more common in subjects with T2D.
Lymphopenia was common in both groups; however, subjects with T2D had a 1.3-fold reduction in
numbers of CD14+ monocytes, reflecting a 1.4-fold decrease in frequency of classical monocyte (CD14",
CD16’) populations. Moreover, monocyte CD14 expression was reduced and monocytes were larger in
subjects with COVID-19 and T2D, reflecting the increased cell size of the CD14+ population.
Furthermore, the expression of pro-inflammatory cytokines as well as IRF5 and /IFNB1 was higher in
peripheral blood mononuclear cells from people with T2D (Alzaid et al., 2020). Consistent with these
findings, monocyte size was also greater in the T2D population requiring ICU admission. Whether the
signature of relative monocytopenia, reduction of CD8+ cytotoxic lymphocytes, altered monocyte size
and an enhanced hyper-inflammatory type 1 interferon response in acutely ill subjects with T2D reflects
the extent of dysglycemia and a greater severity of illness or other abnormalities intrinsic to T2D
remains uncertain.

Hyperglycemia enhances SARS-CoV-2 replication in monocytes, increases surface ACE2 expression and
augments the monocyte pro-inflammatory cytokine response ex vivo (Codo et al., 2020). Additionally,
monocytes isolated from individuals with T2D or obesity exhibited greater susceptibility to SARS-CoV-2
infection ex vivo (Codo et al., 2020). Moreover, the importance of glucose metabolism for monocyte
infection was demonstrated using the glycolysis inhibitor 2-deoxyglucose, which blocked viral replication
and attenuated induction of ACE2 and cytokine expression, findings mimicked by chemical inhibition of
glycolysis. SARS-CoV-2 infection and induction of glycolysis-related genes in monocytes was attributed
to upregulation of HIF-1a. Inhibition of HIF-1a blocked SARS-CoV-2 replication, attenuated induction of
the glycolysis gene expression program and diminished induction of cytokine expression (Codo et al.,
2020). Intriguingly, conditioned medium from SARS-CoV-2-infected monocytes impaired T cell
proliferation and decreased the viability of a human pulmonary epithelial cell line, extending concepts of
how hyperglycemia may exacerbate the severity of SARS-CoV-2 infection (Codo et al., 2020).

Interpretation of humoral immune responses in people with COVID-19 is challenged by the lack of assay
standardization, and substantial inter-assay differences in antigen recognition, sensitivity and specificity.
SARS-CoV-2 exposure was assessed from May 2-May 9 2020 in 10 cities in Brazil in 2,921 asymptomatic
individuals analyzed for IgM responses. Of the 123 individuals with IgM positivity, 69 self-reported a
diagnosis of hypertension and 23 a diagnosis of diabetes (Borges et al., 2020). A prospective
seroprevalence survey in the US analyzing the presence of antibodies against multiple SARS-CoV-2
antigens in 4,469 people (24.1% with obesity) with a 7.2% rate of seropositivity did not detect any
evidence for increased rates of SARS-CoV-2 infection in people with overweight or obesity. Furthermore
humoral immunity and helper T cell activity was not different in seropositive individuals with obesity
(Nilles et al., 2020). Analysis of anti-lgG responses directed against the S1 domain in 2,112 persons with
confirmed symptomatic SARS-CoV-2 infection at ~63 days after symptom onset revealed that people
with overweight or obesity were less likely to be antibody-negative (Petersen et al., 2020). These
findings were corroborated by analysis of non-hospitalized individuals with symptoms of COVID-19 and
relatively greater IgG responses against the spike protein in people with obesity (Shields et al., 2020).

Antibody responses were examined in a consecutive cohort of 250 SARS-CoV-2-infected individuals in
the context of a convalescent plasma screening program, with a median 61 days between SARS-CoV-2
positivity and antibody analysis (Boonyaratanakornkit et al., 2020). Diabetes was among the clinical
correlates associated with higher (>1:80) neutralizing antibody titres (odds ratio 5.36 in a univariate
analysis), however the odds ratio was reduced (2.75) and no longer significant after multivariate
analysis. Huang et al. examined IgM and IgG immune responses over time in 366 SARS-CoV-2-positive
(as determined by polymerase chain reaction (PCR)) individuals hospitalized in Wuhan China. IgM
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antibody titers were not meaningfully different in people with (n = 65) or without (n = 301) diabetes
(Huang et al., 2020a). In contrast a higher geometric mean reciprocal titer IgG antibody titer was
detected in people with diabetes at the initial time point, ~5 days from symptom onset, whereas levels
of 1gG were not different in the two groups for the duration of the analysis out to 65 days. A more
detailed characterization of the immune response to SARS-CoV-2 infection was provided in studies of
hospitalized subjects from February 25-April 19 2020 in Milan. 519 individuals with clinical COVID-19
infection were assessed, including 139 with established or newly diagnosed diabetes (Lampasona et al.,
2020). Although hyperglycemia was associated with a less favorable outcome, IgG, IgA and IgM antibody
responses to the S1 receptor binding domain, spike protein or nucleocapsid protein were generally
similar in people with or without diabetes when evaluated over several weeks and were not impacted
by the degree of glycemic control.

Viral Shedding SARS-CoV-2 in People with Diabetes or Obesity

Prolonged viral shedding has been described in people with obesity and Influenza A HIN1 infections
(Maier et al., 2018). Notwithstanding multiple reports of more severe COVID-19 iliness in people with
diabetes or obesity, limited data informs whether people with T2D or obesity may take longer to clear
the virus, as assessed by detection of persistent SARS-CoV-2 positivity in respiratory secretions. Moriconi
et al. reported the duration of viral shedding in 100 consecutive patients with COVID-19 (29 with
obesity) admitted to the Cisanello Hospital in Pisa, Italy, from March 16-April 15 2020 (Moriconi et al.,
2020). Individuals with obesity had higher levels of circulating ferritin, C-reactive protein (CRP), and
Tumor Necrosis Factor-a (TNF-a) on admission, a prolonged hospital stay, and a longer time, relative to
subjects without obesity, to negative testing for SARS-CoV-2 by negative PCR in nasal/oropharyngeal
swabs (19+8 vs. 13+7 days, respectively).

Viral shedding was also assessed using nasopharyngeal swabs and lower tracheal aspirates from 48
intubated patients with COVID-19 in Locarno, Switzerland. More prolonged persistence of SARS-CoV-2
(assessed by first negative PCR test), and a higher mortality rate was reported in the 13 individuals with
T2D (hazard ratio for time to negativity of 0.23 after multivariate analysis) (Buetti et al., 2020a).
Nevertheless, a second study from a subset of the same authors examined SARS-CoV-2 persistence in
267 lower respiratory tract samples from 90 patients (including 27 with T2D) hospitalized with acute
respiratory distress syndrome in the ICU. Although viral load correlated with survival, diabetes, age or
cardiovascular comorbidities were not associated with prolonged viral shedding (Buetti et al., 2020b).

In a cohort of 251 people with COVID-19 evaluated at the Mayo Clinic, no difference in time to cessation
of viral shedding (two consecutive negative SARS-CoV-2 PCR tests in nasopharyngeal swabs) was
observed in people with T2D (n = 34) despite older age, a greater severity of iliness and higher rates of
hospitalization in subjects with T2D (Cano et al., 2020). Dicker and colleagues assessed time to SARS-
CoV-2 negativity in nasopharyngeal swabs from 34 subjects recovering from COVID-19. Hospital stay was
longer for people with overweight or obesity, and the time to negative PCR testing for the SARS-CoV-2
RNA-dependent RNA polymerase gene was marginally longer in people with an elevated BMI (Dicker et
al., 2020).

