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ABSTRACT

Background: Individuals with diabetes are at a greater risk of hospitalization and mortality resulting from viral, bacterial, and fungal infections.
The coronavirus disease-2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), has spread quickly to
more than 213 countries and claimed 395,779 lives as of June 7, 2020. Notably, in several studies, diabetes is one of the most reported
comorbidities in patients with severe COVID-19.

Scope of review: In this review, | summarize the clinical data on the risk for infectious diseases in individuals with diabetes while highlighting
the mechanisms for altered immune regulation. The focus is on coronaviruses. Based on the new clinical data obtained from COVID-19 patients, a
discussion of mechanisms, such as cytokine storm, pulmonary and endothelial dysfunction, and hypercoagulation, that may render individuals
with diabetes more vulnerable to COVID-19 is provided.

Major conclusions: Epidemiological studies show that poorly controlled diabetes is a risk factor for various infectious diseases. Given the global
burden of diabetes and the pandemic nature of coronaviruses, understanding how diabetes affects COVID-19 severity is critical to designing

tailored treatments and clinical management of individuals affected by diabetes.
Crown Copyright © 2020 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. DIABETES AND INFECTION RISK

Diabetes is a chronic disease characterized by abnormally high
blood glucose levels resulting from an impairment in insulin action
and/or insulin secretion. More than 425 million individuals have
diabetes worldwide and projections show this number rising to 629
million by 2045 [1]. While type 1 diabetes (T1D) is characterized by
autoimmune mediated destruction of insulin producing B-cells, type
2 diabetes (T2D) results from a combination of insulin resistance
and B-cell insulin secretory defect, in the long-term resulting B-cell
exhaustion and eventually destruction [2]. Diabetes is the leading
noncommunicable, chronic pandemic disease worldwide and is
associated with complications. Over time, high blood glucose can
damage tiny and large blood vessels, causing an increased risk for
microvascular and macrovascular complications [3]. A research
study with more than 1.3 million participants showed that 98% of
adults with type 2 diabetes have at least one comorbid chronic
disease and almost 90% have at least two [4,5]. The most common
conditions in patients with T2D included hypertension (82.1%),
overweight/obesity (78.2%), hyperlipidemia (77.2%), chronic kidney
disease (24.1%), and cardiovascular disease (21.6%) [4]. In a
longitudinal study including 915 individuals with T1D and 3,590
children in the reference cohort, incidences of six chronic diseases
were significantly higher in T1D children [6]. T1D was associated
with an increased risk (HR; 95% Cl) of hospitalization for any co-
morbidity (3.7; 2.5 to 5.5), thyroid disease (14.2; 6.7 to 31.0), non-

infectious enteritis and colitis (5.9; 3.0 to 11.5), cardiovascular
disorders (3.1; 2.3 to 4.2), mental disorders (2.0; 1.4 to 3.1), epi-
lepsy (2.0; 1.1 to 3.7), and (obstructive) pulmonary disease (1.5; 1.2
to 2.0). Observational studies have also shown that the cerebro-
vascular mortality rate is elevated at all ages in patients with T1D
[71.

Poorly controlled diabetes increases the risk for skin, bone, eye, ear,
gastrointestinal, urinary tract, and respiratory infections, among
others, with significantly increased hospitalization and mortality rates
[8—11] (Figure 1). Seshasai et al. examined the risk of infection-
related deaths in more than 800,000 participants and showed that
infectious diseases substantially reduced life expectancy of individuals
with diabetes [12]. The hazard ratio for a person with diabetes dying
from any infection was 2.39. More recent epidemiological studies have
explored relationships between poorer control of diabetes and in-
fections, using English primary care databases with more than 85,000
individuals with diabetes [8,13]. The data demonstrated that poor
glycemic control is powerfully associated with serious infections. In
these studies, authors have also compared the infection risk between
individuals with T1D and T2D and found that infection-related hospi-
talizations and deaths were higher in individuals with T1D. For
instance, Carey at al. showed that the incidence rate ratio for infection-
related hospitalizations was 3.71 (95% Cl 3.27—4.21) for individuals
with T1D and 1.88 (95% Cl 1.83—1.92) for individuals with T2D [13].
In the follow-up study by the same group, Critchley et al. showed that
poor diabetes control increased hospitalizations in individuals with T1D
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Figure 1: Main infectious diseases associated with diabetes. Head and neck in-
fections (e.g., invasive external ofitis), respiratory infections (e.g., Streptococcus
pneumoniae, influenza, HIN1, tuberculosis), skin and soft tissue infections (e.g., foot
infection, gangrene), gastrointestinal and liver infections (e.g., Helicobacter pylori,
hepatitis B, hepatitis C, enteroviruses), and urinary tract infections (bacteriuria, cystitis)
are more frequent in individuals with diabetes.

or T2D [8]. However, in individuals with T1D and poor control, this risk
was even greater.

