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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its associated
symptoms, named coronavirus disease 2019 (COVID-19), have rapidly spread
worldwide, resulting in the declaration of a pandemic. When several countries began
enacting quarantine and lockdown policies, the pandemic as it is now known truly began.
While most patients have minimal symptoms, approximately 20% of verified subjects are
suffering from serious medical consequences. Co-existing diseases, such as cardiovascular
disease, cancer, diabetes, and others, have been shown to make patients more vulnerable
to severe outcomes from COVID-19 by modulating host-viral interactions and immune
responses, causing severe infection and mortality. In this review, we outline the putative
signaling pathways at the interface of COVID-19 and several diseases, emphasizing the
clinical and molecular implications of concurring diseases in COVID-19 clinical outcomes. As
evidence is limited on co-existing diseases and COVID-19, most findings are preliminary,
and further research is required for optimal management of patients with comorbidities.

Keywords: coronavirus disease 2019, COVID-19, immune responses, cancer, cardiovascular disease, diabetes,
treatment implications

Abbreviations: ACE-2, angiotensin-converting enzyme 2; ACS, acute coronary syndrome; ANA, antinuclear antibodies;
ANCA, anti-cytoplasmic neutrophil antibodies; Ang II, angiotensin II; APL, antiphospholipid; ARDS, acute respiratory
distress syndrome; BBB, blood-brain-barrier; BMI, body mass index; CHD, chronic heavy drinking; CNS, central nervous
system; COVID-19, coronavirus disease 2019; CRP, C-reactive protein; DPP-4,dipeptidyl peptidase 4; GM-CSF, Granulocyte-
macrophage colony-stimulating factor; ICI, immune checkpoint inhibitors; ICU, intensive care unit; IFNY, interferon gamma;
IL-6, interleukin-6; IMV, invasive mechanical ventilation; MAFLD, metabolic associated fatty liver disease; MDSC, myeloid-
derived suppressor cells; NALT; nasal-associated lymphoid tissue; NK, natural killer; Nox2, NADPH oxidase 2; PD-1,
programmed cell death 1; RAAS, renin-angiotensin-aldosterone system; SARS-CoV2, severe acute respiratory syndrome
coronavirus 2; TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus.

Frontiers in Immunology | www.frontiersin.org 1

May 2022 | Volume 13 | Article 890517


https://www.frontiersin.org/articles/10.3389/fimmu.2022.890517/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.890517/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.890517/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Szanganeh@umassd.edu
mailto:rahimes@uci.edu
https://doi.org/10.3389/fimmu.2022.890517
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.890517
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.890517&domain=pdf&date_stamp=2022-05-27

Bigdelou et al.

COVID-19 and Preexisting Comorbidities

1 INTRODUCTION

In late 2019, a large number of unexplained pneumonia cases
appeared in the Wuhan province of China. As the number of
cases started to increase exponentially, what occurred within the
region became understood as the first outbreak of the
coronavirus disease 2019 (COVID-19) pandemic. When
several countries began enacting quarantine and lockdown
policies, the pandemic as it is now known truly began. A point
that became unequivocally clear during this time is that those
with pre-existing conditions and the elderly were at much greater
risk of contracting a severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) viral infection.

Many researchers have noted the higher mortality rate of
COVID-19 infections in subjects with comorbidities such as
hypertension, cardiovascular disease, obesity, diabetes, and
cancer (1-6). Further predisposing conditions are autoimmune
diseases, chronic kidney disease, chronic lung diseases like
asthma, neurological conditions like dementia, liver diseases,
solid organ transplant, chronic respiratory disease, Down
syndrome, and alcohol consumption (2, 7-9). In this article,
we highlight the potential interactions between COVID-19 and
various diseases (Table 1) and discuss how such concurring
diseases may result in more drastic, life-threatening conditions.

2 COVID-19 AND THE MOST
COMMON COMORBIDITIES

2.1 Diabetes Mellitus

Diabetes occurs in two main types, type 1 and type 2, wherein
those patients with type 1 diabetes produce no insulin
whatsoever and those with type 2 diabetes respond to insulin
inefficiently, if at all. COVID-19 severity and mortality appear
linked to the existence of diabetes mellitus and individual levels
of hyperglycemia (33-36). Diabetics are at higher risk of SARS-
CoV-2 infection (37, 38), and poor glycemic management entails
increased need for treatment and hospitalizations as well as a
higher fatality rate (36, 39). Several pathophysiological processes
may contribute to the higher susceptibility of diabetes mellitus
patients infected with SARS-CoV-2 (Figure 1). Hyperglycemia,
in combination with other risk factors, may modify
immunological and inflammatory processes, predisposing
individuals to severe, potentially fatal COVID-19. COVID-19
mortality is further increased by a multitude of related diabetic
complications, such as hypertension, heart failure, obesity, and
chronic kidney disease (33, 40).

2.1.1 COVID-19 and Glucose Metabolism

Hyperglycemia, the condition of elevated blood glucose levels,
weakens the lymphopenia, granulocyte, and macrophage
functions of host defense systems (10). Blood glucose levels
could thus serve as a benchmark in determining the severity of
COVID-19 symptoms, as measures of fasting blood glucose have
been used to indicate mortality even in those not suffering from
diabetes (10). SARS-CoV-2 replication is directly increased by

elevated glucose levels in human monocytes and sustained by
glycolysis through the generation of mitochondrial reactive
oxygen species and the hypoxia-inducible factor 1o activation
(41). As a result, hyperglycemia may promote viral replication.
Moreover, in animals infected with middle east respiratory
syndrome coronavirus (MERS-CoV), concomitant type 2
diabetes mellitus (T2DM) resulted in an impaired
immunological reaction and severe respiratory impairment
(42). In rodent models of these two diseases, hyperglycemia
has been shown to increase instances of pulmonary vascular
inflammation and permeability, which may increase
inflammatory processes related to COVID-19 (43).

In patients with compromised glucose control or diabetes
mellitus, glycemic worsening is a common side effect of COVID-
19. SARS-CoV infection, for example, was linked to an increase
in the demand for high doses of insulin in insulin-dependent
individuals (approaching or above 100 IU/day) (44). Further,
variations in insulin requirements appear to be linked to
inflammatory cytokine levels (44, 45). While ketoacidosis is a
complication commonly related to type 1 diabetes mellitus
(T1DM), it can also occur in people with T2DM suffering
from COVID-19. In a systematic review, T2DM was found in
77% of COVID-19 patients who experienced ketoacidosis (46).

2.1.2 Inflammation and Insulin Resistance

Insulin resistance is caused by a diminished sensitivity of tissue
to insulin and corresponds to the failure of the pancreas to
generate appropriate amounts of insulin for blood glucose
control (47). Inflammation can be associated with an increase
of insulin resistance, as it has been shown that inflammatory
signals generated as a result of obesity work to activate serine
kinases that, in turn, impact and block insulin action and
function (48). Therefore, metabolic abnormalities, such as
hypertension, obesity, and T2DM, share a common increase in
adiposity caused by low-grade meta-inflammation (49). Several
pathways have been proposed for virally mediated increasing
insulin resistance due to inflammation (50). For example, upon
infection with cytomegalovirus, glycemic control was
deteriorated in prediabetic mice with hepatic insulin resistance
caused by diet-induced obesity (50). Immunological imbalance
and pro-inflammatory cytokines with a T helper cell type 1
signature have been shown to enhance insulin resistance in obese
people (51), but their roles in COVID-19 remain unknown. In
humans, acute respiratory viral infection enhances interferon
gamma (IFNY) generation and promotes muscular insulin
resistance, leading to compensatory hyperinsulinemia to
preserve euglycemia and promote antiviral CD8+ T cell
responses (50). It is possible that such compensation fails in
people with poor glucose tolerance or diabetes mellitus (52).
Hyperinsulinemia can boost antiviral immunity by directly
stimulating CD8+ effector T cell activity (50). As a result,
throughout SARS-CoV-2 infection, the antiviral immunological
and inflammatory reactions can alter sensitivity to insulin,
thereby worsening glucose metabolic abnormalities.
Inflammatory cells infiltrate the lungs in coronavirus-induced
pneumonias like severe acute respiratory syndrome (SARS) and
MERS, resulting in severe pulmonary injury, acute respiratory
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TABLE 1 | The potential interactions between coexistence of different diseases and COVID-19.

Disease/organ Impact on the immune system Disease and COVID-19 shared features References
Cancer - Impaired lymphocyte function - Cytokine storm (1,2,10-
- Neutropenia - IL-6 enhancement: directly correlated with the prognosis of patients 25)
- Increased risk of infection due to the with COVID-19 and also a driver of tumorigenesis and anti-apoptosis
immunosuppressed status signaling, which is a key biomarker of cancer risk, diagnosis, and
- Decrease in white cell count caused by cytotoxic prognosis
chemotherapy - Exhaustion of T lymphocytes contributes to weakened T cell activity
- Expansion of immunosuppressive myeloid cells via - ICl and CAR-T cell therapies may exacerbate the COVID-19
elevated pro-inflammatory cytokines hyperinflammatory state and increase mortality in cancer patients
- Dampened CD8+ T cell function, caused by
extracellular vesicles released from B cells in
response to chemotherapy
- Activation of pro-inflammatory processes caused by
major surgeries
- Reduction in numbers of tumor-infiltrating natural killer
(NK) cells and lymphocytes after surgeries
Cardiovascular - Over-activated immune response could induce - COVID-19 promotes the development of cardiovascular disorders 2, 21, 26—
disease and deterioration of cardiac function in fulminant - ACE-2 expression dysregulated 32)
hypertension myooard|t|§ , . . - Injury to pericytes through virus infection can lead to dysfunction of
- Increased circulating cytokines promote. inflammatory capillary endothelial cells, inducing microvascular dysfunction
infiliration in off-target organs, especially the heart - COVID-19 might lead to cardiac dysfunction and progression of
- Use of immune-related therapeutic drugs could trigger atherosclerosis
bo;h, '2?‘“‘/ d'reC;'Y '”,d‘ﬂced by ce;rcﬂac mﬂamrnanon - In COVID-19 patients, hypertension delays viral clearance and
gn n |relct cardiac injury caused by systemic exacerbates airway hyperinflammation
inflammation
. . . . . - Monocytes can be activated by the vascular endothelium during
- Patients with hypertension have an increased risk for . . .
. . hypertension, releasing cytokines
severe infection
u . ioh CD8+ T el dvsf . - Development of stress-induced cardiomyopathy, cytokine-related
- Hypertension might cause + T cell dysfunction myocardial dysfunction, and sepsis-associated cardiac dysfunction
can be caused through advanced stages of COVID-19
Diabetes Mellitus - Hyperglycemia weakens the host’s defense system, - Hypercoagulation (2, 10, 33-
compromising lymphopaenia, granulocyte, and - Endothelial dysfunction 40)
macrophage lfunotllon - Fibrosis
. lHyperegclem|a |ncrease§ pulmonary - vascular - _ Pathogenic links between the two diseases, ranging from increased
inflamsmation and permeability . . . .
inflammation to detrimental effects on glucose homeostasis
- T2DM shows a decrease in immune-effective T cells . . ) . )
di o e T ool - Hyperglycemia may play a role in proliferating viruses through elevated
.ah increase in |mmune—suppr§s3|ve cels glucose levels, affecting COVID-19 viral replication and inflammation
- Higher levels of slelrum—based biomarkers (-6, ESR._ 5oyp_1g patients with diabetes showed lower levels of absolute
CRP, serum ferritin) . .
lymphocyte count but higher neutrophil count
- TIDM has a dysregulated Treg response with defects
of Treg activation
-T2DM has an extremely active Th17 response
- A sustained increase in proinflammatory cytokines can
be seen in both T1DM and T2DM
Obesity -Alters the distribution and number of immune cells in - Abnormal insulin signaling pathway in obesity can relate to COVID-19 (10, 36,
adipose tissue resistance and mortality 41-45)
- Decreased number of Treg cells, Th2 cells, and M2 - Adipose tissue has reservoir-like effects for COVID-19, where lipid
macrophages droplets in tissues facilitate virus spread
- Increase in inflammatory cells like M1 macrophages - Obesity patients possess longer COVID-19 symptoms due to viral
and CD8+T cells shedding
- Increased lipid deposition in bone marrow and thymus - Adipose tissue secreted IL-6, a marker of COVID-19 severity
with an excess of lipid storage in other tissues - Overabundance of amino acids can trigger mTOR pathway, supporting
affects leukocyte population SARS-CoV-2 replication through utilization of host viral replication
- Reduces the size of inguinal lymph nodes, which can and subsequent inflammation.
hamper dendritic cell and fluid transport function
- Increased leptin levels in obesity patients aggravate
cases of acute respiratory distress syndrome
- Higher levels of DDP4 inhibits improvement of insulin
sensitivity, suppressing inflammatory response
cytokines
(Continued)
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TABLE 1 | Continued