Summary and areas of uncertainty
The available data does not support the hypothesis of broadly impaired humoral responses to SARS-
CoV-2 infection in people with T2D or obesity. More information is need to clarify the putative

importance of defects in cellular immune responses in people with T2D and COVID-19. Insufficient data
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exists to inform the possibility of differences in viral clearance or shedding in people with obesity or
diabetes. Very limited data informs our understanding of whether selective defects in innate immunity
amplify the severity of cytokine storm and ARDS in people with T2D or obesity. Emerging data from
SARS-CoV-2 vaccine trials reveals that the BNT162/PF-07302048 RNA vaccine was equally protective in
people with obesity or T2D (Polack et al., 2020). In contrast, less information is available about initial
responses to the ChAdOx1 nCoV-19 vaccine, where less <3% of trial participants reported a diagnosis of
T2D (Voysey et al., 2021). The mean BMI in the COVID-19 mRNA-1273 trial which reported an overall
vaccine efficacy of 94% (Moderna) was 28, with ~6% of subjects classified as people with severe obesity,
and the baseline prevalence of T2D was 9.4%. The vaccine efficacy rate was 91% and 100% for people
with severe obesity (BMI>40) or T2D, respectively (https://www.fda.gov/media/144434/download).

Glucose Control and COVID-19 Outcomes

Glucose control preceding admission impacts illness severity and mortality in multiple retrospective
reports of people with diabetes and COVID-19. The OpenSafely Collaborative describe results from
17,278,392 adults and 10,926 COVID-19-related deaths, where a %HbA1c > 7.5 within the previous 15
months was associated with an increased rate of mortality (Williamson et al., 2020). Zhu and colleagues
reported a retrospective analysis of 7,337 people between the ages of 18 and 75, hospitalized with
COVID-19 in Hubei province 952 with T2D (Zhu et al., 2020). Circulating biomarkers of inflammation (CRP
and procalcitonin) and D-dimer levels were higher, whereas oxygen saturation on admission was lower
in the group with T2D. Over a 28-day observation period, acute respiratory distress syndrome, acute
kidney injury, septic shock and disseminated intravascular coagulation were more frequent in the T2D
group. Consistent with these findings, the in-hospital death rate was several-fold higher in the T2D
cohort, and remained elevated (1.49-fold higher) after adjusting for age, sex and severity of iliness (Zhu
et al., 2020). Subjects with well-controlled glucose (5.2—7.5 mM, median 6.4 mM, %HbA1c 7.3) exhibited
less severe illness, reduced neutrophil counts, and lower levels of CRP, interleukin-6 (IL-6) and
procalcitonin, relative to the subgroup with higher (7.6-14.3 mM, median 10.9 mM, %HbA1c 8.1)
glucose levels. Strikingly, the hazard ratio for reduction in mortality at day 28 was 0.14 for the well-
controlled glucose group, even after propensity-matched adjustments for age, sex, comorbidities and
the onset and severity of initial COVID-19 illness (Zhu et al., 2020).

Hyperglycemia on hospital admission in severely ill people with COVID-19 is very well recognized and is
predictive of a poor outcome, even in subjects without pre-existing diabetes (Cai et al., 2020; Fadini et
al., 2020; Huang et al., 2020b; Mamtani et al., 2020a). For example, dysregulated glucose control
associated with poor outcomes in 1,122 hospitalized people with COVID-19 analyzed in the Glytec
database from March 1-April 6 2020 (Bode et al., 2020). 194 people were identified with pre-existing
diabetes defined as %HbAlc > 6.5 and a further 257 people were determined to have uncontrolled
hyperglycemia, defined as two or more glucose readings >10 mM. Episodes of hyperglycemia and severe
hypoglycemia were more common, duration of hospital stay was longer and the mortality rate was
higher in people with diabetes and poorly controlled glucose, relative to controls (28.8 vs 6.2%,
respectively) (Bode et al., 2020). Both hyperglycemia and hypoglycemia during admission were
associated with poor outcomes in a subsequent analysis of hospitalized individuals with COVID-19 in the
Glytec database from March 1-May 8 2020 (Klonoff et al., 2020).

Analysis of the non-linear relationship between fasting blood glucose (FBG) determined within 24h of
admission, and adverse COVID-19 outcomes, was reported in a study of 417 hospitalized subjects (23%
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with a known previous diagnosis of diabetes) in Kuwait (Alahmad et al., 2020). Relatively greater rates of
ICU admission occurred in people with glycemic increments in the 5-10 mM range whereas similar or
greater numerical increases of glucose in the 10-20 mM range were not associated with the same fold-
increase in risk of ICU admission. These findings revealed a steep slope of the odds ratio for ICU
admission for glucose in the 5-10 mM range, which progressively flattened with further increases in
fasting glycemia (Alahmad et al., 2020).

Glucose-Lowering Therapies and COVID-19 Outcomes

Understanding whether the use of any specific class of glucose-lowering agents is uniquely beneficial or
harmful in people at risk for or with active COVID-19 infection remains challenging in the absence of
prospective RCTs. Several glucose-lowering therapies, including metformin, thiazolidinediones, insulin,
Dipeptidyl Peptidase-4 (DPP-4) inhibitors and Glucagon-like Peptide-1 Receptor (GLP-1R) agonists exhibit
anti-inflammatory actions in people with T2D (Drucker, 2020; Pollack et al., 2016), fostering hypotheses
that one or more of these agents might be particularly useful in people with T2D and COVID-19. Analysis
of 7- and 28-day COVID-19 outcomes for 1,317 people with diabetes (88.5% T2D) in French hospitals did
not reveal any clear association between glucose-lowering agents and the severity of clinical illness,
although metformin use prior to admission was lower and insulin use was higher in people who
succumbed to their iliness (Cariou et al., 2020b). Indeed, the CORONADO investigators observed that
long-standing T2D, reflected by older age, presence of microvascular disease and greater use of insulin
and statins, was associated with a higher risk of death. Nevertheless, these associations did not remain
significant after multivariate adjustment for confounding risk factors. Analysis of COVID-19 outcomes
stratified by prior use of glucose-lowering medicines in 1,762 people with T2D enrolled in the Spanish
Society of Internal Medicine COVID-19 registry from March 1-July 19 2020 did not reveal any association
between class of medication, and a range of COVID-19 outcomes, after analyses using multivariate
logistic regression (Perez-Belmonte et al., 2020).

Crouse and colleagues retrospectively analyzed outcomes using electronic health records at the
University of Alabama from February 25-June 22, 2020, identifying 604 individuals with COVID-19 (40%
with T2D). While prior use of insulin did not impact clinical outcomes, antecedent metformin use (n =
76) prior to the diagnosis of COVID-19 was associated with a 50% reduction in mortality, relative to non-
metformin treated subjects, findings not explained by between-group differences in %HbAlc or BMI
(Crouse et al., 2021). A putative benefit of antecedent metformin use in the US was also inferred from a
retrospective analysis of health care claims data from January 1-June 7 2020, identifying 6,256
individuals hospitalized with COVID-19 (40.7% with T2D or obesity) in the United Health Group Clinical
Discovery database (Bramante et al., 2021). Over 99% of subjects treated with metformin (for more than
90 days prior to hospital admission for COVID-19) had a diagnosis of T2D. After adjustment for
covariates, metformin use was associated with a reduction in mortality in women, but not in men
(Bramante et al., 2021).