During the 2009 H1N1 influenza virus pandemic, numerous clinical
studies suggested that individuals with diabetes were a key suscep-
tibility group for severe H1N1 infections [14—18]. Overall, hospitali-
zation of patients with diabetes due to influenza virus or flu-like
infections is up to six times more likely to occur compared to healthy
individuals [16]. For example, in the United States, of the 272 patients
were hospitalized in 2009 for the H1N1 flu, diabetes was present in
15% of hospitalized patients [15]. In Canada, diabetes tripled the risk
of hospitalization after infection with the 2009 HI1N1 virus and
quadrupled the risk of admission to the intensive care unit [14].
Similarly, in Germany, diabetes doubled the risk of a fatal outcome
after infection with the 2009 virus [18]. Fasting plasma glucose was
also shown as an independent predictor for severity of HIN1 pneu-
monia [17].

2. ALTERED IMMUNE FUNCTION IN INDIVIDUALS WITH
DIABETES

Based on the epidemiological evidence, individuals with diabetes are
more prone to acquiring selected types of (rare) infections and are more
susceptible to certain complications while infected with pathogens
[8,19,20]. Important mechanisms related to specific infections such as
skin ulcers and lesions with poor wound healing are the result of co-
morbid neuropathy or increased urinary tract infections and are linked to
a decrease in the antibacterial activity of urine [21]. Recent data also
suggest that microbial dysbiosis in individuals with hyperglycemia may
play arole in the spread of enteric pathogens. For example, the microbial
tissue profile of individuals with T2D differs from that of individuals with
normoglycemia, with enhanced levels of typically opportunistic Entero-
bacteriaceae in various tissues [22]. Given the reported decrease in
intestinal barrier function with hyperglycemia and concomitant increase
in systemic spread of enteric pathogens [23], individuals with

hyperglycemia may be more susceptible to the entry of bacteria into their
system. Despite the individual specific mechanisms for increased in-
fectious disease prevalence in individuals with diabetes, the common
pathogenic mechanisms are associated with immune dysfunction. Here,
I will highlight our current knowledge on the altered immune cell function
in individuals with diabetes (Table 1).

The immune system can be divided into the innate and adaptive-hu-
moral or adaptive-cellular immune systems. Innate immunity refers to
non-specific initial defense mechanisms triggered upon pathogen
recognition; adaptive immunity refers to antigen-specific responses
designed to eliminate and memorize the specific non-self-pathogens.
While humoral immunity does not seem to be significantly altered in
individuals with diabetes, there is significant number of reports
showing alterations in cell-mediated immunity, such as chemotaxis,
phagocytosis, and cytokine secretion in both T1D and T2D [24—34].
For instance, a significantly lower degree of chemotaxis has been
found in the polymorphonuclear leukocytes (PMNs) of individuals with
T1D and T2D compared to controls [26,33]. An inverse correlation
between hyperglycemia and chemotaxis was also shown [30], sug-
gesting that poor glycemic control may contribute to this impairment.
In addition, blood neutrophils of diabetic mice showed a decreased
migratory response to CXCL2/MIP-2 in vitro and in vivo compared to
nondiabetic mice [32].

PMNs from individuals with diabetes have also demonstrated lower
phagocytic capacity compared to PMNs from individuals without dia-
betes [26,28,29]. In these studies, the phagocytic response was re-
ported to be worse in patients with increased HbA1c levels and poorer
glucose control. A reduction in phagocytic activity, which is essential to
contain and kill pathogens and process them for antigen presentation
may partly explain the increased infection severity in individuals with
diabetes. By contrast, serum antibody concentrations in individuals
with diabetes are normal, and they respond to vaccinations, such as to
pneumococcal vaccine similar to reference control individuals [35]. No
differences have been shown in the immune response to intramuscular
hepatitis B vaccine between children with T1D and controls [36].
Furthermore, the antibody response to influenza vaccination is not
impaired in individuals with T1D or T2D [37,38]. Thus, humoral im-
mune responses, at least based on these studies, seem to be fairly
unaffected by diabetes. In the next section, the most current evidence
on altered innate-mediated and cell-mediated adaptive immunity in
individuals with diabetes is discussed in more detail (Table 2).

2.1. Innate immunity

2.1.1. Natural Killer (NK) cells

Natural killer cells are effector lymphocytes of the innate immune
system and rapidly kill virus-infected and tumor cells without prior
sensitization while remaining tolerant of normal cells. Despite the
discrepancies among studies, accumulating evidence suggests that
NK cell activity is reduced in individuals with T2D. Delemaire et al.
reported a decrease in NK cells in obese patients with elevated fasting
blood glucose levels [26]. Another study provided more evidence that

Table 1 — Major immune cell function alterations in individuals with

diabetes.