Disease/organ Impact on the immune system Disease and COVID-19 shared features References
Alcohol - Increases the risk of viral and bacterial infections - Increased alveolar barrier permeability leads to the possible (8, 46-63)
consumption depending on the pattern of alcohol exposure, development of acute respiratory disease, the most common
whether is it acute or chronic symptom of severe COVID-19 patients
- Chronic alcohol consumption drives disease - Promote inflammatory immune responses and impair anti-inflammatory
progression of viral infections and lowers antibody cytokines
response with vaccinations - Suppression of T cell function establishes a further synergistic effect
-Enhances viral entrances by increasing alveolar barrier with COVID-19
permeability
-Alveolar, myocardium, and CNS macrophages are open
to oxidative stress
- Inhibits adaptive immunity through suppression of T cell
proliferation and induced T cell dysfunction.
- Alcohol-induced neurovascular inflammatory responses
Chronic kidney - Elevated cytokines (IL-6 and CRP) - Elevated ACE-2 expression 4)
disease - Oxidative stress
Chronic liver - Major source of proteins with innate and adaptive - Cirrhosis-associated immune dysfunction in addition may amplify (1, 5)
disease immune responses COVID-19 symptoms
Down syndrome - Possess mild to moderate T and B cell ymphopenia - Increase risk of COVID-19 through impaired mitogen-induced T cell 2,7
- Marked decrease of naive lymphocytes proliferation and defects of neutrophil chemotaxis
Autoimmune - High infection risk -Neutrophil extracellular trap production promotes pathogenic role (3, 34, 35)
disease -ANA, ANCA, and APL autoantibodies also present in COVID-19 patients
Neurodegenerative - Increased blood-brain barrier permeability - Depression, Parkinson’s or Alzheimer’s patients are more susceptible (8, 9, 33)
diseases to COVID-19 because of increased BBB permeability

- Pre-activated microglia from previous immune challenges may also
promote a more intense COVID-19 response

ACE-2, Angiotensin-converting enzyme 2; BBB, Blood-brain barrier; CNS, Central nervous system ; CRP, C-reactive protein ; CAR, Chimeric antigen receptor -T; ESR, Erythrocyte
sedimentation rate ; ICI, Immune checkpoint inhibitors ; IL-6, Interleukin 6 ; NK, Natural killer ; T1DM, Type 1 diabetes mellitus ; T2DM, Type 2 diabetes mellitus.

distress syndrome (ARDS), and/or death (53). High levels of
inflammatory cells can affect the liver and skeletal muscle
functions, both of which respond to insulin and absorb most
of the body’s insulin-mediated glucose (54). Severe COVID-19
has also been linked to muscle weakness and elevated enzyme
activity in the liver, two indicators of multiple organ failure,
especially during cytokine storms (55).

There is a scarcity of information about the relation of insulin
resistance and COVID-19. Nevertheless, viral attachment to
angiotensin-converting enzyme 2 (ACE-2) is thought to
stimulate angiotensin II (Ang II), suggesting it to be the key
factor in the synergy between insulin resistance and
cardiovascular disease (56, 57). ACE-2 controls blood pressure
in a healthy microenvironment by transforming Ang II to Ang
(1-7), consequently reducing insulin resistance and oxidative
stress, and increasing GLUT4 function (58). ACE-2 expression is
reduced during COVID-19 infection, resulting in increased Ang
II activity, which leads to insulin resistance, oxidative stress,
inflammatory responses, hypertension, and cardiac dysfunction
(57). Obese and diabetic people depict higher levels of
inflammation, which in turn leads to insulin resistance and
vice versa (57). Inflammation is intensified during COVID-19;
in case the disease coincides with obesity and diabetes, therefore,
hyperinflammation, other serious conditions like lung and heart
disease, or death may result (59). Elevated insulin resistance
results in increased pancreatic production of ACE-2 receptors,
which in turn increases affinity for the attachment of spike
proteins and, ultimately, the vulnerability of patients with

insulin resistance to COVID-19 infection (60). As well, the
comorbidities present in insulin-resistant patients — often,
hypertension, hyperglycemia, and diabetes mellitus —
contribute to the severity and mortality of COVID-19 (15).

2.1.3 Immunomodulation

Mechanisms connecting COVID-19 to both TIDM and T2DM
have been discovered to coincide with immune function (61). As
mentioned earlier, hyperglycemia can impair immune function;
similarly, a dysregulated immune system has been associated
with macrovascular pathology related to diabetes mellitus (62,
63). The most common pathologies observed post-mortem in
patients who died from COVID-19 are diffuse alveolar
destruction and inflammatory cell infiltration with significant
hyaline membranes (11).

Notably, infection caused by respiratory syncytial viruses leads to
the increased production of IFNY, triggering a defense mechanism:
the production of natural killer (NK) cells (12). Abundant IFNy and
activated NK cells worsen systemic inflammation in muscle and
adipose tissue, reducing the body’s ability to absorb glucose (13).
Moreover, in patients with poor glucose metabolism, NK cell
activity is linked to impaired glucose regulation. In patients with
T2DM, for example, NK cell activity is decreased compared to those
with prediabetes or normal glucose tolerance (14). Furthermore,
multiple regression analysis has revealed that HbAlc levels in
T2DM patients can be used to predict NK cell activity (14). As a
result, people with impaired glucose tolerance or diabetes mellitus
have lower NK cell activity, which could clarify the sensitivity to
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FIGURE 1 | Mechanisms that may contribute to diabetes patients’ higher sensitivity to coronavirus illness (COVID-19). Following aerosolized absorption of the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), SARS-CoV-2 infects the respiratory epithelium and other target cells by attaching to angiotensin-
converting enzyme 2 (ACE-2) on their surface. Higher ACE-2 expression (as an adaptive response to elevated angiotensin-Il levels) may support more efficient cell
attachment and entrance into cells. Diabetes mellitus impairs early neutrophil and macrophage recruiting and function. In diabetes mellitus, a delay in the onset of
adaptive immunity and dysregulation of the cytokine response can involve the onset of cytokine storm. (Patients with diabetes mellitus are likely to have suppressed
antiviral IFN responses, and the delayed activity of Th1/Th17 may contribute to heightened inflammatory responses).

COVID-19 and poor prognosis of diabetic patients compared to A decrease in immune-effective CD4+/CD8+ TCRB+ T cells
those without diabetes. Knowing the immunomodulation that  and an increase in characteristically immune-suppressive
occurs during COVID-19 disease is critical for determining  TCRY3+ CD4-CD8- T cells has been demonstrated in T2DM
therapeutic strategies, generating effective drugs, and  animal models; Further, the studies demonstrated a decrease in
understanding the disease’s pathophysiology. mucosa-protecting cells, showing possible effects of T2DM on
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the innate immune system: nasal immunity (15). Hence, patients
with COVID-19 simultaneously suffering from T2DM may
experience impaired function of nasal-associated lymphoid
tissue (NALT) and thus olfactory dysfunction (15). Patients
with TIDM have a dysregulated Treg response, with non-
impaired absolute numbers of Treg cells but defects in their
activation, ultimately affecting the entire regulation of immune
responses. Patients with T2DM, on the other hand, depict an
extremely strong Th17 response, deviating from accepted levels
of Th17 activity. In Type 2 diabetes, an imbalance in Th17 and
Treg cells exists, indicating a disruption in T cell homeostasis
which in turn can contribute to an inflammatory state.
Alterations in lipogenesis and lipolysis directly affect Th17 cell
function, suggesting that, even with regulated blood glucose
levels, obesity-associated T cell inflammation could be
permanent. For these reasons, a sustained increase in
proinflammatory cytokines exist in both TIDM and T2DM (10).

2.1.4 Renin-Angiotensin-Aldosterone System

ACE-2, a component of the renin-angiotensin-aldosterone
system (RAAS), has attracted much attention for its ability to
act as an entrance receptor for SARS-CoV and SARS-CoV-2
(16). While its initial discover located ACE-2 expression mostly
in the respiratory system (16), this has since been shown to be
mistaken: immunohistochemistry has revealed only minor
respiratory tract expression compared to greater expression in
the intestines, kidneys, heart, vasculature, and pancreas (17).
ACE-2 appears to be expressed in a variety of human cells and
organs, including pancreatic islets (18).

There is evidence of a relationship between ACE-2 and
glucose control. ACE-2-knockout animals were reported to be
more vulnerable than wild-type animals to impairment of
pancreatic B-cells under a high-fat diet (19). In addition,
SARS-CoV infection can produce hyperglycemia in patients
who do not have diabetes (20). This observation suggests that
coronaviruses may cause islet destruction, possibly leading to
hyperglycemia (20). Hyperglycemia was shown to last for three
years following recovery of SARS-infection, possibly showing
long-term injury to pancreatic B-cells (20). These findings
suggest that ACE-2 may play a role in the relation of COVID-
19 and diabetes mellitus.

2.2 Obesity

For years, obesity has been a major public health issue in the
United States, as it can lead to a plethora of comorbidities, and as
such can be a considerable risk factor in the current pandemic
climate; the condition has been reported to be an important risk
factor of severe COVID-19 illness in multiple studies (21-23).
With obesity, the body quickly grows adipose tissue to store extra
nutrients (23). For SARS-CoV-2 entrance, adipose tissue
expresses the receptors ACE-2, Dipeptidyl peptidase-4 (DPP4),
and CD147, as well as the protease furin. These proteins’
expressions are elevated in obese adipose tissues, and ACE-2
and DPP4 production in the plasma of obese people is increased.
COVID-19 morbidity and intensity patterns may be influenced
by the expression of these proteins, which are positively

associated with body mass index (BMI) (Figure 2A). New
retrospective research found obesity to be prevalent among
SARS-COV-2 cases; assessing the relation of the Body-Mass-
Index (BMI) and the use of invasive mechanical ventilation
(IMV), the study found that 84 (75.8%) of 124 consecutive
intensive care SARS-COV-2 patients were obese (BMI > 30kg/
m?) (24). The pattern of BMI categories in patients admitted with
COVID-19 was substantially different if compared to intensive
care unit (ICU) admissions the prior year for the same
institution’s severe acute pulmonary disease. Compared to
SARS-COV-2 patients, patients with other diseases had a lower
obesity rate (25.8%) (obesity rates were equal between non-
SARS-COV?2 patients and the general populations of Nord and
Pas de Calais). Importantly, obesity was also found to be a
significant determinant in the need for intermittent mandatory
ventilation (IMV). Eighty-five (68.6%) of the 124 patients
required IMV, and their BMI was higher than those who did
not require IMV. IMV was necessary in over 90% of individuals
with a BMI greater than 35. Obesity was a substantial risk factor
for severe COVID-19 in a group of patients with metabolic
associated fatty liver disease (MAFLD), according to a study by
Zheng et al. from three hospitals in Wenzhou, China (25).
Investigators found obesity to be a strong risk factor for
patients with severe COVID-19 and MAFLD. COVID-19
outcome may be influenced by increased liver fibrosis in
MAFLD, according to preliminary studies (26). Further
research from Rhode Island found a clear link between obesity
and illness severity. The researchers looked at data from 103
adult patients who were admitted to the hospital with COVID-
19. Patients with significant obesity (BMI > 35 kg/mz) had a
higher incidence of severe COVID-19. Furthermore, obesity
(BMI > 30 kg/m®) was found to be substantially and
independently linked to the usage of IMV in COVID-19
patients (27). This hypothesis was supported by the New York
University Health Center’s research on a large cohort of COVID-
19 patients (n = 3615) (28). Researchers looked at BMI stratified
by age in symptomatic COVID-19-positive patients who came to
the hospital and discovered that patients under the age of 60 with
a BMI > 30 kg/m* were more than twice as likely to be admitted
to the hospital and experience critical illness as those with a
BMI < 30 kg/m®. Patients with severe obesity (BMI 35 kg/m?)
were 3.6 times more likely to be admitted to the ICU (28).
Another report from the same hospital found similar results with
a larger sample size (n = 5279). The researchers found obesity to
be the second-leading cause (after age) for hospitalization among
COVID-19 patients (29). Research from United Kingdom linked
obesity to a higher chance of mortality (30). Obesity was revealed
to be a substantial risk factor for severe disease and death caused
by COVID-19 in a single-center Italian study of 482 individuals.
Patients with a BMI < 30 kg/m” had a higher risk of severe illness,
but those with a BMI > 35 kg/m” had a far higher chance of death
(31). Obesity predisposed young COVID-19 patients (14-45
years old) to a considerably greater mortality risk, according to
a study from Zhang et al. (32). Cai et al. investigated the
relationship between COVID-19 severity and obesity in a
recognized hospital in Shenzhen, China, and found that
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FIGURE 2 | (A) Adipose tissue expresses the receptors ACE-2, Dipeptidyl peptidase-4 (DPP4), and CD147, as well as protease furin, following the entrance of
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patients with obesity at a higher risk of developing severe
COVID-19 (64). Other nations that have been badly hit by the
pandemic, such as Mexico (65), Germany (66) and Spain (67)
have established a link between BMI, disease severity and death
due to COVID-19. It is clear that obesity, due to the impacts it
has on the proper regulation of the immune system, may be one
of the most important risk factors with regards to COVID-19.