Cheng and colleagues retrospectively analyzed outcomes in 678-metformin-vs 535 non-metformin
treated Chinese subjects, selected from amongst 2,563 people hospitalized with pre-existing T2D and
COVID-19, after excluding 1,350 people from the analysis, for reasons including the exclusive use of
insulin, or no record of using glucose-lowering medications (Cheng et al., 2020). Although the analysis
excluded individuals with contraindications for taking metformin, metabolic acidosis, including lactic
acidosis, was more common in metformin-treated subjects, notably in people with clinically severe

11



COVID-19 illness. Acidosis was more common in subjects with hypoxemia, higher metformin doses (2-3
grams daily), and in people with an estimated Glomerular Filtration Rate (eGFR)<60 (Cheng et al., 2020);
however, all-cause mortality determined at day 28 of hospitalization was not different between groups.

Retrospective analyses have also described lower mortality in people with T2D treated with DPP-4
inhibitors, prior to or during hospitalization. Analysis of COVID-19-related health care claims and
diagnostic codes in the Korean database of National Health Review and Assessment Services identified
5,080 people with COVID-19, including 832 people with diabetes. Among individuals with T2D prescribed
DPP-4 inhibitors (31.6%), the odds ratios for intensive care unit admission or death (after adjustment for
age, sex, medication use and comorbidities) was 0.362 for users of DPP-4 inhibitors, suggesting that
DPP4-inhibitor use is associated with a better clinical outcome in COVID-19 patients (Rhee et al., 2020).

Solerte et al. reported improved outcomes, reduced need for critical care and substantially lower
mortality in hypoxic, sitagliptin-treated subjects with COVID-19 and T2D admitted with pneumonia,
when compared to non-sitagliptin-treated individuals retrospectively matched for age and sex, after 30
days of observation (Solerte et al., 2020). However, the selected control group had higher levels of CRP,
and procalcitonin and proinflammatory biomarkers trended higher. Moreover, prior insulin use and
chronic kidney disease (CKD) was more common in the control group, whereas the sitagliptin-treated
subjects had lower mean blood glucose levels in hospital. Notably, data collection for key parameters
and endpoints was incomplete, and the primary and secondary outcomes reported deviated in part
from those pre-defined on clinicaltrials.gov (NCT04382794). Similarly, in a retrospective analysis of 385
COVID-19 hospital admissions (90 with T2D), Mirani and colleagues concluded that use of DPP-4
inhibitors conferred a 7-fold lower risk of mortality relative to the 3-fold increased risk seen with insulin
use, based on the outcomes of 11 people treated with DPP-4 inhibitors (Mirani et al., 2020). No one in
the DPP-4 inhibitor group was treated with insulin; other risk factors and parameters of disease activity
were imbalanced across the DPP-4 inhibitor vs. insulin groups. In contrast, Dalan et al. carried out a
retrospective analysis of 717 COVID-19 hospitalizations in Singapore, including 76 individuals with T2D,
the majority (88%) treated with metformin. The cohort of 27 subjects treated with DPP-4 inhibitors
exhibited a greater need for supplemental oxygen and had higher rates of ICU admission, associations
that persisted after multivariate correction for other risk factors (Dalan et al., 2020). Furthermore, no
association between clinical outcomes, including mortality, was observed in a retrospective analysis of
hospitalized individuals with COVID-19 and T2D, including 142 people on DPP-4 inhibitors, and 1,115
individuals on other glucose-lowering agents (Zhou et al., 2020). The putative benefit of DPP-4 inhibitors
in some studies of COVID-19 potentially reflects the anti-inflammatory actions of these agents (Drucker,
2020). However, a study of 600 people with T2D, predominantly with overweight, obesity and pre-
existing cardiovascular disease, did not detect any reduction of circulating biomarkers of inflammation
in sitagliptin- vs. placebo-treated subjects (Baggio et al., 2020) and biomarkers of inflammation were not
reduced in people with COVID-19 treated with DPP-4 inhibitors. (Zhou et al., 2020)

Although less information is available on users of SGLT-2 inhibitors who develop COVID-19, Sainsbury
and colleagues compared reports of new COVID-19 infection in people with T2D using SGLT-2 inhibitors
(SGLT-2i, n =9,948) vs. DPP-4 inhibitors (n = 14,917) followed from January 30-July 27, 2020 in a UK
primary care database. The incidence rates for a confirmed or clinically suspected new COVID-19
diagnosis were 19.7 vs. 24.7/10,000 patient years for SGLT-2i vs. DPP-4 inhibitors, respectively, when
comparing propensity matched cohorts (7,676 matched subjects in each group) (Sainsbury et al., 2021).
Insufficient information was available to infer differences in severity of illness or rates of mortality.
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Insulin has been the glucose-lowering drug of choice for decades in the intensive care unit for people
with diabetes. In a retrospective analysis, Yu and colleagues concluded that use of insulin in 364 subjects
(from a total of 689) studied in a single hospital in Wuhan was associated with enhanced systemic
inflammation, organ injury and adverse outcomes including increased mortality in people with T2D and
COVID-19 (Yu et al., 2021). Notably, circulating levels of glucose, %HbAlc, multiple inflammatory
biomarkers, D-dimer and Nt-proBNP were higher and lymphocyte and platelet counts and albumin were
lower at baseline in the insulin-treated group. Accordingly, propensity score matching was used to select
a matched smaller cohort (n=183 per group) more suitable for outcome comparisons, however
glucocorticoid use remained substantially greater in the insulin-treated cohort (Yu et al., 2021). Levels of
several pro-inflammatory biomarkers increased further during hospitalization despite insulin
administration. The precise timing of initiation of insulin therapy, and the insulin doses required to
achieve control of hyperglycemia was not reported. Moreover, %HbAlc was not measured or missing in
the majority of study subjects on admission (Yu et al., 2021). The authors concluded that insulin use may
be harmful and should be used with caution in people with severe COVID-19 infection.

Summary and areas of uncertainty

Hyperglycemia in hospitalized people with COVID-19, with or without pre-existing T2D, uniformly
associates with greater illness severity, and hence may also be associated with and exacerbated by
concomitant use of glucocorticoid therapy. Indeed, hyperglycemia associates with adverse outcomes in
critically ill individuals without diabetes or COVID-19 (Mamtani et al., 2020b). Collectively, these
observations reflect contributions of increased insulin resistance and deficient 3-cell functional reserve
leading to stress-related hyperglycemia, supporting a hypothesis that early aggressive control of glucose
levels in hospital might potentially modify COVID-19 outcomes. Nonetheless, this hypothesis would be
difficult if not ethically impossible to test in a randomized controlled trial, as outlined below.

The role of DPP-4 as a MERS-CoV receptor spurred considerable speculation as to whether DPP-4i might
interfere with SARS-CoV-2 infectivity (Drucker, 2020). Nevertheless, experimental data does not support
and actually refutes the contention that human recombinant DPP-4 binds SARS-CoV-2 (Xi et al., 2020).
Serum circulating levels of sDPP4 were reduced by ~50% in 7 individuals hospitalized with COVID-19
(Schlicht et al., 2020); however, given the substantial intra- and inter-individual variability of sDPP4 in
humans, this preliminary observation must be confirmed in larger data sets (Baggio et al., 2020).