Function Diabetes subtype References
Chemotaxis T1D and T2D [26,30,32,33]
Phagocytosis T1D and T2D [26,28,29,31]
Cytokine secretion T1D and T2D [24,55,56]
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Table 2 — Major immune cell types with altered function in individuals with

diabetes.

Cell Type Alteration References
Natural Killer Reduced activity in T2D [26,39,40]
Cells
Macrophages Differential subtypes in obesity [41—43]
Neutrophils  Both an increase and a decrease [45]-
in numbers are reported in T1D increase

[27,46,47]-
decrease

T cells

e Th17 Abnormal differentiation of T cells in T2D [52—57]-

e CD8" Increased Th17 subpopulation, higher percentage of T2D

e CD39"  CD8™, and lower percentage CD39™ T cells in T2D [58,59]-T1D

e FOXP3™  Decreased FOXP;™ Treg cell pool in T1D

NK cell populations were altered in obese humans with an increase in
low cytotoxic CD56""9™ and a decrease in the number of high cytotoxic
CD56%™ NK cell subsets in obese subjects [39]. A subsequent study
demonstrated that NK cell activity was lower in T2D patients and
significantly related to glucose control [40]. Although more studies
suggest that poorly controlled diabetes NK activity is reduced in pa-
tients with diabetes, larger population studies are warranted to more
closely examine the association between NK cell activity and glucose
control.

2.1.2. Myeloid cells

Myeloid cells include monocytes, macrophages, neutrophils, baso-
phils, erythrocytes, megakaryocytes, and platelets. Myeloid cells play
major roles in innate immunity, where they are rapidly recruited into
local tissues, upon pathogen invasion, via various chemokine re-
ceptors, for phagocytosis, as well as secretion of inflammatory cyto-
kines. Macrophage subtypes were reported to be differentially present
in the adipose tissue of obese patients [41]. Although adipose tissue
macrophages generally express more M2 markers, mice fed a high-
fat-diet exhibited macrophage populations with high pro-
inflammatory M1 gene expression markers [42]. Kratz et al. showed
that classical macrophage activation markers are absent in the adipose
tissue macrophages of obese humans, and metabolic dysfunction is a
driver of a distinct pro-inflammatory phenotype in adipose tissue
macrophages [43]. Many studies have also implied that neutrophils are
involved in the initiation and perpetuation of autoimmune diabetes [44].
In addition, studies have reported an alteration in neutrophil numbers
in individuals with T1D. Although some of the earlier studies reported
an increased number of neutrophils in T1D [45], subsequent studies
have shown a decrease [27,46,47]. The stages of diabetes and ethnic
background might explain some of the differences. Thus, longitudinal
studies might help clarify the discrepancies.

2.2. Adaptive cellular immunity

2.21. T cells

Multiple studies have demonstrated that T2D is associated with
overactivated T cells and the activation of inflammatory pathways
[48—51]. Low-grade chronic inflammation in individuals with either
T1D or T2D has been described [24,50,51]. Although CD8™ T cells are
essential for the adaptive immune response against infections by
secreting pro-inflammatory cytokines, such as IFN-y and TNF-o,
CD4™ T cells are critical for multiple functions, from the activation of
innate immune system cells, including B-lymphocytes and cytotoxic T
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cells, to the suppression of immune reaction. T cells have been re-
ported to be abnormally differentiated in individuals with T2D [52—54].
Bogdan et al. showed that Th17, a subset of CD4™ T cells, and IL-17A
levels were elevated in individuals with newly diagnosed T2D, which
probably promoted chronic inflammation [55]. In a more recent study,
Garidou et al. analyzed cytokine production from the peripheral blood
mononuclear cells (PBMCs) of individuals with T2D and investigated
the differentiation of different CD4™ T cell subsets [52]. Similar to the
previous study, they showed that Th17 cell population was increased
in individuals with T2D.

Other studies have provided evidence for increased inflammation in
individuals with T2D, based on the presence of a higher percentage of
CD8™ T cells, an increase in the Th1/Th2 ratio, and elevated levels of
cytokines (e.g., IL-4, IL-10, IL-13, IFN-y, and TNF-o) [53,54,56].
Notably, CD39" Treg cells, a subpopulation of cells implicated in
suppressing Th17 cells, were also shown to be in lower percentage in
the PBMCs from individuals with T2D [57]. Autoreactive CD4™ and
CD8™ T cells play fundamental roles in the destruction of insulin-
producing B-cells in T1D pathogenesis. In addition, the FOXP3 Treg
cell pool has been shown to have an essential role in regulating im-
mune homeostasis, and autoimmunity is compromised in T1D [58,59].
Thus, the combination of increased T cell activation, elevated in-
flammatory cytokine profile, and decreased Treg function may
contribute to dysregulated immune function observed in individuals
with diabetes.