2.3 What Causes the Obese Person to
Become so Susceptible?

Adipose tissue was long considered inactive, storing energy in
lipid form in case of starvation. Now, adipose tissue is
understood as a crucial endocrine organ that secretes several
components (adipokines, chemokines, and cytokines) that have
an important influence on metabolism and immune system
function (Figure 2B) (68-70). Obesity is associated with
significant changes in the distribution and number of immune
cells in the adipose tissues, with fewer Treg cells, Th2 cells, and
M2 macrophages. However, while the aforementioned cells
decrease in quantity, the number of inflammation-related cells
such as M1 macrophages and CD8+ T cells increases, showing a
variation almost in line with autoimmune diseases (23). Relating
to the previous point, obesity and related metabolic syndromes
affect the proper function of lymphoid tissues and can therefore
impact the spread and location of immune cells, which can then
impact immune defense and T cell activity (23). Among the
comorbidities associated with obesity, lipid deposition is
increased in the bone marrow and thymus; an excess of lipid
storage in these tissues affects the leukocyte population and can
therefore affect lymphocytes and the overall functioning of
immune defense (23).

As it has been shown in diabetes, insulin may prove vital to T
cell metabolism and regulation. Insulin signaling results in
critical immune-increasing effects on T cells, controlling their
increase in number and spread while also affecting the
production of cytokines and overall glucose metabolism,
providing a key form of defense against possible infection.
Therefore, an impacted or abnormal insulin signaling pathway
can directly affect COVID-19 resistance and mortality. In
addition to its previous similarities with metabolic syndrome,
obesity often leads to a permanent form of insulin resistance in
peripheral tissues, disrupting the insulin signaling used in this
process of host defense. It seems apparent that insulin
stimulation weakens signaling pathways in the lymphocytes of
people with obesity or type 2 diabetes (23).

Leptin, a hormone secreted from adipocytes, helps to regulate
the number of T cells, ensures their efficient functioning, and
serves as a link between immune response and metabolism.
Elevated levels of leptin in the bloodstream can cause an
immune-impairing state best described as “leptin resistance”
(23, 71, 72), and elevated levels of leptin in obese patients can
cause aggravated cases of acute respiratory distress syndrome
(43, 49). It is also theorized that adipose tissue has a reservoir-like
effect for COVID-19; lipid droplets in these tissues may facilitate
viral production and spread (23). In its function as a viral
reservoir, adipose tissue can prolong virus shedding in patients
with obesity (72). Due to other conditions such as an impaired

immune responses and reduced macrophage activation, the
prolonging of viral shedding in obese patients can be expected
(72). These prolonged cases of viral shedding can also be linked
to what has been described as “long COVID”, wherein symptoms
associated with COVID-19 persist for much longer than the
standard four-week infection period (73). The question must
then be raised about whether there exists a link between pre-
existing conditions such as obesity or metabolic syndrome, and
the prevalence of “long COVID”.

Obesity also reduces the size of the inguinal lymph nodes, can
hamper dendritic cell and fluid transport function, and therefore
reduces the number of T-lymphocytes in lymph nodes (23). In
addition, adipose tissue is an initial source of interleukin-6 (IL-
6), an independent risk factor in determining the severity of
COVID-19 in a patient. Therefore, IL-6 can be used as a
biomarker for identifying severe cases (72). Hence, as a result
of obesity, inflammation may increase due to the unregulated
secretion of cytokines and adipokines such as IL-6, tumor
necrosis factor, and C-reactive protein (CRP), resulting in the
creation of a self-regenerating inflammation loop; causing the
utilization of immune cells such as T cells, B cells, and
macrophages; and impairing the immune system (72, 74). The
unnecessary secretion of immune cells, combined with a lack of
proper immune system regulation, suggests that obesity may play
a large role in determining COVID-19 severity.

Obesity and an overabundance of amino acids can trigger the
hyperactivation of the mTOR pathway, which in turn could
support SARS-CoV-2 replication by utilizing the mechanisms
involved in host viral replication and subsequent inflammation
(75). Combined with the viral reservoir that can be created as a
result of expanded adipose tissue, obese patients may be at a
higher risk of developing severe infection. Moreover, higher
levels of dipeptidyl peptidase 4 (DPP-4) in patients with
obesity may additionally impair the immune system, with
inhibition of DDP-4 improving insulin sensitivity in both
obese and non-obese patients, thus potentially suppressing the
pro-inflammatory response associated cytokines such as
interleukin-10 (IL-10) and IL-6.

2.4 Alcohol

In most cases, the consumption of alcohol is considered
detrimental to one’s health, with effects that include
interference in the nervous system’s communication pathways,
cardiovascular cases such as cardiomyopathy and arrhythmia,
and a weakening of the immune system. Those who consume
more than 20-40g/day of pure alcohol for females and 30-60 g/
day for males are classified as dangerous drinkers (chronic heavy
drinking or CHD) and are at higher risk of infection (76).
Alcohol consumptions increase the risk of viral and bacterial
infections significantly (77-79), although the severity of infection
is correlated with the pattern of alcohol exposure, whether it be
acute or chronic (78, 80).

An earlier investigation (into hepatitis C) clearly reported a
dose-dependent relationship between viral infection and alcohol
intake (81). According to a systematic study and meta-analysis
(82), alcohol intake raises the risk of pneumonia due to alcohol’s
effects on the immune system, raising as well the risk of
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malnutrition and, over time, advanced alcohol-related liver
disorders (76, 82). Notably, an early investigation found a link
between alcohol intake (in people who did not have an alcohol
use disorder) and the level of ACE-2 in the body (particularly in
the respiratory region) (83). Altogether, as recently proposed
(76), harmful consumption may raise the risk of lung infection
and deteriorate COVID-19 outcome, though this proposition is
contradicted by the latest clinical investigation into lifestyle risk
factors (84). In that cohort study, 760 people were hospitalized
due to COVID-19, out of a total of 387,109 cases. Heavy alcohol
consumption (measured over multiple years) was not linked to
an increased risk of COVID-19 related hospitalization.

In terms of immune response, the focus should be on chronic
consumption. Chronic alcohol consumption has been shown to
drive disease progression in chronic viral infections such as HIV
and to lower the body’s antibody response following vaccination
(79). Increased alcohol intake enhances viral entrance by
increasing alveolar barrier permeability and, in turn, leading to
a higher risk of acute lung injury (8, 85) and the possible
development of ARDS (8, 86), the most common symptom in
patients with severe COVID-19 (8, 87). Heavy alcohol use
disposes alveolar, myocardium, and central nervous system
(CNS) macrophages to oxidative stress, reducing the efficiency
of cellular responses such as phagocytosis (88, 89). During initial
COVID-19 infection, the activation of macrophages initiates the
inflammatory cascade, but in severe cases elevated innate
immune cytokine levels lead to a so called cytokine storm,
immune exhaustion, and increased mortality (90, 91). On the
other hand, alcohol consumption increases the risk of COVID-
19 by pro-inflammatory immune response stimulation and
impairment of anti-inflammatory cytokines (78). Furthermore,
COVID-19-derived neuro-inflammatory responses could cause
blood-brain-barrier (BBB) disruption and among other
symptoms seizures in severe cases (92), showing an overlap of
alcohol-induced neurovascular inflammatory responses (93-96).
Besides negatively affecting the innate immune system, alcohol
negatively impacts the proliferation and function of T cells,
weakening adaptive immunity and indicating further synergies
with COVID-19 (97, 98). Though less than diabetes mellitus and
obesity, alcohol consumption remains an associated risk factor of
COVID-19, and chronic alcohol consumption should be avoided
so as not to induce a severe COVID-19 case.

2.5 Cancer

Cancer is among the best known and most prevalent conditions
that weaken the immune system. It is likely that this weakening
results from an overexpression of immunosuppressive cytokines;
it has been demonstrated to involve the suppression of
inflammatory signals, the slowing down of dendritic cell
maturation, and an increase in immunosuppresive leukocytes
(99). Risk factors related to a higher incidence of COVID-19 in
cancer patients could be due to the presence of chronic
inflammation (100). Additionally, when lymphocytes are
impaired, risk factors increase further (101, 102). Therefore, it
seems to be clear that some cancer patients are constantly in a
state of immunosuppression, caused either by treatments such as

chemotherapy or the disease itself, and that this
immunosuppression increases the overall infection risk as
compared to the general population (101, 103, 104).

While cancer develops in an immunosuppressed and
-compromised environment, oncologic parients are at greater
risk of infection. This risk factor is further augmented by the fact
that cancer treatments also increase instances of inflammatory
responses. For example, chemotherapy can impact bone marrow
production, resulting in decreased white blood cell count.
Alternatively, surgery can increase immune response and thus
the risk of infection (1). As the tumor progresses, it can cause
obstuction and disrupt natural innate barriers such as mucosal
tissue and the skin, significantly increasing the risk of infection in
these patients in combination with the aformentioned factors
resulting from treatment and the use of medical devices (102).
Additionally, the prolonged use of corticosteroids, which are
administered as a supportive therapy, can harm adaptive
immunity and neutrophil function, increasing the risk of
COVID-19 infection (1).

Chemotherapy may subject patients to certain agents that
release tumor-associated macrophages in turn may increasing
interleukin-10 levels which could then lead to supression of t
cytotoxic T cell function due to decreased IL-12 expression.
Additionally, CD8+ T cell activity may be weakened (105).
Though chemotherapy is definitely an effective treatment, it can
also lead to a multitude of detrimental side effects, such as
disruption to the immune suppressive environment in immune
and tumor cells, which can cause lymphopenia. It can also lead to
the release of antigens resulting in cell death and immune
suppressive cell apoptosis (10). However, it can be theorized that
these immune changes in chemotherapy depend on the amount of
the dose received (106). Surgery exists as an alternative or
complementary treatment to chemotherapy, but neither is it
without its own drawbacks, such as a decrease in lymphocytes
and natural killer (NK) cells, resulting in an impaired immune
system possibly causing formation of micrometastases and
increase of residual tumor cells. These residual cells can then
secrete cytokines, increasing instances of Treg cell and myeloid-
derived suppressor cells (MDSC) recruitment (105).

In the context of the current pandemic, patients who have
undergone surgery, chemotherapy, or immunotherapy (e.g.
immune checkpoint inhibitors (ICI)) have been at the center of
conversations about risk factors and COVID-19. Patients
undergoing immunotherapy like ICI probably have better
immune functions than patients who are being treated with
chemotherapy (2). In modern treatments developed within the
field of oncology, ICIs are targeted by immunotherapy agents
against anti-programmed cell death 1 (PD-1), its ligands (PD-L1
and PDL-2), and the cytotoxic T-lymphocyte-associated antigen
4 (CTLA-4). The role of these checkpoint inhibitors is to arrest
the host’s immune response. In doing so, the system may become
hyperactivated, such as in a cytokine storm during COVID-19
infection, and can cause severe infection (1, 107). Since both
COVID-19 infection and ICI have a downstream impact on
innate immunity, and since patients with shorter treatment times
have also had less time to aggravate downstream effects, it can be
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hypothesized that patients undergoing longer ICI treatment are
more likely to develop severe COVID-19 (108). Alternatively, the
existence of a high mortality risk in untreated cancer patients
with COVID-19 indicates that cancer alone, without its
associated treatments, may affect the immune system (109).
Patients with COVID-19 also depicted elevated levels of IL-6,
whereas increased IL-6 is associated with cardiac dysfunction
and can further increase the risk of cardiovascular incidents such
as heart failure and myocardial infraction (110). In addition to its
function as an indicator of cardiovascular events, IL-6 also
serves as a potent reference in its signaling pathways and
pathophysiology. It has been shown that IL-6 mediates
malignant changes while being the primary driver behind anti-
apoptotic mechanisms, and serves as an essential biomarker in
determining cancer risk, prognosis, and diagnosis (100).

Having a look on the impact of infection and cancer on T cell
activity, the primary contributing factor is the exhaustion of T-
lymphocytes (111, 112). With increased levels of antigens, T cells
and CD8 T cells experience exhaustion, and can cause
dysregulated cytokine pathways, altered metabolism, and
overexpression of inhibitory receptors (112). Additionally,
cancer patients infected with SARS-CoV-2 may find
themselves at a higher risk of developing myocardial
infarctions, septic shock, and ARDS (113). With the previously
mentioned ICI cell therapies, as well as other cell-based
therapies, the COVID-19 hyperinflammatory condition is
aggravated with treatment, and mortality is increased due to
IClI-associated pneumonitis (2, 114). Both the disease itself and
its treatments leave cancer patients always at higher risk for
SARS-CoV-2 infection, making them among the highest risk
groups in the pandemic.

TABLE 2 | COVID-19 cardiovascular consequences.

2.6 Cardiovascular Disease and
Hypertention

The COVID-19 pandemic and its associated SARS-CoV-2
infection has also placed cardiac patients among those at most
risk. The infection impacts the cardiovascular system by causing
myocarditis, arrythmia, cadiogenic shock, heart failure,
myocarditis, and other thromboembolic events (2). The
prevelance of such events has led to the hypothesis that the
disease can play a role in the development of cardiovascular
disorders such as those mentioned above, along with venous
thromboembolism, and acute coronary syndrome (ACS) (115).
The potential effects of COVID-19 on the cardiovascular system
are summarized in Table 2.