Inferring real associations between glucose-lowering drugs and COVID-19 outcomes from retrospective
analyses can be perilous, as metformin is generally the first agent prescribed in people with new onset
or easy to control T2D, and may be more common in people without longstanding T2D and its
complications. In contrast, insulin use is frequently required and often the only therapy available for use
in people with poorly controlled T2D, or in older individuals with a longer duration of T2D and
established cardiovascular and kidney disease, risk factors known to be associated with suboptimal
outcomes in people with severe COVID-19 (Drucker, 2020). Similarly, use of GLP-1 receptor agonists and
insulin is more common in people with both T2D and obesity, a cohort at risk for cardiovascular
complications and greater severity of COVID outcomes (Smati et al., 2021). Hence, it is not surprising
that multiple retrospective studies of COVID-19 outcomes in T2D associate insulin use prior to
hospitalization with greater COVID-19-related mortality (Agarwal et al., 2020; Chen et al., 2020b; Riahi et
al., 2020).
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Prospective randomized controlled trials (RCTs) of different glucose-lowering agents in hospitalized
patients while achieving glycemic equipoise is likely to be extremely challenging. Commendably, the
study of dapagliflozin in hospitalized people with COVID-19 will prospectively assess the safety and
potential benefit of this SGLT-2i in the setting of severe SARS-CoV-2 infection. Many glucose-lowering
agents have limitations on their use in critically ill people with impaired renal function (Drucker, 2020).
Within the hospital, insulin may be the only therapy suitable for patients with the highest levels of blood
glucose often reflecting the presence of severe illness and marked insulin resistance. Hence, it may be
difficult to resolve the risks or putative benefits of different glucose-lowering agents using RCTS in the
context of COVID-19 infection (Figure 2). Moreover, it will not be ethically possible or feasible to
randomize people with severe hyperglycemia and COVID-19 in the intensive care unit to a treatment
arm that withholds insulin, precluding definitive resolution of the “insulin is harmful” hypothesis.

Intracellular and Extracellular Cholesterol, Lipids and Statins

Cholesterol is critical for viral entry and replication, raising interest in cholesterol metabolism as a
potential target for modification of viral infectivity. Cholesterol binding domains within the SARS-CoV-2
spike protein interact with HDL, indirectly facilitating viral entry through the SR-B1 cell surface receptor
in an ACE2-dependent manner (Wei et al., 2020) (Figure 1). Cholesterol 25-hydroxylase (CH25H), a
known interferon-stimulated gene, enables the synthesis of the oxysterol 25-hydroxy cholesterol (25HC)
from cholesterol; notably 25HC exhibits broad antiviral activity and inhibits intracellular entry of MERS-
CoV and SARS-CoV-2 via selective depletion of plasma membrane, but not total cell cholesterol (Wang et
al., 2020c). CH25H expression was upregulated in cells following SARS-CoV-2 infection ex vivo, and levels
of CH25H were increased in macrophages and epithelial cells from bronchioalveloar lavage (BAL) fluid
obtained from individuals hospitalized with SARS-CoV-2 infection (Wang et al., 2020c). Overexpression
of CH25HC in cells ex vivo suppressed infection of a SARS-CoV-2 pseudovirus, findings mimicked by
treatment of cells with 25HC. Viral entry was inhibited by 25HC in lung epithelial cells and organoids, via
mechanisms requiring activation of acyl-CoA:cholesterol acyltransferase (ACAT), thereby promoting
cholesterol transport from the cell membrane to the endoplasmic reticulum (Wang et al., 2020c).
Consistent with these findings, Zang and colleagues used gain and loss of function experiments to
demonstrated key roles for interferon-stimulated CH25H and 25HC in the inhibition of viral membrane
fusion and SARS-CoV-2 replication (Zang et al., 2020).

Intriguingly, genetic screens for determinants of SARS-CoV-2 infectivity in cells ex vivo, as well as in
related gene knockdown experiments, revealed that inactivation of genes in the cholesterol pathway,
such as SCAP, MBTPS1, MBTPS2, and NPC1 conferred resistance to infection (Hoffmann et al., 2020a;
Hoffmann et al., 2020b; Wang et al., 2020b). These findings were mimicked by experiments using
chemical inhibitors of intracellular cholesterol metabolism (Figure 1). Novel genes such as HMGB1
identified in CRSPR screens modulate SARS-CoV-2 viral entry indirectly through controlling levels of ACE2
expression, and depletion of HMGB! Confers protection against viral infectivity (Wei et al., 2021).
Intriguingly, hyperglycemia upregulates HMGB1 expression in endothelial cells (Liu et al., 2018), raising
the hypothesis that poorly controlled diabetes may indirectly contribute to enhanced ACE2 expression
and viral entry. Indeed, ACE2 expression is upregulated in the lungs and kidney of mice with
experimental diabetes (Batchu et al., 2020). Similarly, Neuropilin 1 is known to bind furin cleavage
products and was shown to potentiate SARS-CoV-2 cell infectivity when co-expressed with ACE2 and
TMPRSS2 (Cantuti-Castelvetri et al., 2020; Daly et al., 2020) (Figure 1).
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Complementary, yet distinct, results were obtained in a CRISPR screen to identify genes important for
SARS-CoV-2 infection. Pathways regulating cholesterol biosynthesis were associated with suppression of
viral entry in studies using human A549 pulmonary epithelial carcinoma cells engineered to over-express
ACE2. Genetic inactivation of RAB7A, PIK3C3, NPC1, CCDC22, ATP6V1A, and ATP6AP1 resulted in
increased cellular cholesterol biosynthesis and was associated with resistance to viral entry (Daniloski et
al.). Whether loss of these genes was associated with changes in cholesterol abundance in specific
cellular compartments, at the cell membrane, for example, resulting in compensatory upregulation of
cholesterol biosynthesis, was not determined.

Multiple observational analyses have examined relationships between circulating lipids, statin use, and
outcomes, often with conflicting conclusions. A retrospective analysis of outcomes in 654 hospitalized
individuals with COVID-19 revealed that mortality was associated with lower total and low density
lipoprotein (LDL) cholesterol and lymphopenia throughout the hospitalization, which correlated
inversely with circulating biomarkers of inflammation (Aparisi et al., 2020). Lipid values, with the
exception of triglycerides, were generally lower on admission, relative to baseline values, when available
from pre-admission records. Age, lymphopenia, LDL cholesterol < 69 mg/dl, and CRP > 88 mg/dl on
admission were independent predictors of mortality.

LDL binds bacterial toxins, including lipopolysaccharide, and the results of preclinical studies
manipulating levels of LDL together with some but not all correlational studies in humans infer that LDL
may be associated with protection against sepsis-related morbidity and mortality (Feng et al., 2019).
Moreover, an inverse correlation between measured levels of HDL and LDL cholesterol and
hospitalizations for infectious disease, was detected in 407,558 British individuals in the UK Biobank,
whereas genetically determined levels of HDL were also inversely associated with hospitalizations for
infections and rates of sepsis-related mortality (Trinder et al., 2020). In agreement with these findings,
higher levels of HDL were associated with a reduced risk of COVID-19 infection in the UK Biobank
population (Scalsky et al., 2020), whereas low levels of HDL on admission have been associated with
greater severity of COVID-19 iliness in retrospective observational analyses (Wang et al., 2020a).

Analysis of the Clalit Health Care System data warehouse records identified 8,681 adults with SARS-CoV-
2 infection and hospitalization in Israel. Simultaneous analysis of linked outpatient pharmacy records
identified a reduced likelihood for hospitalization in individuals taking medications known to interact
with the cholesterol synthesis pathway, specifically ubiquinone (OR 0.25), ezetimibe (OR 0.51) and
rosuvastatin (OR 0.75) in the 30 days prior to diagnosis (Israel et al., 2020).

Divergent results surround the potential benefit or harm of statin use prior to or during hospitalization,
in people with COVID-19 and T2D. Several retrospective observational studies have inferred lower
mortality in SARS-CoV-2 hospitalized patients known to be taking 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMG-Co-reductase) inhibitors (namely, statins). Statin use in hospital was identified in
1,219 subjects from a total cohort of 13,981 individuals hospitalized with SARS-CoV-2 infection in Hubei
province, China (Zhang et al., 2020). Statin use was more common in older subjects, and in those with a
history of heart, kidney, and cerebrovascular disease, who also exhibited increased circulating
biomarkers of inflammation, and higher levels of total and LDL cholesterol. Analysis of propensity score-
matched cohorts demonstrated that in hospital statin use was associated with a lower risk of all-cause
mortality over 28 days, whether or not individuals were also taking ACE inhibitors or Angiotensin I
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Receptor Blockers for hypertension (Zhang et al., 2020). These findings were associated with lower in
hospital trajectories for neutrophil counts, circulating levels of CRP and IL-6 in statin users.