3. CORONAVIRUSES

Coronaviruses are a large family of enveloped viruses with a positive-
sense single-stranded RNA genome and a nucleocapsid of helical
symmetry. They possess one of the largest genomes, approximately
26.4 kb—31.7 kb, among all known RNA viruses [60]. The Latin name
corona (“crown” or “wreath”) describes the characteristic appearance
of virions by electron microscopy, with large, bulbous surface pro-
jections resembling a crown. Coronaviruses primarily infect upper
respiratory and gastrointestinal tracts of mammals and birds, and
human coronaviruses vary significantly in disease severity [61].

Of the seven known human coronaviruses, four (HCoV-0C43, HCoV-
HKU1, HCoV-229E, HCoV-NL63) cause mild to moderate symptoms
of the common cold in humans, and three can cause more serious,
even fatal, disease: severe acute respiratory syndrome (SARS, caused
by the SARS-CoV virus), Middle East respiratory syndrome, (MERS,
caused by the MERS-CoV virus), and COVID-2019 (caused by the
SARS-CoV-2 virus). The genetic sequence of SARS-CoV-2 shows more
than an 80% shared identity with SARS-CoV and 50% with MERS-CoV
[62,63]. Coronavirus entry into host cells is mediated by the trans-
membrane spike (S) glycoprotein that forms the homotrimers pro-
truding from the viral surface, which mediates receptor binding and
proteolysis, leading to virus-cell fusion [64]. Angiotensin-converting
enzyme 2 (ACE2) is the cellular receptor for SARS-CoV and SARS-
CoV-2; MERS-CoV uses dipeptidyl peptidase 4 (DPP4) as its cellular
receptor [63,65].

3.1. Outbreaks

SARS-CoV originated in the early 2000s and caused the 2002—2004
SARS outbreak. At the end of the epidemic in 2004, the incidence was
8422 cases with a case fatality rate (CFR) of 11% [66]. MERS is caused
by the MERS coronavirus (MERS-CoV); was identified in September
2012; and continues to cause sporadic, localized outbreaks. Until
January 2020, 2519 cases of MERS were reported with a CFR of 34%
[67]. SARS-CoV-2 causes COVID-19, the third novel coronavirus to

MOLECULAR METABOLISM 39 (2020) 101044 Crown Copyright © 2020 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/4.0/). 3

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

emerge in this century, and was declared a pandemic on March 11,
2020, by the World Health Organization. As of June 6, 2020, more than
six million cases have been reported, and the estimated fatality rate is
0.5%—3.5% [68].

3.2. Clinical characteristics

All three human coronaviruses—SARS-CoV, MERS-CoV, SARS-CoV-
2—replicate in the lower respiratory tract and can thus cause pneu-
monia that in severe cases leads to severe hypoxia, respiratory failure,
multiorgan failure, shock, and death [69]. Studies have reported that
the most common symptoms of COVID-19 are fever (82.2%) and
cough (61.7%) [70—73]. The age of most patients has been between
30 and 79 years, and the majority are male. Two patterns are that the
severity increases with age and the presenting symptoms are broadly
consistent with the epidemiology of SARS-CoV and MERS-CoV in-
fections. Infection with SARS-CoV-2 has been shown to reach a peak
viral load 4—7 days after symptom onset; this peak is earlier than
SARS-CoV, which peaks at approximately 10 days after symptom
onset [70—73]. Notably, SARS-CoV-2 has been found in upper res-
piratory tract secretions of asymptomatic individuals [74].
Epidemiological studies from all three coronavirus related outbreaks
(SARS, MERS, COVID-19) have identified diabetes and other comorbid
illnesses such as hypertension and cardiovascular and cerebrovascular
diseases as risk factors for severe or lethal infections [75—81]. Booth
et al. analyzed clinical features of 144 patients infected with SARS-CoV
and showed an increase in mortality and morbidity with diabetes [76];
six out of eight patients who died had diabetes. Another study showed
that plasma glucose levels and diabetes were independent predictors
for mortality and morbidity in patients with SARS [82]. Algahtani et al.
showed that the prevalence of death was 50% in patients with dia-
betes compared to the overall mortality rate of 20% in 281 confirmed
MERS-CoV cases [83].