ACE-2 is a receptor that has the primary function of
promoting cardiovascular health; it can also, however, multiply
the damage caused by different coronaviruses. In cardiac
patients, ACE-2 levels and expression are low in fibroblasts as
compared to the healthy control, but high in endothelial cells and
cardiomyocytes, whereas the same increase is found in patients
with heart failure and aortic stenosis (120). It may seem
oxymoronic that ACE-2 can contribute to healthy
cardiovascular function while worsening SARS-CoV-2
infection through ACE-2 dysregulation (110). Viral infection
can cause endothelial cell dysfunction resulting in microvascular
dysfunction, which is correlated with pericytes injury (121).
ACE-2 can also be downregulated during COVID-19, possibly
aggravating atherosclerosis and causing cardiac dysfunction
(115). Due to the downregulation, angiotensin II accumulates,
oxidative stress increases and NADPH oxidase 2 (Nox2) is
activated. Nox2 levels can be correlated with troponin
elevation and instances of heart failure, presenting a possible

Manifestation Rate
Acute cardiac  Average of 8-12 percent (116) .
injury .

Observations

The most common reported cardiovascular problem
Can be caused by any of the mechanisms listed below

»  Direct myocardial injury

»  Systemic inflammation

*  Myocardial oxygen demand supply mismatch
*  Acute coronary event

* latrogenic

+  Significantly negative prognostic value

Acute It hasn’t been reported, although it seems to be low.
coronary event .

Possible mechanisms:
Inflammation/increased shear stress cause plaque rupture.

»  Pre-existing coronary artery disease gets worse

Left ventricular  Not reported

systolic

dysfunction

Heart failure According to one study, 52% of those who suffered .
heart failure while infected with COVID-19 perished, .
while only 12 percent survived and were discharged
(117).

Arrhythmia 16.7% total; 44.4% in severe disease, 8.9% in

moderate cases (118)

Potential long-  It’s too early to make a judgment.

Each of the above-mentioned causes of myocardial dysfunction can result in acute left
ventricular systolic dysfunction.

Acute heart failure can be caused by any of the various causes of myocardial dysfunction
Acute decompensation of pre-existing stable heart failure can occur when a systemic
disease increases metabolic requirements

Tachyarrhythmia and bradyarrhythmia can both happen, but their precise nature is unknown.

It’s too early to determine if coronavirus illness cause significant long-term consequences.

term Patients recovering from a similar previous condition, Severe Acute Respiratory Syndrome,

consequences
(119)

had long-term lipid and glucose metabolism and cardiovascular homeostasis abnormalities
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link between Nox2 activation and cardiovascular issues as a
result of COVID-19. Therefore, it can be suggested that Nox2
levels could potentially serve as biomarker for COVID-19
infection (110). ACE-2 is also downregulated in older people,
which intensifies the severity of their COVID-19 infection and
may explains why age is a risk factor. Studies on ACE-2
regulation within the context of COVID-19 have yielded
differing conclusions, potentially as a result of the novelty of
the research field. While different papers proffer completely
different insights, dysregulation remains the common
underlying factor.

In COVID-19 patients, increased levels of high-sensitivity
cardiac troponin is an indicator for mortality and myocardial
injury (110, 115). In studies of hospitalized COVID-19 patients,
those with increased levels of troponin T were more likely to
develop arrhythmias such as ventricular tachychardia, than those
hospitalized with normal troponin T levels. Moreover, endothelial
and vascular injury from COVID-19 infection increases the risk of
acute coronary syndrome (ACS) and thrombus formation (115).
Other abnormal biomarker levels have been observed in SARS-
CoV-2 infected patients, such as phospholipase A2 group VII
PLA2G7, which is caused by macrophages (122). In late-stage
COVID-19, immune responses may lead to cytokine-associated
myocardial dysfunction, sepsis-related cardiac dysfunction, and
stress-induced cardiomyopathy (115). Other biomarkers prevalent
in COVID-19 patients are increased amount of D-dimer, prolonged
prothrombin time, and reduced platelet counts. As a result patients
must also deal with abnormalities in coagulation, which increases
the risk of thromboembolic events. The combination of this
inflammatory response and the overall damage caused by
COVID-19 can place certain patients at greater risk of entering a
hypercoagulable state (115).

During hypertension, monocytes are activated by the vascular
endothelium, causing an almost uncontrolled release of cytokines,
which presents a feasible relation to COVID-19 and SARS-CoV-2
(110). Overactivation of the host’s immune response can give rise
to increased inflammation and deteriorated cardiac function as a
result of fulminant myocarditis. The previous release of cytokines
can then cause inflammation and infiltration into unrelated organs
such as the heart (123). In addition, hypertension can also cause
CD8+ dysfunction (110, 124). As with cancer patients, immune-
related therapeutic drugs associated with hypertension treatments,
such as CAR-T cell immunotheraphy and monoclonal antibodies,
can give rise to both direct cardiac and systemic inflammation
(123). Therefore, patients suffering from hypertension find
themselves at greater risk of severe infection as a result of both
the disease and its associated treatment (2). Finally, hypertension
may also trigger airway hyperinflammation and slow down viral
clearance, which can further contribute to disease severity (125).

2.7 Other Pre-Existing Diseases

As with many others of the conditions discussed here, infection
risk increases with the presence of comorbidities, such as chronic
kidney and liver diseases, autoimmune diseases, and Down
syndrome (126-128). Other pre-existing conditions that have
been shown to exacerbate COVID-19 symptoms might have the
same origins; for instance, chronic kidney disease is associated

with oxidative stress and elevated expression of ACE-2 and
cytokines, including IL-6 and CRP (2). In addition, the liver is
a major source of proteins involved in innate and adaptive
immunity, while cirrhosis-associated immune dysfunction,
combined with systemic and hepatic inflammation in patients
with chronic liver disease, might amplify COVID-19 symptoms
(126, 129). Thus, liver injury in COVID-19 patients might be
immune-mediated rather than a result of direct cytopathic
damage (130).

Due to similarities of clinical manifestations, immune responses,
and pathogenic mechanisms in COVID-19 and autoimmune
diseases, the risk of infection in patients with autoimmune
diseases is high (128, 131, 132). Neutrophil extracellular trap
production (NETosis) seems to play a pathogenic role in COVID-
19, similar to autoimmune diseases like lupus, antiphospholipid
syndrome, and anti-cytoplasmic neutrophil antibodies (ANCA)-
associated vasculitis. In addition, certain autoantibodies — like
antinuclear antibodies (ANA), anti-cytoplasmic neutrophil
antibodies (ANCA), and antiphospholipid (APL) antibodies,
which are known to occur in many autoimmune diseases — have
been detected in patients with COVID-19, contributing to our
understanding of how SARS-CoV-2 might be able to induce
autoimmune responses (131).

The BBB is essential in protecting the central nervous system;
however, viruses can lead to BBB disruption leading to CNS
inflammation (133, 134). It has been observed that BBB
permiability is increased in patients with neurodegenrative
diseases such as Alzheimer’s disease, depression, and
Parkinson’s disease, rendering these patients much more at
risk of COVID-19 (134). Additionally, if a previous immune
response caused activation of microglia, these can become
hyperactivated and induce an uncontrolled immune response
when dealing with SARS-CoV-2 (135). Down syndrome is
another condition that impacts COVID-19 risk. These patients
tend to display mild or moderate B and T cell lymphopenia, with
an inherently depressed level of naive lymphocytes. Thus, Down
syndrome patients are at greater risk of SARS-CoV-2 infection
due to their impaired antibody response to vaccines and
immunization, impaired T cell proliferation, and defective
neurophil chemotaxis, among other immune system
commorbidities and abnormalities (9, 127).

Obesity, diabetes, cardiovascular disease, and even factors of
age and biological sex have been shown to directly influence the
severity of COVID-19 symptoms and its mortality. However, the
specific role of each of these conditions is not easy to distinguish.
Each may interact with the others in yet unknown ways, and
further assessments of different combinations of these
comorbidities are necessary.

3 OTHER FACTORS
3.1 Age

What could almost be considered an inarguable fact is that older
people are at greater risk of infection and more susceptible to
severe infection (118, 136). Several studies have indicated that
age can be considered a risk factor in COVID-19, and that older
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individuals remain a high-risk group during the pandemic (136-
138). Immune responses can differ within age groups, as those
who are older tend to have a weaker immune response and
therefore are more prone to infectious diseases such as SARS-
CoV-2. Older individuals tend to have less of an ability to endure
inflammatory signals and an increase in pro-inflammatory
cytokine production, which could potentially lead to a cytokine
storm (139).

As previously mentioned, changes in ACE-2 expression can
contribute to disease severity and patient mortality, and these
changes often appear in older patients. As individuals get older,
ACE-2 expression in the lungs increases, as shown in studies of
(both male and female) patients who were not on a ventilator at
the time of death (117, 136). The upregulation of ACE-2 also
occurs due to anti-hypertensive treatment, a common pre-
existing condition often discussed in terms of its effect on
COVID-19 mortality (136). However, a multitude of diseases
tend to develop with age. With increasing age, T2DM, obesity,
metabolic syndrome, and cardiovascular diseases are more likely
to be present and contribute to COVID-19 mortality in
the elderly.

The main role of neutrophils in immune function is to help
facilitate phagocytosis; as neutrophil migration becomes more
inaccurate in older patients, phagocytosis function and killing
activity can thus be weakened (139). Furthermore, increases in
endothelial damage with age, along with associated changes in
clotting, can put older individuals at high risk of COVID-19
infection (140). Aging also impacts interferon production,
causing delays in type I interferon production, which in turn
impairs the functioning of natural killer cells and impacts viral
clearance (139). Once infected with SARS-CoV-2, the impaired
interferon production might cause imbalances in M1 and M2
macrophages (139). Finally, telomere shortening, and related
DNA damage can impact different kinds of CD4 T cells, such as
naive cells and memory CD4 T cells (141).

3.2 Sex

There has been evidence since the beginning of the pandemic that
men have a higher COVID-19 fatality rate than women, possibly as
a result of different concentrations of SARS-CoV-2 receptors (142).
In men, more cell types readily express ACE-2, which could lead to
the higher risk associated with overexpression of ACE-2. Differences
in hormones between men and women may be the indicating cause
of differing mortality levels. Hormonal environments in men and
women, specifically relating to androgens and estrogens, have been
shown to influence adaptive and innate immunity. This hormonal
assistance to the immune system could be related to the suppression
of lymphocyte response that in turn facilitates the immune system’s
deviation from pro-inflammatory cytokine production to anti-
inflammatory cytokine production (143). Estrogen has been
shown to have a protective effect on the immune system. For
instance, progesterone can have several anti-inflammatory effects,
mainly through the inhibition of nuclear factor kappa beta and
decreases in inflammatory cytokines such as but not limited to IL-12
and IL-10 (142).

Furthermore, the female sex steroid hormones also lead to
greater production of interferon-o, which derives from

plasmacytoid dendritic cells, further demonstrating the
inherent advantages the female immune system may have over
the male immune system (144, 145). Additionally, differences in
mortality between men and women can also be attributed to
differences in sex chromosomes. Crucially, a number of genes
located on the X chromosome play a major role in immunity. So,
although there should only be one activated X chromosome in
females — functionally the same as in males — evidence exists of
a gene imbalance that favors females and their associated
immune response to infection (146, 147). It can be inferred
that the increased interferon production in females is linked to
both sex hormone concentration and the number of X
chromosomes present (148).

It can also be observed that women can have a more efficient
anti-viral immune response than men, lending them an
immediate advantage in combating the virus; however when
this response is prolonged, it has the potential to lead to a more
severe infection (143).

In terms of specific immunity, women demonstrate more
robust CD8+ T cell activity, more CD4+ T cells, and increased
B cell immunoglobulin production compared to men, who in
terms of relative advantages only have more CD8+ T cells
(148). Generally speaking, the female immune system can be
described as being much more intensive than the male immune
system, as discussed above (149). Due to the strength of their
immune systems, females tend to clear pathogens much faster
and have higher rates of vaccine efficacy and success. However,
the strength of this immune system is also what can lead to a
higher prevalence of long-term inflammatory and autoimmune
diseases (149). An example of this would be the female immune
response to seasonal influenza vaccines, wherein antibody
responses are twice as strong (119). At the same time,
though, 80% of autoimmune diseases are found in women
and women infected with HIV have approximately 40% less
viral RNA in their blood. These examples support the previous
claims that although the female immune system is more
efficient at clearing out pathogens and viruses, its strength is
also the reason for more prevalent autoimmune and
inflammatory disorders (116, 149). 17(beta)-oestradiol (also
known as E2), a biologically active form of estrogen, can
increase the number of neutrophils in the blood and lungs
(149). It is clear that, although not as influential as
cardiovascular comorbidities, for example, sex plays a role in
defining COVID-19 risk, and it appears that women may be
better protected against the virus than men.

4 SUMMARY AND PERSPECTIVES

While respiratory impairment is the most common clinical
manifestation of COVID-19, the disease’s high susceptibility
and mortality in some cases points to the impact of pre-
existing diseases in COVID-19 patients. Immune function
deteriorates in patients with a history of cancer, diabetes,
hypertension, insulin resistance, and respiratory problems,
resulting in endothelial and ventilation impairment. Beyond
this certainty, it must be stressed that our present
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understanding of how preexisting diseases affect outcomes in
COVID-19 patients is insufficient. Future COVID-19 research
should focus on the incidence, mechanisms, clinical
manifestation, and outcomes of COVID-19 in patients who
have already been diagnosed with a variety of diseases. The
diagnostic and therapeutic issues arising from the coexistence of
multiple diseases must also be thoroughly investigated.