Analysis of electronic medical records for antecedent statin use prior to hospitalization in 2,626
individuals with COVID-19 revealed 951 statin users, who were more likely to report a history of T2D,
kidney disease, hypertension, coronary artery disease, and heart failure (Aakriti et al., 2021). In hospital,
statin use was documented for 77% of subjects with a history of prior statin use, vs. 8.6% of control
subjects without a history of antecedent prescriptions for statin therapy. Consistent with statin history,
levels of total and LDL cholesterol were lower in individuals with antecedent statin use. Comparison of
outcomes in propensity-matched cohort subgroups revealed that antecedent statin use was associated
with reduced levels of CRP on admission, and decreased in hospital mortality (the primary study
endpoint) as well as a composite secondary outcome of reduced need for mechanical ventilation or
mortality within 30 days of hospitalization (Aakriti et al., 2021).

Statin use, but not levels of total cholesterol, was also associated with a lower risk of mortality in people
with T2D (but not T1D) in the National Diabetes Audit population in England (Holman et al., 2020).
Gupta et al. analyzed the electronic medical records of 2,626 patients with COVID-19 hospitalized in
several New York hospitals between February 1 and May 12 2020, with 36.2% of subjects on statins
prior to admission (Gupta et al., 2020). Statin-treated subjects were older, had lower levels of total and
LDL cholesterol, and were more likely to have previous hypertension, coronary artery disease, heart
failure and CKD. Analysis of propensity-matched cohorts demonstrated that statin users had lower levels
of CRP on admission and reduced 30 day mortality (14.8% vs. 26.5% for statin- vs. non-statin users,
respectively) (Gupta et al., 2020). Antecedent statin use was also associated with a reduced odds ratio
for the secondary composite endpoint of in-hospital mortality or invasive mechanical ventilation within
30 days.

Saeed et al. reported the impact of statin use on in hospital mortality in 4,252 patients (53% with
diabetes, 72% with hypertension, 26% with atherosclerotic heart disease) admitted to a single NY
hospital between March 1-May 2 2020 (Saeed et al., 2020). Statin-treated subjects (1,355) were older
and had a higher Charlson comorbidity index, yet the statin-treated cohort exhibited a lower in hospital
mortality (23 vs. 37 % for statin vs. non-statin use, respectively). The mean BMI was 28 vs. 29 in statin
vs. non-statin users. The survival benefit was magnified in people with T2D (n = 2,266, mean %HbA1c of
7.8 within 3 months of admission), as mortality was 24% vs. 39% for statin vs. no statin use in T2D,
respectively (49% reduction in mortality). Use of statins was not associated with a survival benefit in
people without T2D (Saeed et al., 2020). It was not possible to ascertain the proportion of subjects who
were on statins prior to hospitalization, or the duration of prior statin therapy.

In direct contrast to the “statins may be beneficial” hypothesis, analysis of the CORONADO data set of
hospitalized people with T2D and COVID-19 demonstrated that antecedent statin use prior to
hospitalization (48.7% of study subjects) was associated with greater mortality at 7 and 28 days (Cariou
et al., 2020a). Information on statin use in the hospital was not available. Notably, statin users had
greater rates of cardiovascular disease, pulmonary disease and obstructive sleep apnea, hypertension,
dyslipidemia, microvascular disease, a lower eGFR, a longer duration of pre-existing T2D and more use
of insulin and GLP-1R agonists. Nevertheless, after propensity matching and correction of cohort
imbalances using logistic regression and inverse probability of treatment weighting (IPTW), the
investigators concluded that a history of statin use appears harmful in this population of people with
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long-standing T2D (Cariou et al., 2020a). Whether these divergent conclusions reflect the greater burden
of iliness in the statin users, and/or limitations of the IPTW methodology in correcting for differences
between groups, is challenging to resolve. Further illustrating the lack of agreement among these types
of studies antecedent statin use had no impact on COVID-19 outcomes in 4,842 SARS-CoV-2-infected
Danish subjects (17.4% had received a prior prescription for statins in the 6 month prior to a diagnosis
COVID-19) (Butt et al., 2020).

Summary and areas of uncertainty

The putative benefit of statins in the context of COVID-19 is inconsistent across multiple studies and
requires verification in prospective RCTs. Conversely, the preponderance of evidence suggests that
statins are not likely harmful and do not need to be discontinued in the hospital (Masana et al., 2020).
Many of the reports do not describe the presence or absence of atherosclerotic vascular disease in
statin users with COVID-19. Beyond reduction of LDL, statins may exert beneficial effects on blood
vessels, plaque stabilization, reduction of inflammation, and theoretical modulation of SARS-CoV-2
replication. Although considerable observational data links statin use to a reduction in sepsis-related
mortality, a RCT of rosuvastatin in hospitalized subjects with sepsis-related acute respiratory distress
syndrome demonstrated no clinical benefit or reduction in mortality in statin-treated subjects (National
Heart et al., 2014). Statin use is common in individuals with increasing age, hypertension, T2D, obesity
and cardiovascular disease, risk factors that increase the risk and severity of COVID-19-associated
hospitalization. Several RCTS are underway that are designed to examine the impact of statin use on the
outcome of SARS-CoV-2 infection.

Ketonemia, Ketoacidosis and Insulin Deficiency

As viral infections have been associated with increased reports of T1D, the putative relationship
between SARS-CoV-2 infection and the incidence rates of T1D continues to receive scrutiny.
Nevertheless, reports from several centers do not support an increased incidence of new onset T1D
comparing historical rates with those from the recent pandemic period (Lawrence et al., 2020; Tittel et
al., 2020). Analysis of incident diabetes rates reported by 216 German pediatric diabetes centers from
March 13-May 13 each year from 2011-2020 in children and adolescents <18 years of age revealed no
relative increase in cases reported in 2020 (Tittel et al., 2020). Moreover, retrospective analysis
demonstrates that rates of hospitalization for 2,336 Belgian subjects with T1D do not appear to be
increased from February 1-April 30 2020, relative to hospitalization numbers for individuals without T1D
(Vangoitsenhoven et al., 2020). Similarly, there does not appear to be any relationship between SARS-
CoV-2 positivity, and development of T1D in children, including individuals at greater risk due to islet
autoantibodies (Hippich et al., 2020). Consistent with reduced rates of clinical infection and the
generally mild course of COVID-19 in children, the available data does not support T1D as a risk factor
for severe COVID-19 in children or adolescents (Cardona-Hernandez et al., 2020).

Several small case series and reports have described ketoacidosis or increased ketonemia in individuals
with COVID-19, most commonly in subjects with a history of T2D or T1D, with or without prior insulin
therapy (Armeni et al., 2020; Chamorro-Pareja et al., 2020; Li et al., 2020). Severe insulinopenia
underlies some of these cases, leading to the suggestion that SARS-CoV2 infection directly or indirectly
compromises [-cell function, manifesting in insulin deficiency, hyperglycemia, and ketonemia in
susceptible individuals (Armeni et al., 2020). Case reports have described new onset T1D during the
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pandemic in some individuals with recent COVID-19 infection, with (Marchand et al., 2020) or without
islet antibodies (Hollstein et al., 2020), raising the question of whether SARS-CoV-2 infection may
promote insulitis or destruction of islet f—cells, possibly via dysregulation of the immune system or
direct viral infection of the endocrine pancreas. Indeed, the development of more classical T1D has been
temporally associated with exposure to viral infection (Vehik et al., 2019); hence, it seems reasonable to
guery mechanisms whereby SARS-CoV-2 might trigger insulin deficiency and T1D.