In the current pandemic with SARS-CoV-2, clinical reports also show
distinctive comorbidities with diabetes. For example, the de-
mographics of 52 patients in Wuhan with severe SARS-CoV-2 pneu-
monia showed that 20% had diabetes [81]. In a detailed clinical
investigation of 140 hospitalized cases, Zhang et al. showed that
diabetes (12.1%) was one of the most common comorbidities after
hypertension (30.0%) [84]. The incidence of patients in intensive care
having diabetes is twofold higher compared to that of non-intensive
care patients with COVID-19 [85]. Similarly, mortality is approxi-
mately threefold higher in individuals with diabetes compared to the
general mortality of COVID-19 in China [86,87]. Among the 5,700
patients hospitalized with COVID-19 in the New York Area, diabetes
(33.8%) was also reported to be one of the most common morbidities
[88]. Why are people with diabetes at increased risk for disease
severity and mortality due to COVID-19 infection?

Until now, clinical studies reporting on the characteristics of COVID-19
patients had not indicated whether the enrolled individuals with dia-
betes had T1D or T2D. A very recent retrospective, multicentered study
of 7,337 cases of COVID-19 in China investigated the severity and
mortality among 952 individuals with pre-existing T2D [89]. The au-
thors reported that although individuals with T2D required more
medical interventions and had significantly higher mortality rates
compared to patients without diabetes, well-controlled blood glucose
levels were associated with improved outcomes. Poorly controlled
glucose levels were associated with hospitalizations resulting from
various types of infection in individuals with T1D and T2D. Additionally,
preliminary analyses from the National Health Service England showed
that the risk of COVID-19 mortality in either T1 or T2 diabetes is
independently associated with the level of hyperglycemia [90].

Although large-scale, independent, multicenter studies are required to
understand the impact of pre-existing T1 or T2 diabetes on SARS-CoV2
infection, it is plausible to suspect that in individuals with either T1 and
T2 diabetes, well-controlled blood glucose levels would correlate with
improved outcomes.

Cardiovascular disease and T2D are strongly associated with obesity.
Although the initial studies reporting comorbidities in patients with
COVID-19 have not provided information on body mass index (BMI) of
patients, accumulating data suggest a high prevalence of obesity in
patients with severe COVID-19. In a retrospective cohort study with
124 SARS-CoV-2 positive patients admitted to intensive care in a
single French center, obesity (BMI >30 kg/mz) and severe obesity
(BMI >35 kg/mz) were present in 47.6% and 28.2% of cases,
respectively [91]. The need for invasive mechanical ventilation was
significantly associated with BMI. In a retrospective study from New
York City, analysis of BMI stratified by age in 3615 COVID-19 positive
symptomatic patients showed obesity as a risk factor for hospital
admission and need for critical care, especially for patients aged <60
years [92]. Similarly, from a cohort of 265 patients with COVID-19
admitted to intensive care units at university hospitals in the United
States (Johns Hopkins, University of Cincinnati, New York University,
University of Washington, Florida Health, and University of Pennsyl-
vania), there was a significant inverse correlation between age and
BMI, in which younger individuals admitted to hospital were more
likely to be obese [93]. Recent data from a very large cohort of
20,133 hospital inpatients with COVID-19 in the United Kingdom
showed that obesity was an independent risk factor for mortality, with
hazard ratio of 1.33 (95% confidence interval 1.19 to 1.49,
p < 0.001) [94]. Together, these data show major implications for the
clinical care of COVID-19 patients with obesity and warrant inde-
pendent longitudinal studies to assess hospitalization duration and
mortality to implement improved health care policies.

3.3. Pathogenesis of COVID-19

The pathology of SARS-CoV-2 infection is similar to SARS-CoV with
overactivated inflammatory responses strongly associated with dam-
age to the airways [95]. The SARS-CoV-2 infection can be roughly
divided into three stages [96,97]: stage | is the early infection phase,
stage Il is the pulmonary phase, and stage lll is the hyperinflammation
phase. In the early stages of the disease, patients present generally
with symptoms such as fever, dry cough, and headache. Clinical signs
include lymphopenia, as well as elevated IL-6, prothrombin, and D-
dimer and mild LDH levels. In the pulmonary phase, some patients
develop shortness of breath and abnormal chest images, and elevated
transaminases are present. In the advanced, more severe phase, some
patients develop a so-called “cytokine storm,” leading to other com-
plications including acute respiratory distress syndrome, shock, mul-
tiorgan failure, and death. Elevated inflammatory markers are clinical
hallmarks of this phase (CRP, LDH, IL-6, D-dimer, ferritin, Troponin,
NT—proBNP). These findings are in line with SARS and MERS in that
the presence of lymphopenia and “cytokine storm” may have a major
role in the pathogenesis of COVID-19 [85—87]. Therefore, disease
severity in patients is due to not only the viral infection but also the host
response.