REFERENCES

1.

[S5]

W

u

(=2}

~

el

Nel

10.

11.

12.

13.

14.

15.

16.

Indini A, Rijavec E, Ghidini M, Bareggi C, Cattaneo M, Galassi B, et al.
Coronavirus Infection and Immune System: An Insight of Covid-19 in
Cancer Patients. Crit Rev Oncol Hematol (2020) 153:03059. doi: 10.1016/
j.critrevonc.2020.103059

. Callender LA, Curran M, Bates SM, Mairesse M, Weigandt J, Betts CJ. The

Impact of Pre-Existing Comorbidities and Therapeutic Interventions on
Covid-19. Front Immunol (2020) 11:1991. doi: 10.3389/fimmu.2020.01991

. Fung M, Babik JM. Covid-19 in Immunocompromised Hosts: What We Know

So Far. Clin Infect Dis (2021) 72(2):340-50. doi: 10.1093/cid/ciaa863

. Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS,

et al. Post-Acute Covid-19 Syndrome. Nat Med (2021) 27(4):601-15.
doi: 10.1038/s41591-021-01283-z

. Gupta A, Madhavan MV, Sehgal K, Nair N, Mahajan S, Sehrawat TS, et al.

Extrapulmonary Manifestations of Covid-19. Nat Med 26(7):1017-32.
doi: 10.1038/s41591-020-0968-3

. Ssentongo PA-O, Ssentongo AA-O, Heilbrunn EA-O, Ba DM, Chinchilli VM.

Association of Cardiovascular Disease and 10 Other Pre-Existing
Comorbidities With Covid-19 Mortality: A Systematic Review and Meta-
Analysis. PloS one (2020) 15(8):€0238215. doi: 10.1371/journal.pone.0238215

. Williamson EJ, Walker AJ, Bhaskaran K, Bacon S, Bates C, Morton CE, et al.

Factors Associated With Covid-19-Related Death Using Opensafely. Nature
(2020) 584(7821):430-6. doi: 10.1038/541586-020-2521-4

. Bailey KL, Samuelson DR, Wyatt TA. Alcohol Use Disorder: A Pre-Existing

Condition for Covid-19? Alcohol (2021) 90:11-7. doi: 10.1016/
j.alcohol.2020.10.003

. Clift AK, Coupland CA-O, Keogh RA-O, Hemingway HA-O, Hippisley-Cox

JA-O. Covid-19 Mortality Risk in Down Syndrome: Results From a Cohort
Study of 8 Million Adults. Fau - Clift: Ashley Kieran (2021) p. 1539-3704.

Roberts J, Pritchard AL, Treweeke AT, Rossi AG, Brace N, Cahill P, et al.
Why Is Covid-19 More Severe in Patients With Diabetes? The Role of
Angiotensin-Converting Enzyme 2, Endothelial Dysfunction and the
Immunoinflammatory System. Front Cardiovasc Med (2021) 7:392.
doi: 10.3389/fcvm.2020.629933

Eketunde AO, Mellacheruvu SP, Oreoluwa P. A Review of Postmortem
Findings in Patients With Covid-19. Cureus (2020) 12(7):e9438.
doi: 10.7759/cureus.9438

van Erp EA, Lakerveld AJ, de Graaf E, Larsen MD, Schepp RM, Hipgrave
Ederveen AL, et al. Natural Killer Cell Activation by Respiratory Syncytial
Virus-Specific Antibodies Is Decreased in Infants With Severe Respiratory
Infections and Correlates With Fc-Glycosylation. Clin Trans Immunol
(2020) 9(2):e1112. doi: 10.1002/cti2.1112

Wensveen FM, Jelencic V, Valentic S, Sestan M, Wensveen TT, Theurich S,
et al. Nk Cells Link Obesity-Induced Adipose Stress to Inflammation and
Insulin Resistance. Nat Immunol (2015) 16(4):376-85. doi: 10.1038/ni.3120
Kim JH, Park K, Lee SB, Kang S, Park JS, Ahn CW, et al. Relationship
Between Natural Killer Cell Activity and Glucose Control in Patients With
Type 2 Diabetes and Prediabetes. ] Diabetes Invest (2019) 10(5):1223-8.
doi: 10.1111/jdi.13002

Zhao Y, Liu Y, Yi F, Zhang J, Xu Z, Liu Y, et al. Type 2 Diabetes Mellitus
Impaired Nasal Immunity and Increased the Risk of Hyposmia in Covid-19
Mild Pneumonia Patients. Int Immunopharmacol (2021) 93:107406.
doi: 10.1016/.intimp.2021.107406

Gheblawi M, Wang K, Viveiros A, Nguyen Q, Zhong J-C, Turner AJ, et al.
Angiotensin-Converting Enzyme 2: Sars-Cov-2 Receptor and Regulator of

AUTHOR CONTRIBUTIONS

BB,

RE, and SZ, conceptualization and design, writing original

draft. BB, MRS, MS, SN, JQH, and JT, writing - review and
editing. MRS, PC, IS, and OL, figures. ME, TS, GH, RE, and SZ,
conceptualization, writing, review and editing. All authors
contributed to the article and approved the submitted version.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

the Renin-Angiotensin System: Celebrating the 20th Anniversary of the
Discovery of Ace2. Circ Res (2020) 126(10):1456-74. doi: 10.1161/
CIRCRESAHA.120.317015

Hikmet F, Méar L, Edvinsson A, Micke P, Uhlén M, Lindskog C. The Protein
Expression Profile of Ace2 in Human Tissues. Mol Syst Biol (2020) 16(7):
€9610. doi: 10.15252/msb.20209610

Wang L, Liang J, Leung PS. The Ace2/Ang-(1-7)/Mas Axis Regulates the
Development of Pancreatic Endocrine Cells in Mouse Embryos. PloS One
(2015) 10(6):e0128216. doi: 10.1371/journal.pone.0128216

LuC-L, Wang Y, Yuan L, Li Y, Li X-Y. The Angiotensin-Converting Enzyme
2/Angiotensin (1-7)/Mas Axis Protects the Function of Pancreatic B Cells by
Improving the Function of Islet Microvascular Endothelial Cells. Int J Mol
Med (2014) 34(5):1293-300. doi: 10.3892/ijmm.2014.1917

Yang J-K, Lin S-S, Ji X-J, Guo L-M. Binding of Sars Coronavirus to Its
Receptor Damages Islets and Causes Acute Diabetes. Acta Diabetol (2010) 47
(3):193-9. doi: 10.1007/500592-009-0109-4

Palaiodimos L, Kokkinidis DG, Li W, Karamanis D, Ognibene J, Arora S,
et al. Severe Obesity Is Associated With Higher in-Hospital Mortality in a
Cohort of Patients With Covid-19 in the Bronx, New York. medRxiv (2020)
108:154262. doi: 10.1101/2020.05.05.20091983

Gao F, Zheng KI, Wang X-B, Sun Q-F, Pan K-H, Wang T-Y, et al. Obesity Is
a Risk Factor for Greater Covid-19 Severity. Diabetes Care (2020) 43(7):e72—
e4. doi: 10.2337/dc20-0682

Mohammad S, Aziz R, Al Mahri S, Malik SS, Haji E, Khan AH, et al. Obesity
and Covid-19: What Makes Obese Host So Vulnerable? Immun Ageing
(2021) 18(1):1-10. doi: 10.1186/s12979-020-00212-x

Simonnet A, Chetboun M, Poissy J, Raverdy V, Noulette J, Duhamel A, et al.
High Prevalence of Obesity in Severe Acute Respiratory Syndrome
Coronavirus-2 (Sars-Cov-2) Requiring Invasive Mechanical Ventilation.
Obesity (2020) 28(7):1195-9. doi: 10.1002/0by.22831

Hussain A, Vasas P, Shamsi E-H. Letter to the Editor: Obesity as a Risk
Factor for Greater Severity of Covid-19 in Patients With Metabolic
Associated Fatty Liver Disease. Metabol (2020) 108:154256. doi: 10.1016/
j.metabol.2020.154256

Portincasa P, Krawczyk M, Smyk W, Lammert F, Di Ciaula A. Covid-19 and
Non-Alcoholic Fatty Liver Disease: Two Intersecting Pandemics. Eur ] Clin
Invest (2020) 50(10):e13338. doi: 10.1111/eci.13338

Kalligeros M, Shehadeh F, Mylona EK, Benitez G, Beckwith CG, Chan PA, et al.
Association of Obesity With Disease Severity Among Patients With Coronavirus
Disease 2019. Obesity (2020) 28(7):1200—4. doi: 10.1002/0by.22859

Lighter J, Phillips M, Hochman S, Sterling S, Johnson D, Francois F, et al. Obesity
in Patients Younger Than 60 Years Is a Risk Factor for Covid-19 Hospital
Admission. Clin Infect Dis (2020) 71(15):896-7. doi: 10.1093/cid/ciaa415
Petrilli CM, Jones SA, Yang J, Rajagopalan H, O’Donnell L, Chernyak Y,
et al. Factors Associated With Hospital Admission and Critical Illness
Among 5279 People With Coronavirus Disease 2019 in New York City:
Prospective Cohort Study. Bmj (2020) 369:m1966. doi: 10.1136/bmj.m1966
Docherty AB, Harrison EM, Green CA, Hardwick HE, Pius R, Norman L,
et al. Features of 20 133 Uk Patients in Hospital With Covid-19 Using the
Isaric Who Clinical Characterisation Protocol: Prospective Observational
Cohort Study. bmj (2020) 369:m1985. doi: 10.1136/bm;j.m1985

Rottoli M, Bernante P, Belvedere A, Balsamo F, Garelli S, Giannella M, et al.
How Important Is Obesity as a Risk Factor for Respiratory Failure, Intensive
Care Admission and Death in Hospitalised Covid-19 Patients? Results From
a Single Italian Centre. Eur J Endocrinol (2020) 183(4):389-97. doi: 10.1530/
EJE-20-0541

Frontiers in Immunology | www.frontiersin.org

May 2022 | Volume 13 | Article 890517


https://doi.org/10.1016/j.critrevonc.2020.103059
https://doi.org/10.1016/j.critrevonc.2020.103059
https://doi.org/10.3389/fimmu.2020.01991
https://doi.org/10.1093/cid/ciaa863
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.1371/journal.pone.0238215
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.1016/j.alcohol.2020.10.003
https://doi.org/10.1016/j.alcohol.2020.10.003
https://doi.org/10.3389/fcvm.2020.629933
https://doi.org/10.7759/cureus.9438
https://doi.org/10.1002/cti2.1112
https://doi.org/10.1038/ni.3120
https://doi.org/10.1111/jdi.13002
https://doi.org/10.1016/j.intimp.2021.107406
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.15252/msb.20209610
https://doi.org/10.1371/journal.pone.0128216
https://doi.org/10.3892/ijmm.2014.1917
https://doi.org/10.1007/s00592-009-0109-4
https://doi.org/10.1101/2020.05.05.20091983
https://doi.org/10.2337/dc20-0682
https://doi.org/10.1186/s12979-020-00212-x
https://doi.org/10.1002/oby.22831
https://doi.org/10.1016/j.metabol.2020.154256
https://doi.org/10.1016/j.metabol.2020.154256
https://doi.org/10.1111/eci.13338
https://doi.org/10.1002/oby.22859
https://doi.org/10.1093/cid/ciaa415
https://doi.org/10.1136/bmj.m1966
https://doi.org/10.1136/bmj.m1985
https://doi.org/10.1530/EJE-20-0541
https://doi.org/10.1530/EJE-20-0541
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bigdelou et al. COVID-19 and Preexisting Comorbidities

32. Zhang F, Xiong Y, Wei Y, Hu Y, Wang F, Li G, et al. Obesity Predisposes to 51. Lee B-C, Lee J. Cellular and Molecular Players in Adipose Tissue
the Risk of Higher Mortality in Young Covid-19 Patients. ] Med Virol (2020) Inflammation in the Development of Obesity-Induced Insulin Resistance.
92(11):2536-42. doi: 10.1002/jmv.26039 Biochim Biophys Acta (BBA)-Mol Basis Dis (2014) 1842(3):446-62.