Moreover, ketosis on admission has been observed in relatively young individuals (mean age 47 vs. 58
for those with and without ketosis in a single hospital in China), and is associated with a longer duration
of hospitalization and a poor prognosis, in individuals with COVID-19 with or without a prior history of
diabetes (Li et al., 2020). Similar observations, namely a high (50%) mortality rate, were reported in 50
individuals with diabetic ketoacidosis (DKA), predominantly people with a diagnosis of T2D (88%), over a
7 week period at a single US hospital (Chamorro-Pareja et al., 2020). Increased rates of ketoacidosis
have also been reported in the pediatric population, including in children with new onset T1D and SARS-
CoV-2 infection (Unsworth et al., 2020).

Summary and areas of uncertainty

Despite concern about Sars-CoV-2 triggering T1D, there does not yet appear to be compelling
epidemiological evidence supporting a population-based increase in the incidence of T1D in individuals
with COVID-19. Although new cases of T1D draw understandable attention during the pandemic, the
worldwide annual incidence of T1D ranges from 10-30/100,000 (Diaz-Valencia et al., 2015), hence
tracking potential changes in COVID-19-associated incidence rates will require careful ascertainment and
may be challenging.

Localization of ACE2 and Accessory Proteins Mediating Susceptibility to SARS-CoV-2 Infection

Whether the expression of ACE2 and its cofactors facilitating SARS-CoV-2 infectivity (Figure 1) is
dysregulated in cells and tissues of some people with diabetes or obesity, contributing to the
pathophysiology of SARS-CoV-2 infection, remains highly debated, yet uncertain. Analysis of ACE2
expression in human islet cells has yielded conflicting results, perhaps reflecting the choice of
experimental model, conditions for obtaining islets and islet RNA, and the sensitivity and specificity of
the techniques used for detection and localization of ACE2 expression. Hikmet and colleagues analyzed
human ACE2 expression by immunohistochemistry (IHC) using 2 different antibodies in more than 150
cell types (Hikmet et al., 2020). Within the pancreas, ACE2+ cells were localized to capillaries, principally
endothelial cells and pericytes as well as interlobular ducts; ACE2 expression was not observed within
the endocrine pancreas of 6 female or 4 male adult donors (Hikmet et al., 2020).

Yang et al. assessed ACE2 expression and susceptibility to infection with a SARS-CoV-2 pseudovirus in
human pluripotent stem cell (hPSC)-derived islet-like cells, as well as in a limited number of human islets
(Yang et al., 2020). ACE2 protein expression was detected in hPSC-derived a- and [B-cells but not &-cells
by immunohistochemistry using a monoclonal ACE2 antibody, findings corroborated by analysis of ACE2
and TMPRSS2 expression in human islet cells, as well as in human pancreatic ductal, acinar and
endothelial cells by single cell RNA-seq (Yang et al., 2020). Consistent with these findings, SARS-CoV-2
pseudovirus infection was observed, as detected by luciferase reporter gene expression, within insulin
(INS)+ and glucagon (GCG)+ hPSC-derived islet cells, and human islets. Moreover, hPSC-derived islet
xenografts transplanted under the kidney capsule of severe combined immunodeficiency-beige mice
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were susceptible to pseudovirus infection, with viral-derived luciferase detected in INS+ and GCG+ cells
within the xenograft.

Taneera et al. examined ACE2 and TMPRSS2 expression in human islets by microarray and RNA-seq.
Levels of ACE2 and TMPRSS2 were very low in islets from non-diabetic donors, when assessed by
microarray and ACE2, but not TMPRSS2 expression was upregulated (~1.4-fold) in islets from donors
with T2D (Taneera et al., 2020). In contrast, relative TMPRSS2 expression was higher in islets from
donors with obesity. Similarly, ACE2 expression was reported at the lower limit of detection, whereas
TMPRSS2 mRNA transcripts were more readily detectable by RNA-seq in RNA from FACS-sorted human
a, B and exocrine cells (Bramswig et al., 2013). ACE2 localization was assessed by IHC using multiple
antibodies in human pancreatic tissue obtained from 7 non-diabetic donors, demonstrating ACE2
immunopositivity, in ductal, endothelial, and endocrine cells, preferentially in ~57% of INS+ [3-cells
(Fignani et al., 2020). A short form of ACE2 protein was preferentially localized to B-cells. In contrast,
ACE2 expression was very low or absent in the majority (90%) of a-cells and considerable inter-islet
heterogeneity in the extent of ACE2 protein expression was observed. ACE2 mRNA transcripts were
detected by gPCR in RNA from collagenase-isolated human islet preps from 4 different non-diabetic
donors, as well as in islet RNA isolated by laser capture microdissection from 5 different non-diabetic
donors. Exposure of human EndoC-BH1 cells or human islets to a pro-inflammatory cytokine cocktail
markedly upregulated ACE2 RNA and protein expression, whereas relative ACE2 expression was not
different in human islets exposed to palmitate, or in islet RNA isolated from diabetic donors (Fignani et
al., 2020).

In contrast, Coate and colleagues evaluated ACE2 expression in human islet bulk- and single cell RNA-seq
datasets and found extremely low or undetectable levels of ACE2 and TMPRSS2 expression, with less
than 1% of interrogated [-cells containing ACE2 or TMPRSS2 mRNA transcripts (Coate et al., 2020). ACE2
expression was detectable in <1% of ductal or acinar cells, whereas TMPRSS2 mRNA was detected in
~35% of these two pancreatic cell types. The proportion of ACE2 and TMPRSS2 co-expression in ductal
and acinar cells (15 and 5% respectively) was somewhat higher in the human islet RNA database
described by Segerstolpe et al (Segerstolpe et al., 2016). Remarkably, using multiple antisera to examine
islet ACE2, Coate and colleagues did not detect ACE2 protein expression in the adult or juvenile human
endocrine pancreas. Notably, ACE2 expression was evaluated in pancreatic sections from normal non-
diabetic donors (n = 14), and donors with T2D (n = 12) or T1D (n = 11) (Coate et al., 2020). The majority
of ACE2 protein expression in the human pancreata was localized to microvascular structures,
specifically CD31+ capillaries and pericytes, whereas TMPRSS2 protein expression was not detected
within islets, but was visualized within the exocrine pancreas, predominantly within ducts (Figure 3).
Most cytokeratin-19+ TMPRSS2+ ductal cells did not contain ACE2 immunopositivity (Coate et al., 2020).
Examination of pancreatic tissue from 7 COVID-19 subjects (3 with T2D) did not reveal histological
evidence of insulitis or pancreatic inflammation.

Related findings were reported independently by Kusmartseva (Kusmartseva et al., 2020) by employing
IHC, Western blotting, in situ hybridization, and RNA-seq databases. Using single molecule fluorescence
in situ hybridization, pancreatic ACE2 and TMPRSS2 expression localized to acinar cells, ducts, and
CD34+ endothelial cells, but not in the majority of islet endocrine cells from normal non-diabetic donors.
A similar pattern of ACE2 protein expression was obtained using 4 independently validated ACE2
antisera; ACE2 was predominantly localized to the ductal epithelium and pancreatic blood vessels in
several dozen pancreata obtained from neonates, children, adolescents, middle age and older human
subjects. Moreover, ACE2 expression localized to the ductal epithelium and vascular endothelium, and
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SARS-CoV-2 nucleocapsid protein was detected in ducts but not islets in pancreata (two with pre-
existing T2D) obtained from COVID-19+ individuals (Kusmartseva et al., 2020).