The knowledge on the cellular events following SARS-CoV-2 infection
is based on data obtained from studies that have reported the
immunological characteristics of moderate and severe cases of COVID-
19 [87,98,99]. Infection of epithelial cells in the airways and subse-
quent replication of the virus in these tissues probably causes high
levels of virus-linked apoptosis/pyroptosis, triggering inflammatory
responses marked by the activation of pro-inflammatory cytokines or
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Figure 2: Mechanisms associated with increased COVID-19 severity in individuals with diabetes. Coronavirus Load: SARS-CoV-2 infects the lung tissue via entry through
ACE2 receptor. Individuals with diabetes have increased ACE2 receptor expression. Medications such as ACE inhibitors, GLP-1 agonists, and statins may increase ACE2 levels
further. Increased glucose levels may allow SARS-CoV-2 replication. Dysregulated Immune Response: Individuals with diabetes have low chronic inflammation, which can lead to
exaggerated macrophage and monocyte and T cell recruitment, promoting further inflammation in a feedback loop. Overproduction of pro-inflammatory cytokines may eventually
damage the lung infrastructure. The resulting cytokine storm may initiate multiple systemic coagulation. Alveolar Dysfunction: Diabetes is associated with numerous structural
changes to the lung including augmented permeability of the vasculature and reduced gas exchange. Impaired respiratory function present in individuals with diabetes may
aggravate pulmonary complications, causing an increased need for mechanical ventilation in diabetes patients. Endothelial Dysfunction: In diabetes, endothelium shows markers
of inflammation with increased immune cells, cytokines, potentially exacerbating the cytokine storm and pulmonary lesions. SARS-CoV2 can directly infect endothelial cells via the
ACE2 receptors present on the endothelial cells. Change of vascular tone toward more vasoconstriction in diabetes patients can aggravate the subsequent organ ischemia, tissue
edema, and a procoagulant state during COVID-19 infection. Coagulopathy: Individuals with diabetes have significant upregulation of hypercoagulation and fibrinolysis markers,
and increased platelet activity and adhesion to endothelial wall, creating a favorable environment for thromboembolic events to occur under hyperinflammatory conditions such as

SARS-CoV-2 infection. Blood clots can be detected in multiple organs.

chemokines. Subsequently, macrophages and monocytes are
recruited to the site; T cells and B cells are activated, and the infection
is resolved in most cases.

However, in some individuals, immune dysregulation induces an
insufficient type | interferon (IFN) response, aberrant pro-inflammatory
cytokine secretion by alveolar macrophages, and subsequent CD4™"
and CD8" T cell dysfunction [96,98]. A successful type | interferon
(IFN) response is critical to suppress viral replication, dissemination at
an early stage, and induction of effective adaptive immune response. In
the severe or lethal cases of SARS-CoV or MERS-CoV infection,
increased neutrophil and monocyte/macrophage influx is consistently
observed, and the response to viral infection by type | IFN is sup-
pressed. In a mouse model of SARS-CoV infection, dysregulated type |
IFN and inflammatory monocyte-macrophages are the main causes of
lethal pneumonia [100]. Data from patients with SARS-CoV-2 also
indicate an increase in total neutrophils, reduction in total lymphocytes,
and increase in serum IL-6 and c-reactive protein (CRP) [101].
Increased neutrophils and decreased lymphocytes also correlate with
disease severity and death. Furthermore, patients needing intensive
care had higher plasma levels of many pro-inflammatory cytokines,
namely, IP-10, MCP-1, MIP-1A, and TNFa, as well as fewer CD4™ and

CD8™ T cells [86,87]. Thus, SARS-CoV2, akin to SARS-CoV and MERS-
CoV infections, seems to induce a “cytokine storm” associated with
disease severity and outcome. However, investigation of innate and
adaptive immune cell subsets during different phases of the SARS-
CoV2 infection may identify additional mechanisms that drive im-
mune dysregulation in some patients.

4. MECHANISMS FOR INCREASED SARS-COV-2 INFECTION
RISK/SEVERITY FOR INDIVIDUALS WITH DIABETES

Studies have identified diabetes as a risk factor for many infections
[8,13]. In the COVID-19 pandemic, diabetes is one of the leading
comorbidities associated with infection severity [81,84,88]. Other
comorbidities include older age, being male, and underlying medical
conditions such as chronic lung disease, cardiovascular disease, and
hypertension. Late diabetes complications such as diabetic kidney
disease and ischemic heart disease may complicate the situation for
individuals with diabetes, making them frailer, and further increasing
the severity of COVID-19 disease, leading to kidney or heart failure.
However, plasma glucose levels and diabetes were independent
predictors for mortality and morbidity in patients with SARS [82].
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Additionally, during the 2009 H1N1 pandemic, when adjusted for other
illnesses, diabetes increased infection severity [14]. Moreover, mouse
models have demonstrated that diabetes increased the severity of
infections with influenza and MERS-CoV viral strains [102,103]. Thus,
the mechanisms by which diabetes can increase infection severity
cannot be explained alone with the associated comorbidities (Figure 2).