33. Holman N, Knighton P, Kar P, O'Keefe J, Curley M, Weaver A, et al. Risk doi: 10.1016/j.bbadis.2013.05.017
Factors for Covid-19-Related Mortality in People With Type 1 and Type 2 52. Weyer C, Bogardus C, Mott DM, Pratley RE. The Natural History of Insulin
Diabetes in England: A Population-Based Cohort Study. Lancet Diabetes Secretory Dysfunction and Insulin Resistance in the Pathogenesis of Type 2
Endocrinol (2020) 8(10):823-33. doi: 10.1016/52213-8587(20)30271-0 Diabetes Mellitus. ] Clin Invest (1999) 104(6):787-94. doi: 10.1172/JCI7231

34. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A, et al. 53. R Channappanavar, S Perlman. Pathogenic Human Coronavirus Infections:
Baseline Characteristics and Outcomes of 1591 Patients Infected With Sars- Causes and Consequences of Cytokine Storm and Immunopathology. Semin
Cov-2 Admitted to Icus of the Lombardy Region, Italy. Jama (2020) 323 Immunopathol (2017) 39(5):529-39. doi: 10.1007/s00281-017-0629-x
(16):1574-81. doi: 10.1001/jama.2020.5394 54. Groop LC, Bonadonna RC, DelPrato S, Ratheiser K, Zyck K, Ferrannini E,

35. Yang J, Zheng Y, Gou X, Pu K, Chen Z, Guo Q, et al. Prevalence of et al. Glucose and Free Fatty Acid Metabolism in Non-Insulin-Dependent
Comorbidities and Its Effects in Patients Infected With Sars-Cov-2: A Diabetes Mellitus. Evid Multiple Sites Insulin Resist ] Clin Invest (1989) 84
Systematic Review and Meta-Analysis. Int J Infect Dis (2020) 94:91-5. (1):205-13. doi: 10.1172/JCI114142
doi: 10.1016/}.ijid.2020.03.017 55. Jose RJ, Manuel A. Covid-19 Cytokine Storm: The Interplay Between

36. Zhu L, She Z-G, Cheng X, Qin J-J, Zhang X-J, Cai J, et al. Association of Inflammation and Coagulation. Lancet Respir Med (2020) 8(6):e46-7.
Blood Glucose Control and Outcomes in Patients With Covid-19 and Pre- doi: 10.1016/S2213-2600(20)30216-2
Existing Type 2 Diabetes. Cell Metab (2020) 31(6):1068-77:e3. doi: 10.1016/ 56. Underwood PC, Adler GK. The Renin Angiotensin Aldosterone System and
j.cmet.2020.04.021 Insulin Resistance in Humans. Curr Hypertension Rep (2013) 15(1):59-70.

37. Carey IM, Critchley JA, DeWilde S, Harris T, Hosking FJ, Cook DG. Risk of doi: 10.1007/s11906-012-0323-2
Infection in Type 1 and Type 2 Diabetes Compared With the General 57. Finucane FM, Davenport C. Coronavirus and Obesity: Could Insulin
Population: A Matched Cohort Study. Diabetes Care (2018) 41(3):513-21. Resistance Mediate the Severity of Covid-19 Infection? Front Public
doi: 10.2337/dc17-2131 Health (2020) 8:184. doi: 10.3389/fpubh.2020.00184

38. Wu C, Chen X, Cai Y, Zhou X, Xu S, Huang H, et al. Risk Factors Associated 58. Takeda M, Yamamoto K, Takemura Y, Takeshita H, Hongyo K, Kawai T,
With Acute Respiratory Distress Syndrome and Death in Patients With et al. Loss of Ace2 Exaggerates High-Calorie Diet-Induced Insulin
Coronavirus Disease 2019 Pneumonia in Wuhan, China. JAMA Internal Resistance by Reduction of Glut4 in Mice. Diabetes (2013) 62(1):223-33.
Med (2020) 180(7):934-43. doi: 10.1001/jamainternmed.2020.0994 doi: 10.2337/db12-0177

39. Critchley JA, Carey IM, Harris T, DeWilde S, Hosking FJ, Cook DG. 59. Santos A, Magro DO, Evangelista-Poderoso R, Saad MJA. Diabetes, Obesity,
Glycemic Control and Risk of Infections Among People With Type 1 or and Insulin Resistance in Covid-19: Molecular Interrelationship and
Type 2 Diabetes in a Large Primary Care Cohort Study. Diabetes Care (2018) Therapeutic Implications. Diabetol Metab Syndrome (2021) 13(1):1-14.
41(10):2127-35. doi: 10.2337/dc18-0287 doi: 10.1186/s13098-021-00639-2

40. Barron E, Bakhai C, Kar P, Weaver A, Bradley D, Ismail H, et al. 60. Roca-Ho H, Riera M, Palau V, Pascual ], Soler MJ. Characterization of Ace
Associations of Type 1 and Type 2 Diabetes With Covid-19-Related and Ace2 Expression Within Different Organs of the Nod Mouse. Int ] Mol
Mortality in England: A Whole-Population Study. Lancet Diabetes Sci (2017) 18(3):563. doi: 10.3390/ijms18030563
Endocrinol (2020) 8(10):813-22. doi: 10.1016/S2213-8587(20)30272-2 61. Drucker DJ. Coronavirus Infections and Type 2 Diabetes—Shared Pathways

41. Codo AC, Davanzo GG, de Brito Monteiro L, de Souza GF, Muraro SP, Virgilio- With Therapeutic Implications. Endocrine Rev (2020) 41(3):457-70.
da-Silva JV, et al. Elevated Glucose Levels Favor Sars-Cov-2 Infection and doi: 10.1210/endrev/bnaa011
Monocyte Response Through a Hif-10t/Glycolysis-Dependent Axis. Cell Metab 62. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ.
(2020) 32(3):437-46:€5. doi: 10.2139/ssrn.3606770 Covid-19: Consider Cytokine Storm Syndromes and Immunosuppression.

42. Kulcsar KA, Coleman CM, Beck SE, Frieman MB. Comorbid Diabetes Lancet (2020) 395(10229):1033-4. doi: 10.1016/S0140-6736(20)30628-0
Results in Immune Dysregulation and Enhanced Disease Severity 63. Zhang Y, Xiao M, Zhang S, Xia P, Cao W, Jiang W, et al. Coagulopathy and
Following Mers-Cov Infection. JCI Insight (2019) 4(20):e131774. Antiphospholipid Antibodies in Patients With Covid-19. N Engl ] Med
doi: 10.1172/jci.insight.131774 (2020) 382(17):e38. doi: 10.1056/NEJMc2007575

43. O'Rourke RW, Lumeng CN. Pathways to Severe Covid-19 for People With 64. Cai Q, Chen F, Wang T, Luo F, Liu X, Wu Q, et al. Obesity and Covid-19
Obesity. Obesity (Silver Spring, Md.) (2021) 29(4):645-53. doi: 10.1002/ Severity in a Designated Hospital in Shenzhen, China. Diabetes Care (2020)
oby.23099 43(7):1392-8. doi: 10.2337/dc20-0576

44. Wu L, Girgis CM, Cheung NW. Covid-19 and Diabetes: Insulin 65. Bello-Chavolla OY, Bahena-Lopez JP, Antonio-Villa NE, Vargas-Vazquez A,
Requirements Parallel Illness Severity in Critically Unwell Patients. Clin Gonzalez-Diaz A, Marquez-Salinas A, et al. Predicting Mortality Due to
Endocrinol (2020) 93(4):390-3. doi: 10.1111/cen.14288 Sars-Cov-2: A Mechanistic Score Relating Obesity and Diabetes to Covid-19

45. Gianchandani R, Esfandiari NH, Ang L, Iyengar J, Knotts S, Choksi P, et al. Qutcomes in Mexico. J Clin Endocrinol Metab (2020) 105(8):2752-61.
Managing Hyperglycemia in the Covid-19 Inflammatory Storm. Diabetes doi: 10.1210/clinem/dgaa346
(2020) 69(10):2048-53. doi: 10.2337/dbi20-0022 66. Petersen A, Bressem K, Albrecht J, Thiefl H-M, Vahldiek J, Hamm B, et al.

46. Pal R, Banerjee M, Yadav U, Bhattacharjee S. Clinical Profile and Outcomes The Role of Visceral Adiposity in the Severity of Covid-19: Highlights From
in Covid-19 Patients With Diabetic Ketoacidosis: A Systematic Review of a Unicenter Cross-Sectional Pilot Study in Germany. Metabolism (2020)
Literature. Diabetes Metab Syndrome: Clin Res Rev (2020) 14(6):1563-9. 110:154317. doi: 10.1016/j.metabol.2020.154317
doi: 10.1016/j.dsx.2020.08.015 67. Urra ], Cabrera C, Porras L, Rodenas I. Selective Cd8 Cell Reduction by Sars-

47. Govender N, Khaliq OP, Moodley J, Naicker T. Insulin Resistance in Covid- Cov-2 Is Associated With a Worse Prognosis and Systemic Inflammation in
19 and Diabetes. Primary Care Diabetes (2021) 15(4):629-34. doi: 10.1016/ Covid-19 Patients. Clin Immunol (2020) 217:108486. doi: 10.1016/
j.pcd.2021.04.004 j.clim.2020.108486

48. Saltiel AR, Olefsky JM. Inflammatory Mechanisms Linking Obesity and 68. Galic S, Oakhill JS, Steinberg GR. Adipose Tissue as an Endocrine Organ.
Metabolic Disease. J Clin Invest (2017) 127(1):1-4. doi: 10.1172/JCI92035 Mol Cell Endocrinol (2010) 316(2):129-39. doi: 10.1016/j.mce.2009.08.018

49. Mauvais-Jarvis FA-O. Aging, Male Sex, Obesity, and Metabolic 69. Booth A, Magnuson A, Fouts J, Foster MT. Adipose Tissue: An Endocrine
Inflammation Create the Perfect Storm for Covid-19. Diabetes (2020) 69 Organ Playing a Role in Metabolic Regulation. Hormone Mol Biol Clin Invest
(9):1857-63. doi: 10.2337/dbi19-0023 (2016) 26(1):25-42. doi: 10.1515/hmbci-2015-0073

50. Sestan M, Marinovic S, Kavazovic I, Cekinovic D, Wueest S, Wensveen TT, 70. Sepand MR, Maghsoudi AS, Shadboorestan A, Mirnia K, Aghsami M, Raoufi

et al. Virus-Induced Interferon-I" Causes Insulin Resistance in Skeletal
Muscle and Derails Glycemic Control in Obesity. Immunity (2018) 49
(1):164-77:€6. doi: 10.1016/j.immuni.2018.05.005

M. Cigarette Smoke-Induced Toxicity Consequences of Intracellular Iron
Dysregulation and Ferroptosis. Life Sci (2021) 281:119799. doi: 10.1016/
j1fs.2021.119799

Frontiers in Immunology | www.frontiersin.org

May 2022 | Volume 13 | Article 890517


https://doi.org/10.1002/jmv.26039
https://doi.org/10.1016/S2213-8587(20)30271-0
https://doi.org/10.1001/jama.2020.5394
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1016/j.cmet.2020.04.021
https://doi.org/10.1016/j.cmet.2020.04.021
https://doi.org/10.2337/dc17-2131
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.2337/dc18-0287
https://doi.org/10.1016/S2213-8587(20)30272-2
https://doi.org/10.2139/ssrn.3606770
https://doi.org/10.1172/jci.insight.131774
https://doi.org/10.1002/oby.23099
https://doi.org/10.1002/oby.23099
https://doi.org/10.1111/cen.14288
https://doi.org/10.2337/dbi20-0022
https://doi.org/10.1016/j.dsx.2020.08.015
https://doi.org/10.1016/j.pcd.2021.04.004
https://doi.org/10.1016/j.pcd.2021.04.004
https://doi.org/10.1172/JCI92035
https://doi.org/10.2337/dbi19-0023
https://doi.org/10.1016/j.immuni.2018.05.005
https://doi.org/10.1016/j.bbadis.2013.05.017
https://doi.org/10.1172/JCI7231
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1172/JCI114142
https://doi.org/10.1016/S2213-2600(20)30216-2
https://doi.org/10.1007/s11906-012-0323-2
https://doi.org/10.3389/fpubh.2020.00184
https://doi.org/10.2337/db12-0177
https://doi.org/10.1186/s13098-021-00639-2
https://doi.org/10.3390/ijms18030563
https://doi.org/10.1210/endrev/bnaa011
https://doi.org/10.1016/S0140-6736(20)30628-0
https://doi.org/10.1056/NEJMc2007575
https://doi.org/10.2337/dc20-0576
https://doi.org/10.1210/clinem/dgaa346
https://doi.org/10.1016/j.metabol.2020.154317
https://doi.org/10.1016/j.clim.2020.108486
https://doi.org/10.1016/j.clim.2020.108486
https://doi.org/10.1016/j.mce.2009.08.018
https://doi.org/10.1515/hmbci-2015-0073
https://doi.org/10.1016/j.lfs.2021.119799
https://doi.org/10.1016/j.lfs.2021.119799
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bigdelou et al.