The regulation and importance of ACE2 in the setting of T2D and obesity has also been examined in
extrapancreatic tissues. Kaela et al. examined ACE2 expression in bronchial airway epithelial cells from
individuals in several phenotype cohorts in the absence of SARS-CoV-2 infection. ACE2 expression was
increased in bronchial washings from individuals with obesity, as well in people with a history of
smoking or hypertension, in several cohorts (Kasela et al., 2020). Hepatic ACE2 expression was assessed
using surgically-obtained human biopsies from non-diseased livers of 165 subjects of European ancestry,
including 25 with T2D. ACE2 (and at lower levels, TMPRSS2) expression was upregulated in the human
liver in people with T2D, and correlated with hepatic fat, but not with BMI (Soldo et al., 2020). Neither
fasting glucose nor insulin sensitivity correlated with hepatic ACE2 mRNA. Whether SARS-CoV-2-
associated liver inflammation is more common in people with T2D or obesity is not clear.

SARS-CoV-2 Entry Factors and Adipose Tissue

Adipose tissue plays a central role in energy storage, and dysregulated adipose tissue inflammation may
theoretically contribute to the pathophysiology of SARS-CoV-2 infection. Despite the contention that
ACE2 expression may be upregulated in white adipose tissue (WAT), enabling WAT to serve as a
functional reservoir for SARS-CoV-2 in obese individuals (Ledford, 2020), data supporting this hypothesis
are limited (Figure 4). Gene expression profiles from 1,471 male and female individuals (ages 35-85)
across three human data sets demonstrated lower ACE2 expression in subcutaneous WAT from
individuals with obesity or T2D relative to control subjects (El-Sayed Moustafa et al., 2020). Notably,
expression of ACE2 and TMPRSS2 was relatively low in subcutaneous WAT and ACE2 expression was
higher with increasing age. Genetic estimation of cell proportion in bulk RNA-seq analyses suggested
that WAT ACE2 expression correlated with the proportion of microvascular endothelial cells within WAT,
whereas lower ACE2 expression correlated with the abundance of macrophages (Ledford, 2020).
Notably, ACE2 expression was not associated with the relative proportion of adipocytes in subcutaneous
WAT.

Gene expression profiles within human visceral adipose tissue (VAT) were examined in biopsies from
normal weight (n = 19), obese (n = 21) and malnourished (n = 14) male and female human subjects at
the time of surgery (Pinheiro et al., 2017). Adipocyte area was higher and lower in VAT from individuals
with obesity vs. malnutrition, respectively, relative to normal weight controls. Although levels of ACE,
IL6, and TNFa mRNA transcripts were increased in VAT from subjects with obesity or malnutrition, ACE2
mRNA transcripts were not different across the 3 groups.

The available data on ACE2 expression in human WAT and adipocytes predominantly reflects
information from subcutaneous tissue, from individuals without active COVID-19 infection. Hence,
definitive conclusions on whether one or more WAT depots, such as visceral adipose tissue that
expresses higher levels of ACE2, might serve as targets for direct SARS-CoV-2 infection, await more
substantive experimental interrogation of these questions (Figure 4). Moreover, much less information
is available on ACE2 protein expression in human WAT, relative to the considerable information
available from analyses of ACE2 protein localization in human pancreatic tissue.

Summary and areas of uncertainty

20



The discrepant localization of gene and protein expression between studies, as evident in studies of
ACE2 localization in human islets, is common in biology, and frequently reflects the use of different
reagents and techniques for analysis of sensitivity and specificity (Drucker, 2016). Interpretation of gene
expression data using isolation of RNA from whole islets or single islet cells may be confounded by
contamination from non-islet cell types. It seems less likely that inter-individual heterogeneity in islet
donor characteristics account for these often fundamentally different observations. Despite hypotheses
that adipose tissue may be a reservoir for SARS-CoV-2, adipocyte ACE2 expression appears low (Figure
4), and data interrogating viral infection in different adipose tissue depots has not been forthcoming.
Collectively, the available data suggest that direct SARS--CoV-2 infection of islet B-cells is likely a rare
event, but cannot be excluded.

Long-COVID Syndrome and Indirect Consequences of COVID-19

Symptoms of illness persisting after resolution of acute SARS-CoV-2 infection are common, yet
incompletely described. A prospective observational cohort of 4,182 people positive for SARS-CoV-2 in
Great Britain, the US and Sweden revealed persistent symptoms for more than 28 days (Long Covid
LC28) in 13.3% of study volunteers (Sudre et al., 2020). The proportion of people with obesity was higher
in the LC28 cohort relative to the cohort reporting shorter duration of symptoms. The number of
symptoms reported in the first week of iliness, older age and female sex were the strongest predictors
of Long-COVID syndrome. Moreover, persistent symptoms beyond 30 days of COVID-19 clinical
diagnosis are more common in those with severe illness, yet 14.3% of survey respondents in a US
general adult population with mild COVID-19 illness report persistent symptoms more than 30 days later
(Cirulli et al., 2020). Preliminary interrogation of individuals more than 90 days after hospitalization with
a COVID-19 diagnosis including a substantial proportion of subjects with diabetes and obesity revealed
high levels of persistent fatigue, anxiety and neurological symptoms (Savarraj et al., 2020). Among
individuals followed in home health care after discharge from the hospital after COVID-19 in NY, the risk
of readmission and subsequent death was higher in people with complications associated with T2D. It
seems certain that ongoing studies of people recovering from COVID-19 infection will have further direct
implications for the subset of people with T2D or obesity recovering from COVID-19. Follow-up of 1,733
individuals with COVID-19 discharged from a single hospital in Wuhan over 6 months (12% with diabetes
on admission) revealed 53 people with a new diagnosis of diabetes, but no other disproportionate
outcomes were reported in the cohort with diabetes (Huang et al., 2021).

The pivoting of global health care systems to acute COVID-19 care, coupled with stay-at-home edicts,
has predictably delayed the diagnosis and treatment of many complex medical diseases, including T2D.
While telemedicine has extensively supported the management of people with T2D, it does not fully
replace traditional primary care medicine. Analysis of 1,709 UK general practices in an electronic
database revealed reduced rates of diabetes-related testing (%HbA1c), substantial reductions in new
T2D diagnoses, and increased T2D-associated mortality from March 1-July 10, 2020 (Carr et al., 2020).

Limitations of the Data and Future Perspectives

There is currently limited information on the extent of tissue inflammation and dysregulation of gene
expression in metabolically important tissues in the context of active SARS-CoV-2 infection. Post-
mortem analyses have focused on inflammatory responses in lung, brain, heart, kidney and vascular
pathology (Schurink et al., 2020), whereas analyses of the pancreas, endocrine organs, or adipose tissue
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are much less frequently reported. Furthermore, there is scant molecular information to date from
analysis of tissue biopsies from individuals with diabetes, obesity and SARS-CoV-2 infection. Substantial
inferences regarding the biology of ACE and ACE2, and the properties of glucose-lowering drugs,
including actions impacting inflammation, are derived from preclinical studies, or people without COVID-
19 (Drucker, 2020), which may not be relevant for understanding human SARS-CoV-2 infection.