4.1. Viral load

One possible mechanism through which diabetes can increase
infection risk is increased viral load due to efficient virus entry. The
entry receptor for SARS-CoV-2, ACE2, is expressed in various tissues
including the lung, heart, kidney tubules, the luminal surface of the
small intestine, and blood vessels [104]. Increased ACE2 expression in
the lung, kidney, and heart was shown in mouse models of diabetes
[105]. In addition, many medications prescribed to diabetes patients
such as GLP-1 agonists and anti-hypertension medications such as
ACE inhibitors and statins upregulate ACE2 expression [106]. Thus,
because of increased ACE2 receptor expression in multiple tissues in
diabetes, the severity of COVID-19 might be higher. Furthermore, ACE2
expression is reported within the exocrine and endocrine pancreas
[104]. It remains to be determined whether pancreatic inflammation
reported in some individuals with SARS-CoV-2 infection may lead to
the exacerbation or development of diabetes in some patients.
Elevated blood glucose levels can increase glucose concentrations in
the airway secretions and exposure of pulmonary epithelial cells to
elevated glucose concentrations have significantly increased influenza
virus infection and replication [107,108]. Although, it remains to be
determined whether hyperglycemia increases SARS-CoV2 replication
in vivo, this is a possible explanation of the prolonged recovery of
COVID-19 patients with diabetes.

4.2. Dysregulated immune response and cytokine storm

In all viral infections, successful clearance of viral load heavily depends
on the orchestrated actions of the innate and adaptive immune system.
As discussed in detail above, patients with T1D or T2D have a dys-
regulated immune system with abnormal cytokine responses and
disproportionate immune cell numbers. Elevated glucose levels may
also suppress the antiviral response [109]. In the context of COVID-19,
a severe disease progression is described by a delay in interferon
gamma response with a prolonged hyperinflammatory state and lower
CD4" and CD8™ cell numbers [69]. Individuals with diabetes have
been described to have alterations in innate immune system compo-
nents. For example, initial cellular events to recognize and Kill path-
ogens such as chemotaxis and phagocytosis are impaired in
individuals with diabetes [27,28]. NK cell activity is reduced in in-
dividuals with diabetes and more pro-inflammatory M1 macrophages
are present in T2D [40,43]. Furthermore, T cell activity is skewed.
Individuals with diabetes are in a more chronic low-level pro-inflam-
matory state, with a described Th1/Th2 imbalance [24,53]. Regardless
of the involvement of the endothelial cells, the initial delay in interferon
gamma response together with the hyperinflammatory response in
individuals with diabetes may exacerbate the “cytokine storm” and
increase COVID-19 severity.

4.3. Alveolar dysfunction

A recent case series of 5,700 patients hospitalized with COVID-19 in
the New York City area reported that of the patients who died, those
with diabetes were more likely to have received invasive mechanical
ventilation in the intensive care than those without diabetes [88]. Other
studies have shown an association between T2D and a significant

increase in the occurrence of ventilator-associated pneumonia in
mechanically ventilated adult trauma patients [110]. These observa-
tions suggest that individuals with T2D may have impairments in their
alveolar function. Indeed, earlier studies have shown that pulmonary
function parameters such as forced vital capacity, total lung capacity,
alveolar membrane permeability, and alveolar gas exchange were
significantly reduced in individuals with T2D [111]. Individuals with
T1D were also reported to have a lower forced vital capacity, which
was predicted to be related to poor glycemic control [112]. In animal
models, diabetes was associated with numerous structural changes to
the lung including augmented permeability of the vasculature and a
collapsed alveolar epithelium [113]. Notably, endothelial capillary basal
lamina and alveolar epithelia were described to be significantly thicker
in individuals with diabetes than in controls [114]. Thus, the impaired
respiratory function present in individuals with diabetes, in conjunction
with the propensity of SARS-CoV-2 to infect lung tissue cells may
aggravate pulmonary complications of COVID-19.

4.4. Endothelial dysfunction

Virus-induced pyroptosis is associated with vascular damage and
inflammation, as observed in patients with SARS-CoV [115]. In all
pathologies observed due to SARS, MERS, and COVID-19, damage was
not limited to lung and occurred in multiple organs including the heart
and kidneys, suggesting that SARS-CoV-2 can infect vascular endo-
thelial cells and circulate to other organs [116]. Indeed, ACE2 is
expressed in blood vessels, and Monteil et al. recently demonstrated
that SARS-CoV-2 could directly infect blood vessel cells in engineered
human capillary organoids [104]. Equally important, Varga et al.
showed the presence of viral elements and accumulation of inflam-
matory cells within endothelial cells of COVID-19 patients, with evi-
dence of endothelial and inflammatory cell death [117]. These data
suggest that SARS-CoV-2 infection could initiate endothelial inflam-
mation in several organs and that pyroptosis may have an important
role in endothelial cell injury and host inflammatory response.