COVID-19 and Preexisting Comorbidities

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Rebello CJ, Kirwan JP, Greenway FL. Obesity, the Most Common
Comorbidity in Sars-Cov-2: Is Leptin the Link? Int J Obes (2005) (2020)
44(9):1810-7. doi: 10.1038/s41366-020-0640-5

Aghili SMM, Ebrahimpur M, Arjmand B, Shadman Z, Pejman Sani M,
Qorbani M, et al. Obesity in Covid-19 Era, Implications for Mechanisms,
Comorbidities, and Prognosis: A Review and Meta-Analysis. Int ] Obes
(2021) 45(5):998-1016. doi: 10.1038/541366-021-00776-8

Pretorius E, Venter C, Laubscher GJ, Kotze MJ, Moremi K, Oladejo S, et al.
Combined Triple Treatment of Fibrin Amyloid Microclots and Platelet
Pathology in Individuals With Long Covid/Post-Acute Sequelae of Covid-19
(Pasc) Can Resolve Their Persistent Symptoms. (2021). PREPRINT (Version
1) available at Research Square [https://doi.org/10.21203/rs.3.rs-1205453/v1]
Kang Z, Luo S, Gui Y, Zhou H, Zhang Z, Tian C, et al. Obesity Is a Potential
Risk Factor Contributing to Clinical Manifestations of Covid-19. Int ] Obes
(2020) 44(12):2479-85. doi: 10.1038/541366-020-00677-2

Philips AA-OX, Khan NA-O. Amino Acid Sensing Pathway: A Major Check
Point in the Pathogenesis of Obesity and Covid-19. Obes Rev (2021) 22(4):
e13221. doi: 10.1111/0br.13221

Testino G, Pellicano R. Alcohol Consumption in the Covid-19 Era. Minerva
Gastroenterol e Dietol (2020) 66(2):90-2. doi: 10.23736/S1121-421X.20.
02698-7

Yazdi K, Fuchs-Leitner I, Rosenleitner J, Gerstgrasser NW. Impact of the
Covid-19 Pandemic on Patients With Alcohol Use Disorder and Associated
Risk Factors for Relapse. Front Psychiatry (2020) 11:620612(1470).
doi: 10.3389/fpsyt.2020.620612

Szabo G, Saha B. Alcohol's Effect on Host Defense. Alcohol Res Curr Rev
(2015) 37(2):159-70.

Barr T, Helms C, Grant K, Messaoudi I. Opposing Effects of Alcohol on the
Immune System. Prog Neuropsychopharmacol Biol Psychiatry (2016)
65:242-51. doi: 10.1016/j.pnpbp.2015.09.001

Testino G. Are Patients With Alcohol Use Disorders at Increased Risk for
Covid-19 Infection? Alcohol Alcohol (2020) 55(4):344-6. doi: 10.1093/alcalc/
agaa037

Testino G, Leone S, Borro P. Alcoholic Liver Disease and the Hepatitis C Virus:
An Overview and a Point of View. Minerva Med (2016) 107(5):300-13.
Simou E, Britton J, Leonardi-Bee J. Alcohol and the Risk of Pneumonia: A
Systematic Review and Meta-Analysis. BMJ Open (2018) 8(8):€022344.
doi: 10.1136/bmjopen-2018-022344

Okuno F, Arai M, Ishii H, Shigeta Y, Ebihara Y, Takagi S, et al. Mild But
Prolonged Elevation of Serum Angiotensin Converting Enzyme (Ace)
Activity in Alcoholics. Alcohol (1986) 3(6):357-9. doi: 10.1016/0741-8329
(86)90053-4

Hamer M, Kivimdki M, Gale CR, Batty GD. Lifestyle Risk Factors,
Inflammatory Mechanisms, and Covid-19 Hospitalization: A Community-
Based Cohort Study of 387,109 Adults in Uk. Brain Behav Immun (2020)
87:184-7. doi: 10.1016/j.bbi.2020.05.059

Gallelli L, Zhang L, Wang T, Fu F. Severe Acute Lung Injury Related to
Covid-19 Infection: A Review and the Possible Role for Escin. J Clin
Pharmacol (2020) 60(7):815-25. doi: 10.1002/jcph.1644

Simou E, Leonardi-Bee J, Britton J. The Effect of Alcohol Consumption On
the Risk of Ards: A Systematic Review and Meta-Analysis. Chest (2018) 154
(1):58-68. doi: 10.1016/j.chest.2017.11.041

Lange KW, Nakamura Y. Lifestyle Factors in the Prevention of Covid-19.
Global Health ] (Amsterdam Netherlands) (2020) 4(4):146-52. doi: 10.1016/
i.g10hj.2020.11.002

Sarkar D, Jung MK, Wang HJ. Alcohol and the Immune System. Alcohol Res
Curr Rev (2015) 37(2):153-5.

Kany S, Janicova A, Relja B. Innate Immunity and Alcohol. J Clin Med
(2019) 8(11):1981. doi: 10.3390/jcm8111981

Paces J, Strizova Z Fau - Smrz D, Smrz D Fau - Cerny J, Cerny J. Covid-19
and the Immune System. Physiol Res (2020) 69(3):379-88. doi: 10.33549/
physiolres.934492

Vardhana SA, Wolchok JD. The Many Faces of the Anti-Covid Immune
Response. ] Exp Med (2020) 217(6):¢20200678. doi: 10.1084/jem.20200678
Nikbakht F, Mohammadkhanizadeh A, Mohammadi E. How Does the
Covid-19 Cause Seizure and Epilepsy in Patients? The Potential
Mechanisms. Multiple Sclerosis Related Disord (2020) 46:102535.
doi: 10.1016/j.msard.2020.102535

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Hoffman J, Yu J, Kirstein C, Kindy MS. Combined Effects of Repetitive Mild
Traumatic Brain Injury and Alcohol Drinking on the Neuroinflammatory
Cytokine Response and Cognitive Behavioral Outcomes. Brain Sci (2020) 10
(11):1-14. doi: 10.3390/brainscil0110876

Drieu A, Lanquetin A, Levard D, Glavan M, Campos F, Quenault A, et al.
Alcohol Exposure-Induced Neurovascular Inflammatory Priming Impacts
Ischemic Stroke and Is Linked With Brain Perivascular Macrophages. JCI
Insight (2020) 5(4):e129226. doi: 10.1172/jci.insight.129226

Szabo G, Lippai D. Converging Actions of Alcohol on Liver and Brain
Immune Signaling. Int Rev Neurobiol (2014) 118:359-80. doi: 10.1016/B978-
0-12-801284-0.00011-7

Crews FT, Nixon K. Mechanisms of Neurodegeneration and Regeneration in
Alcoholism. Alcohol Alcohol (2009) 44(2):115-27. doi: 10.1093/alcalc/agn079
Monnig MA. Immune Activation and Neuroinflammation in Alcohol Use
and HIV Infection: Evidence for Shared Mechanisms. Am ] Drug Alcohol
Abuse (2017) 43(1):7-23. doi: 10.1080/00952990.2016.1211667

Anka AU, Tahir MI, Abubakar SD, Alsabbagh M, Zian Z, Hamedifar H, et al.
Coronavirus Disease 2019 (Covid-19): An Overview of the
Immunopathology, Serological Diagnosis and Management. Scandinavian
J Immunol (2021) 93(4):e12998-e. doi: 10.1111/sji.12998

Bersanelli MA-O. Controversies About Covid-19 and Anticancer Treatment
With Immune Checkpoint Inhibitors. Immunotherapy (2020) 12(5):269-73.
doi: 10.2217/imt-2020-0067

Turnquist C, Ryan BM, Horikawa I, Harris BT, Harris CC. Cytokine Storms
in Cancer and Covid-19. Cancer Cell (2020) 38(5):598-601. doi: 10.1016/
j.ccell.2020.09.019

Slimano F, Baudouin A, Zerbit J, Toulemonde-Deldicque A, Thomas-
Schoemann A, Chevrier R, et al. Cancer, Immune Suppression and
Coronavirus Disease-19 (Covid-19): Need to Manage Drug Safety (French
Society for Oncology Pharmacy. Cancer Treat Rev (2020) 88:102063.
doi: 10.1016/j.ctrv.2020.102063

Rolston KVL Infections in Cancer Patients With Solid Tumors: A Review.
Infect Dis Ther (2017) 6(1):69-83. doi: 10.1007/s40121-017-0146-1
Al-Quteimat OM, Amer AM. The Impact of the Covid-19 Pandemic on
Cancer Patients. Am ] Clin Oncol (2020) 43(6):452-5. doi: 10.1097/
COC.0000000000000712

Liang W, Guan W, Chen R, Wang W, Li ], Xu K, et al. Cancer Patients in
Sars-Cov-2 Infection: A Nationwide Analysis in China. Lancet Oncol (2020)
21(3):335-7. doi: 10.1016/s1470-2045(20)30096-6

Shaked Y. The Pro-Tumorigenic Host Response to Cancer Therapies. Nat
Rev Cancer (2019) 19(12):667-85. doi: 10.1038/s41568-019-0209-6
Vankerckhoven A, Baert T, Riva M, De Bruyn C, Thirion G, Vandenbrande
K, et al. Type of Chemotherapy Has Substantial Effects on the Immune
System in Ovarian Cancer. Trans Oncol (2021) 14(6):101076. doi: 10.1016/
j.tranon.2021.101076

Robilotti EV, Babady NE, Mead PA, Rolling T, Perez-Johnston R, Bernardes
M, et al. Determinants of Covid-19 Disease Severity in Patients With Cancer.
Nat Med (2020) 26(8):1218-23. doi: 10.1038/s41591-020-0979-0

Wu Q, Chu Q, Zhang H, Yang B, He X, Zhong Y, et al. Clinical Outcomes of
Coronavirus Disease 2019 (Covid-19) in Cancer Patients With Prior
Exposure to Immune Checkpoint Inhibitors. Cancer Commun (2020) 40
(8):374-9. doi: 10.1002/cac2.12077

Hiam-Galvez KJ, Allen BM, Spitzer MH. Systemic Immunity in Cancer. Nat
Rev Cancer (2021) 21:345-59. doi: 10.1038/s41568-021-00347-z

Cao Q, Lei H, Yang M, Wei L, Dong Y, Xu J, et al. Impact of Cardiovascular
Diseases on Covid-19: A Systematic Review. Med Sci Monit (2021) 27:
€930032. doi: 10.12659/MSM.930032

Gambichler T, Reuther J, Scheel CH, Becker JC. On the Use of Immune
Checkpoint Inhibitors in Patients With Viral Infections Including Covid-19.
J ImmunoTher Cancer (2020) 8(2):e001145. doi: 10.1136/jitc-2020-001145
Hashimoto M, Kamphorst AO, Im SJ, Kissick HT, Pillai RN, Ramalingam SS,
etal. Cd8 T Cell Exhaustion in Chronic Infection and Cancer: Opportunities
for Interventions. Annu Rev Med (2018) 69(1):301-18. doi: 10.1146/
annurev-med-012017-043208

Vivarelli S, Falzone L, Torino F, Scandurra G, Russo G, Bordonaro R, et al.
Immune-Checkpoint Inhibitors From Cancer to Covid—19: A Promising
Avenue for the Treatment of Patients With Covid—19 (Review). Int ] Oncol
(2021) 58(2):145-57. doi: 10.3892/1j0.2020.5159

Frontiers in Immunology | www.frontiersin.org

May 2022 | Volume 13 | Article 890517


https://doi.org/10.1038/s41366-020-0640-5
https://doi.org/10.1038/s41366-021-00776-8
https://doi.org/10.21203/rs.3.rs-1205453/v1
https://doi.org/10.1038/s41366-020-00677-2
https://doi.org/10.1111/obr.13221
https://doi.org/10.23736/S1121-421X.20.02698-7
https://doi.org/10.23736/S1121-421X.20.02698-7
https://doi.org/10.3389/fpsyt.2020.620612
https://doi.org/10.1016/j.pnpbp.2015.09.001
https://doi.org/10.1093/alcalc/agaa037
https://doi.org/10.1093/alcalc/agaa037
https://doi.org/10.1136/bmjopen-2018-022344
https://doi.org/10.1016/0741-8329(86)90053-4
https://doi.org/10.1016/0741-8329(86)90053-4
https://doi.org/10.1016/j.bbi.2020.05.059
https://doi.org/10.1002/jcph.1644
https://doi.org/10.1016/j.chest.2017.11.041
https://doi.org/10.1016/j.glohj.2020.11.002
https://doi.org/10.1016/j.glohj.2020.11.002
https://doi.org/10.3390/jcm8111981
https://doi.org/10.33549/physiolres.934492
https://doi.org/10.33549/physiolres.934492
https://doi.org/10.1084/jem.20200678
https://doi.org/10.1016/j.msard.2020.102535
https://doi.org/10.3390/brainsci10110876
https://doi.org/10.1172/jci.insight.129226
https://doi.org/10.1016/B978-0-12-801284-0.00011-7
https://doi.org/10.1016/B978-0-12-801284-0.00011-7
https://doi.org/10.1093/alcalc/agn079
https://doi.org/10.1080/00952990.2016.1211667
https://doi.org/10.1111/sji.12998
https://doi.org/10.2217/imt-2020-0067
https://doi.org/10.1016/j.ccell.2020.09.019
https://doi.org/10.1016/j.ccell.2020.09.019
https://doi.org/10.1016/j.ctrv.2020.102063
https://doi.org/10.1007/s40121-017-0146-1
https://doi.org/10.1097/COC.0000000000000712
https://doi.org/10.1097/COC.0000000000000712
https://doi.org/10.1016/s1470-2045(20)30096-6
https://doi.org/10.1038/s41568-019-0209-6
https://doi.org/10.1016/j.tranon.2021.101076
https://doi.org/10.1016/j.tranon.2021.101076
https://doi.org/10.1038/s41591-020-0979-0
https://doi.org/10.1002/cac2.12077
https://doi.org/10.1038/s41568-021-00347-z
https://doi.org/10.12659/MSM.930032
https://doi.org/10.1136/jitc-2020-001145
https://doi.org/10.1146/annurev-med-012017-043208
https://doi.org/10.1146/annurev-med-012017-043208
https://doi.org/10.3892/ijo.2020.5159
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bigdelou et al.