Hundreds of clinical trials are now underway, testing interventions ranging from vaccines to
immunotherapy (Figure 5), and the safety of specific glucose-lowering drugs in the context of acute
SARS-CoV-2 infection. Given the high rates of hospitalization for people with T2D and obesity and clinical
illness with COVID-19, we are likely to learn a great deal about which interventions work equally well,
better or are suboptimally effective in people with cardiometabolic disorders. The available data from
retrospective observations are consistent with the hypothesis that safe optimization of glycemic control
might reduce the risk of severe COVID-19 (Figure 5), however it seems unlikely that this hypothesis will
be prospectively tested in a clinical trial. Beyond insulin, it would be useful to understand the safety
profile of glucose-lowering agents (Figure 2), including GLP-1R agonists and SGLT-2 inhibitors, in people
with clinical symptoms of COVID-19. Moreover, GLP-1R agonists are increasingly prescribed for obesity,
and there is little information informing whether this class of drugs is safe, poses any unique risk or
confers any benefit in people with obesity and SARS-CoV-2 infection. Preclinical studies demonstrate
reduced virus-associated lung inflammation in mice treated with GLP-1R agonists (Bai et al., 2020;
Bloodworth et al., 2018; Sato et al., 2020), yet data for the actions of GLP-1R agonists in experimental or
clinical SARS-CoV-2 infection is not yet available.

The adverse outcomes, including increased mortality, observed in hospitalized people with T2D and
obesity are not currently amenable to disease-specific therapeutic interventions, in part due to a lack of
understanding of mechanistic causality. It remains unclear whether enhanced SARS-CoV-2 infectivity,
ARDS, cellular or humoral immune dysfunction, disorders of coagulation, cardiopulmonary injury, or
vasculitis contribute preferentially to the clinical presentation of severe COVID-19 iliness in people with
metabolic disorders. Hence, elucidating the contributions of these potential mechanisms represents an
important research priority to enable therapies that might be preferentially effective in people with T2D
or obesity.

Beyond social distancing and use of masks, few options are available to people with obesity who wish to
mitigate their risk of SARS-CoV-2 infection. Whether medically-induced weight loss might reduce the risk
of severe COVID-19 infection has not been formally studied. A prior history of bariatric surgery was
associated with reduced need for mechanical ventilation and decreased mortality, even after correcting
for BMI, in a retrospective analysis of hospitalized people with obesity and COVID-19 in France (lannelli
et al., 2020). Individuals with obesity are at particularly high risk for thromboembolic disease (Figure 5)
when immobile in the hospital, hence it will be extremely important to determine whether the
forthcoming results of various anti-coagulant strategies to prevent SARS-CoV-2-related coagulopathy
can be extrapolated to individuals across a broad range of BMls.

A retrospective analysis reported that an elevated neutrophil:lymphocyte ratio greater than 6.11 on
admission to hospital was associated with a poor prognosis yet a better therapeutic response to steroid
therapy (Cai et al., 2021). Nevertheless, corticosteroid-treated individuals with T2D did not exhibit a
reduction in mortality, while exhibiting a greater rate of hyperglycemia and infection requiring
antibiotics. In contrast to these retrospective analyses, different conclusions ensued from the analysis of
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outcomes for people with diabetes in the prospective RECOVERY trial (25% of study subjects). The
RECOVERY trial results demonstrated the benefit of dexamethasone in severely ill hospitalized patients;
however, the proportion of study volunteers with overweight or obesity was not reported (Group et al.,
2020). Although not reported in the initial publication, analysis of outcomes in people with or without
T2D in the RECOVERY trial by the European Medicines Agency revealed that people with diabetes
exhibited a similar reduction in mortality, whether or not they required mechanical ventilation
(https://www.ema.europa.eu/en/documents/other/dexamethasone-covid19-article-53-procedure-
assessment-report_en.pdf).

Similarly, substantial proportions (30-40%) of trial volunteers reported antecedent T2D and obesity
(40%) in trials with remdesivir alone (Beigel et al., 2020; Spinner et al., 2020) or in combination with
baricitinib. However, whether these regimens are meaningfully helpful in people with T2D or obesity is
not yet clear from limited subgroup analyses. Although rapid strides have been made in the deployment
of telemedicine for the management of diabetes, the report of a pandemic-related 10-fold increase in
amputations in a single Ohio hospital (Casciato et al., 2020) is a sobering reminder of the current
barriers to optimal diabetes care.

In summary, the rapid pace of often incomplete COVID-19-related science has reminded us to respect
uncertainty, acknowledge conflicting views and lines of evidence, and be willing to consider multiple
lines of evidence. Notwithstanding the torrent of daily new reports, it remains important to thoughtfully
probe the scientific validity of reported findings in formulating mechanistic concepts of how SARS-CoV-2
infection impacts human biology. Ongoing rigorous scrutiny of unanswered scientific questions in the
laboratory, and at the bedside, will progressively resolve key conundrums, generate new testable
hypotheses, and improve the outcomes of people with diabetes, obesity and COVID-19.
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Figure 1 Depiction of cell surface receptors and co-factors facilitating SARS-CoV-2 entry, the importance
of cholesterol metabolism (top panel), and cellular, immune and pathophysiological abnormalities
predisposing people with obesity and diabetes to more severe COVID-19 outcomes (bottom panel).
ACE2=Angiotensin Converting Enzyme 2; HMGB1=High mobility group box 1 protein; NPR1= Neuropilin
1; SR-B1=Scavenger receptor class B type 1; TMPRSS2=Transmembrane serine protease 2;
TMEMA41B=Transmembrane protein 41B.

Figure 2 The progressive use of glucose-lowering medicines during the evolution of type 2 diabetes and
severity of acute illness in people with COVID-19. More advanced stages of T2D necessitate use of
multiple agents to achieve glucose control, and choice of agents is skewed towards insulin, SGLT-2
inhibitors, and GLP-1R agonists in people at risk of or with established cardiovascular and renal
complications. CKD=Chronic kidney disease; CVD=Chronic kidney disease; DPP-4i=Dipeptidyl peptidase-4
inhibitors; GLP-1-RA=Glucagon-like peptide-1 receptor agonists; SGLT-2i=; Sodium glucose
cotransporter-2 inhibitors; SU=Sulfonylureas; T2D=Type 2 diabetes

Figure 3. ACE2 is expressed in the non-endocrine compartment within human islets

Expression of ACE2 in 9,940 human pancreatic cells, including mRNA transcripts for different cell
lineages in islet endocrine cells (Insulin (INS), Glucagon (GCG), Somatostatin (SST), Pancreatic
Polypeptide (PPY) for 3-, a-, &-, and PP cells, respectively), acinar cells (PRSS2), ductal cells (KRT19), and
endothelial cells (PECAM1). Data were retrieved and aggregated from Segerstolpe et al. (Segerstolpe et
al., 2016), Enge et al. (Enge et al., 2017), and Camunas-Soler et al. 2020 (Camunas-Soler et al., 2020).

Figure 4 ACE2 expression in human adipose tissue

ACE2 mRNA transcripts are expressed at low levels in human subcutaneous adipose tissue and at higher
levels in visceral adipose tissue. The majority of adipose tissue ACE2 expression is in non-adipocyte cell
types. ACE2 and TMPRSS2 expression in in 5,041 cells from human neck subcutaneous white adipose
tissue is shown in the left panel. VWF (endothelial cells), DCLK1 (preadipocytes), ADIPOQ (Adipocytes),
PTPRC (CD45+ Immune cell). Expression of ACE2 in 26,961 cells in human adipose stromal vascular
fraction is depicted in the right panel. PECAM1 marks the endothelial cell population. Data were
retrieved from (Sun et al., 2020) and from Vijay et al (Vijay et al., 2020).

Figure 5 Key considerations for SARS-CoV-2 infection in people with obesity and diabetes

Major morbidities arising in people with severe SARS-CoV-2 infection (left panel) and emerging
therapeutic interventions with potential benefit in people with diabetes and COVID-19 (right panel).
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COVID-19 infection produces excess mortality in people with obesity or diabetes. Here we review the
epidemiology, susceptibility to infection, pathophysiology, immunology, complications, potential
therapeutic options and response to vaccinations in people with metabolic disorders and SARS-CoV-2
infection.