In individuals with T1D or T2D, endothelial dysfunction is a consistent
finding and precedes microvascular disease [118]. Increased vascular
lesions, endothelial inflammation, and vasoconstriction associated with
endothelial dysfunction put individuals with diabetes at greater risk for
endotheliitis in several organs. Change of vascular tone toward more
vasoconstriction can lead to subsequent organ ischemia, tissue
edema, and a procoagulant state [117]. However, further research is
necessary to assess if the organ failure observed in COVID-19 is due to
direct viral infection of the vasculature and other organs. Moreover,
endothelial dysfunction observed in individuals with diabetes may
contribute to the cytokine storm and pulmonary lesions. Glycemic
oscillations have been reported to induce endothelial cytokine and
adhesion molecule production, which is in turn predicted to have
caused uncontrolled extravasation of leukocytes in the alveolus during
influenza virus infection, leading to lung damage and impairment in
respiratory function [119—121]. Whether cytokine production from
endothelial cells contributes to pulmonary lesions in COVID-19 patients
and whether this is aggravated in individuals with diabetes remains to
be investigated.

4.5. Coagulopathy

More recent data indicate that a significant number of COVID-19 pa-
tients in intensive care units show hypercoagulation in multiple organs
with elevated D-dimer levels and fibrin/fibrinogen degradation prod-
ucts, which are associated inversely with overall survival rates
[87,97,122]. Severe COVID-19 has also been associated with a
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significantly increased risk for developing deep vein thrombosis and
pulmonary embolism [123,124]. Multiple systemic coagulation is
known to be activated in response to infectious complications, trig-
gering host inflammatory reactions and activation of coagulation [125].
Hypercoagulation occurs due to profound inflammatory response,
probably due to “cytokine storm” observed in some COVID-19 patients.
Because individuals with diabetes have an increased risk for a more
pronounced inflammatory response, they may be at a greater risk to
suffer from coagulation abnormalities. Notably, individuals with either
T1D or T2D have significant upregulation of hypercoagulation and
fibrinolysis markers in plasma [126,127].

Moreover, hyperglycemia was shown to exaggerate coagulation, and
hyperinsulinemia attenuated fibrinolytic activity during systemic
inflammation [128]. In this study by Stegenga et al. the authors applied
clamp techniques in healthy volunteers and increased either glucose,
insulin, both or none, and administered a defined dose of LPS to induce
a systemic inflammatory response [128]. After various time points, the
inflammatory response and activation of coagulation/fibrinolysis were
evaluated. The results demonstrated that hyperglycemia led to more
pronounced activation of coagulation and neutrophil degranulation was
diminished. Taken together, individuals with diabetes may be more
vulnerable to thrombotic events during inflammatory states. It remains
unclear whether individuals with diabetes experience more coagulation
during the course of COVID-19. Although SARS-CoV-2 does not appear
to cause intrinsic procoagulant effects, clarification of whether SARS-
CoV-2 or the consequences of cytokine storm precipitate the onset of
systemic coagulation in COVID-19 patients will be critical to design
prevention and/or intervention therapies.

5. CONCLUSIONS

A growing number of studies have demonstrated diabetes as an
important risk factor affecting the clinical severity of a wide range of
infections. Dysregulated immune cell populations and activity observed
in individuals with diabetes play a critical role in aggravating the
severity. Notably, diabetes is one of the comorbidities associated with
morbidity and mortality of COVID-19. A combination of underlying
chronic conditions such as hypertension, obesity, and cardiovascular
diseases together with altered ACE2 receptor expression, immune
dysregulation, alveolar and endothelial dysfunction, and increased
systemic coagulation may put individuals with diabetes at risk for
COVID-19 severity. Furthermore, there is insufficient knowledge as to
how glucose-lowering medications may modulate the host immune
response in individuals with diabetes. Thus, understanding the clinical
course and how glucose-lowering medications affect the severity of
SARS-CoV-2 infection is of critical importance for disease manage-
ment. Humanized mouse models of SARS-CoV-2 infections and more
clinical data may provide insights into disease course. Moreover,
studies to compare COVID-19 severity between individuals with T1D
and T2D and identify additional clinical and/or biochemical parameters
may help health care providers identify individuals at greater risk and
make timely tailored therapeutic recommendations as the pandemic
evolves.
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