COVID-19 and Preexisting Comorbidities

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Abid MB, Mughal M, Abid MA. Coronavirus Disease 2019 (Covid-19) and
Immune-Engaging Cancer Treatment. JAMA Oncol (2020) 6(10):1529-30.
doi: 10.1001/jamaoncol.2020.2367

Nishiga M, Wang DW, Han Y, Lewis DB, Wu JC. Covid-19 and
Cardiovascular Disease: From Basic Mechanisms to Clinical Perspectives.
Nat Rev Cardiol (2020) 17(9):543-58. doi: 10.1038/s41569-020-0413-9
Lippi G, Plebani M. Laboratory Abnormalities in Patients With Covid-2019
Infection. Clin Chem Lab Med (CCLM) (2020) 58(7):1131-4. doi: 10.1515/
cclm-2020-0198

Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical Course and Risk
Factors for Mortality of Adult Inpatients With Covid-19 in Wuhan, China: A
Retrospective Cohort Study. Lancet (2020) 395(10229):1054-62.
doi: 10.1016/S0140-6736(20)30566-3

Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical Characteristics of
138 Hospitalized Patients With 2019 Novel Coronavirus-Infected
Pneumonia in Wuhan, China. Jama (2020) 323(11):1061-9. doi: 10.1001/
jama.2020.1585

Wu Q, Zhou L, Sun X, Yan Z, Hu C, Wu J, et al. Altered Lipid Metabolism in
Recovered Sars Patients Twelve Years After Infection. Sci Rep (2017) 7(1):1-
12. doi: 10.1038/541598-017-09536-z

Kuriakose J, Montezano AC, Touyz RM. Ace2/Ang-(1-7)/Masl Axis and the
Vascular System: Vasoprotection to Covid-19-Associated Vascular Disease.
Clin Sci (Lond) (2021) 135(2):387-407. doi: 10.1042/CS20200480

Chen L, Li X, Chen M, Feng Y, Xiong C. The Ace2 Expression in Human
Heart Indicates New Potential Mechanism of Heart Injury Among Patients
Infected With Sars-Cov-2. Cardiovasc Res (2020) 116(6):1097-100.
doi: 10.1093/cvr/cvaa078

LiY, Jiang Y, Zhang Y, Li N, Yin Q, Liu L, et al. Abnormal Upregulation of
Cardiovascular Disease Biomarker Pla2g7 Induced by Proinflammatory
Macrophages in Covid-19 Patients. Sci Rep (2021) 11(1):6811.
doi: 10.1038/s41598-021-85848-5

Chen C, Li H, Hang W, Wang DW. Cardiac Injuries in Coronavirus Disease
2019 (Covid-19). ] Mol Cell Cardiol (2020) 145:25-9. doi: 10.1016/
j.yjmee.2020.06.002

Madhur MS, Harrison DG. Senescent T Cells and Hypertension: New Ideas
About Old Cells. Hypertension (2013) 62(1):13-5. doi: 10.1161/
HYPERTENSIONAHA.113.01410

Trump S, Lukassen S, Anker MS, Chua RL, Liebig J, Thirmann L, et al.
Hypertension Delays Viral Clearance and Exacerbates Airway
Hyperinflammation in Patients With Covid-19. Nat Biotechnol (2021)
39:705-16. doi: 10.1038/s41587-020-00796-1

Albillos A, Lario M, Alvarez-Mon M. Cirrhosis-Associated Immune
Dysfunction: Distinctive Features and Clinical Relevance. | Hepatol (2014)
61(6):1385-96. doi: 10.1016/j.jhep.2014.08.010

Ram G, Chinen J. Infections and Immunodeficiency in Down Syndrome. Clin
Exp Immunol (2011) 164(1):9-16. doi: 10.1111/j.1365-2249.2011.04335.x
Nielsen PR, Kragstrup TW, Deleuran BW, Benros ME. Infections as Risk
Factor for Autoimmune Diseases — a Nationwide Study. ] Autoimmun (2016)
74:176-81. doi: 10.1016/j.jaut.2016.05.013

Guerra Veloz MA-O, Cordero Ruiz P, Rios-Villegas MJ, Del Pino Bellido P,
Bravo-Ferrer ], Galvés Cordero R, et al. Liver Manifestations in Covid-19 and
the Influence of Pre-Existing Liver Disease in the Course of the Infection.
Spanish Society of Digestive Pathology (2021) 113(2):103-9. doi: 10.17235/
reed.2020.7627/2020

Praveen S, Ashish K, Anikhindi SA, Naresh B, Vikas S, Khare S, et al. Effect of
Covid-19 on Pre-Existing Liver Disease: What Hepatologist Should Know?
J Clin Exp Hepatol (2020) 11(4):484-93 doi: 10.1016/j.jceh.2020.12.006

Liu Y, Sawalha AH, Lu Q. Covid-19 and Autoimmune Diseases. Curr Opin
Rheumatol (2021) 33(2):155-62. doi: 10.1097/BOR.0000000000000776
Yang H, Xu J, Liang X, Shi L, Wang Y. Autoimmune Diseases Are Independently
Associated With Covid-19 Severity: Evidence Based on Adjusted Effect Estimates.
J Infect (2021) 82(4):e23-6. doi: 10.1016/;.jinf.2020.12.025

Wu J, Tang Y. Revisiting the Immune Balance Theory: A Neurological
Insight Into the Epidemic of Covid-19 and Its Alike. Front Neurol (2020)
11:1230. doi: 10.3389/fneur.2020.566680

Ribeiro DE, Oliveira-Giacomelli A, Glaser T, Arnaud-Sampaio VF, Andrejew
R, Dieckmann L, et al. Hyperactivation of P2x7 Receptors as a Culprit of

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Covid-19 Neuropathology. Mol Psychiatry (2021) 26(4):1044-59.
doi: 10.1038/541380-020-00965-3

Bouayed JA-O, Bohn TA-O. The Link Between Microglia and the Severity of
Covid-19: The "Two-Hit" Hypothesis. Fau - Bouayed: Jaouad (2021).
Santesmasses DA-O, Castro JP, Zenin AA, Shindyapina AV, Gerashchenko
MV, Zhang B, et al. Covid-19 Is an Emergent Disease of Aging. Aging Cell
(2020) 19(10):€13230. doi: 10.1111/acel.13230

Tiruneh SA, Tesema ZT, Azanaw MM, Angaw DA. The Effect of Age on
the Incidence of Covid-19 Complications: A Systematic Review and
Meta-Analysis. Systematic Rev (2021) 10(1):80. doi: 10.1186/s13643-
021-01636-2

Jin S, An H, Zhou T, Li T, Xie M, Chen S, et al. Sex- and Age-Specific Clinical
and Immunological Features of Coronavirus Disease. PLoS Pathog (2019) 17
(3):€1009420. doi: 10.1371/journal.ppat.1009420

Bajaj V, Gadi N, Spihlman AP, Wu SC, Choi CH, Moulton VR. Aging,
Immunity, and Covid-19: How Age Influences the Host Immune Response
to Coronavirus Infections? Front Physiol (2021) 11:571416(1793).
doi: 10.3389/fphys.2020.571416

Zimmermann P, Curtis N. Why Is Covid-19 Less Severe in Children? A
Review of the Proposed Mechanisms Underlying the Age-Related Difference
in Severity of Sars-Cov-2 Infections. Arch Dis Childhood (2021) 106(5):429.
doi: 10.1136/archdischild-2020-320338

Weyand CM, Goronzy JJ. Aging of the Immune System. Mech Ther Targets
Ann Am Thorac Soc (2016) 13 Suppl 5(Suppl 5):5422-8. doi: 10.1513/
AnnalsATS.201602-095AW

Gotluru C, Roach A, Cherry SH, Runowicz CD. Sex, Hormones, Immune
Functions, and Susceptibility to Coronavirus Disease 2019 (Covid-19)-
Related Morbidity. Obstetr Gynecol (2021) 137(3):423-9. doi: 10.1097/
AOG.0000000000004275

Lasrado N, Jia T, Massilamany C, Franco R, Illes Z, Reddy J. Mechanisms of
Sex Hormones in Autoimmunity: Focus on Eae. Biol Sex Dif (2020) 11(1):50.
doi: 10.1186/s13293-020-00325-4

Scully EP, Haverfield ], Ursin RL, Tannenbaum C, Klein SL. Considering
How Biological Sex Impacts Immune Responses and Covid-19 Outcomes.
Nat Rev Immunol (2020) 20(7):442-7. doi: 10.1038/s41577-020-0348-8
Scully EP. Sex Differences in Hiv Infection. Curr HIV/AIDS Rep (2018) 15
(2):136-46. doi: 10.1007/s11904-018-0383-2

Wray S, Arrowsmith S. The Physiological Mechanisms of the Sex-Based
Difference in Outcomes of Covid19 Infection. Front Physiol (2021)
12:627260. doi: 10.3389/fphys.2021.627260

Takahashi T, Iwasaki A. Sex Differences in Immune Responses. Science
(2021) 371(6527):347. doi: 10.1126/science.abe7199

Peckham H, de Gruijter NM, Raine C, Radziszewska A, Ciurtin C,
Wedderburn LR, et al. Male Sex Identified by Global Covid-19 Meta-
Analysis as a Risk Factor for Death and Itu Admission. Nat Commun
(2020) 11(1):6317. doi: 10.1038/s41467-020-19741-6

Klein SL, Flanagan KL. Sex Differences in Immune Responses. Nat Rev
Immunol (2016) 16(10):626-38. doi: 10.1038/nri.2016.90

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

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

Copyright © 2022 Bigdelou, Sepand, Najafikhoshnoo, Negrete, Sharaf, Ho, Sullivan,
Chauhan, Etter, Shekarian, Liang, Hutter, Esfandiarpour and Zanganeh. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

May 2022 | Volume 13 | Article 890517


https://doi.org/10.1001/jamaoncol.2020.2367
https://doi.org/10.1038/s41569-020-0413-9
https://doi.org/10.1515/cclm-2020-0198
https://doi.org/10.1515/cclm-2020-0198
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1038/s41598-017-09536-z
https://doi.org/10.1042/CS20200480
https://doi.org/10.1093/cvr/cvaa078
https://doi.org/10.1038/s41598-021-85848-5
https://doi.org/10.1016/j.yjmcc.2020.06.002
https://doi.org/10.1016/j.yjmcc.2020.06.002
https://doi.org/10.1161/HYPERTENSIONAHA.113.01410
https://doi.org/10.1161/HYPERTENSIONAHA.113.01410
https://doi.org/10.1038/s41587-020-00796-1
https://doi.org/10.1016/j.jhep.2014.08.010
https://doi.org/10.1111/j.1365-2249.2011.04335.x
https://doi.org/10.1016/j.jaut.2016.05.013
https://doi.org/10.17235/reed.2020.7627/2020
https://doi.org/10.17235/reed.2020.7627/2020
https://doi.org/10.1016/j.jceh.2020.12.006
https://doi.org/10.1097/BOR.0000000000000776
https://doi.org/10.1016/j.jinf.2020.12.025
https://doi.org/10.3389/fneur.2020.566680
https://doi.org/10.1038/s41380-020-00965-3
https://doi.org/10.1111/acel.13230
https://doi.org/10.1186/s13643-021-01636-2
https://doi.org/10.1186/s13643-021-01636-2
https://doi.org/10.1371/journal.ppat.1009420
https://doi.org/10.3389/fphys.2020.571416
https://doi.org/10.1136/archdischild-2020-320338
https://doi.org/10.1513/AnnalsATS.201602-095AW
https://doi.org/10.1513/AnnalsATS.201602-095AW
https://doi.org/10.1097/AOG.0000000000004275
https://doi.org/10.1097/AOG.0000000000004275
https://doi.org/10.1186/s13293-020-00325-4
https://doi.org/10.1038/s41577-020-0348-8
https://doi.org/10.1007/s11904-018-0383-2
https://doi.org/10.3389/fphys.2021.627260
https://doi.org/10.1126/science.abe7199
https://doi.org/10.1038/s41467-020-19741-6
https://doi.org/10.1038/nri.2016.90
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	COVID-19 and Preexisting Comorbidities: Risks, Synergies, and Clinical Outcomes
	1 Introduction
	2 COVID-19 and the Most Common Comorbidities
	2.1 Diabetes Mellitus
	2.1.1 COVID-19 and Glucose Metabolism
	2.1.2 Inflammation and Insulin Resistance
	2.1.3 Immunomodulation
	2.1.4 Renin–Angiotensin–Aldosterone System

	2.2 Obesity
	2.3 What Causes the Obese Person to Become so Susceptible?
	2.4 Alcohol
	2.5 Cancer
	2.6 Cardiovascular Disease and Hypertention
	2.7 Other Pre-Existing Diseases

	3 Other Factors
	3.1 Age
	3.2 Sex

	4 Summary and Perspectives
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


