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Abstract

Overweight and obesity are major risk factors for diabetes, cardiovascular disease, and lung disease. These diseases are the
most commonly reported health conditions that predispose individuals with SARS-CoV-2 infection to require
hospitalization including intensive care unit admissions. The innate immune response is the host’s first line of defense
against a human coronavirus infection. However, most coronaviruses are armed with one strategy or another to overcome
host antiviral defense, and the pathogenicity of the virus is related to its capacity to suppress host immunity. The
multifaceted nature of obesity including its effects on immunity can fundamentally alter the pathogenesis of acute
respiratory distress syndrome and pneumonia, which are the major causes of death due to SARS-CoV-2 infection. Elevated
circulating leptin concentrations are a hallmark of obesity, which is associated with a leptin-resistant state. Leptin is
secreted by adipocytes in proportion to body fat and regulates appetite and metabolism through signaling in the
hypothalamus. However, leptin also signals through the Jak/STAT and Akt pathways, among others, to modulate T cell
number and function. Thus, leptin connects metabolism with the immune response. Therefore, it seems appropriate that its
dysregulation would have serious consequences during an infection. We propose that leptin may be the link between
obesity and its high prevalence as a comorbidity of the SARS-CoV-2 infection. In this article, we present a synthesis of the
mechanisms underpinning susceptibility to respiratory viral infections and the contribution of the immunomodulatory
effects of obesity to the outcome.

Introduction

Worldwide obesity has tripled in <50 years. In 2016, more
than 1.9 billion adults were overweight or obese [1]. Obe-
sity reduces lifespan by 9-13 years, and in the United States
(US) alone, more than 300,000 deaths annually are linked to
obesity [2-5]. Excess body weight increases the risk of
cardiovascular disease, type 2 diabetes, hypertension, dys-
lipidemia, obstructive sleep apnea, and some cancers [2—4].
Innovative medicine and public health measures reduced
mortality from the pandemics of infection and increased
lifespan, setting the stage for gradual displacement by epi-
demics of obesity and chronic disease [6, 7]. While this is
true for the most part, it lulled us into a false sense of
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security that infectious diseases are no longer the threat to
life. The 60.8 million cases and 12,469 deaths from the
2009 influenza (HIN1) pdm0Q9 virus in the US alone [8],
notwithstanding, our preparedness for a novel infectious
disease outbreak was clearly abysmal.

SARS-CoV-2 is a novel coronavirus (CoV) that origi-
nated in China toward the end of 2019. The virus has
wreaked havoc worldwide, especially in the US and Europe.
Reports from China and Italy show that advancing age and
the presence of one or more underlying health conditions
are risk factors for increased severity of the disease [9]. In
the US, the most commonly reported health conditions that
predisposed infected individuals to require hospitalization
including intensive care unit admissions were diabetes,
chronic lung disease, and cardiovascular disease [9].
However, 89% of US adults who have diabetes are also
overweight or have obesity [10]. The prevalence of cardi-
ovascular disease in the US is 56.9%. Overweight and
obesity that account for 69% of the US population are major
risk factors for cardiovascular disease [11]. Chronic lung
disease affects 9.1% of the US population, and obesity is a
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risk factor for the development of a number of respiratory
diseases including pneumonia and acute respiratory distress
syndrome (ARDS) [12].

Following the HIN1 pandemic in 2009, obesity was
recognized for the first time as an independent risk factor for
increased disease severity and death due to influenza
[13, 14]. In California, 51% of the 534 cases of HINI1 in
adults included individuals with obesity, and 61% of the
mortality occurred in these individuals [15]. In an analysis
of 5700 patients from among the confirmed SARS-CoV-2
cases admitted to hospitals belonging to Northwell Health
(the largest academic health system in New York), between
March 1, 2020 and April 4, 2020, hypertension (56.6%),
obesity (41.7%), and diabetes (33.8%) were the most
common comorbidities [16].

Obesity appears to predispose patients with SARS-CoV-
2 infection to increased severity of the disease [17]. At a
single center in France, 47.6% of patients admitted to the
intensive care unit (ICU) had a body mass index (BMI) >
30kg/m?> and 28.2% had a BMI>35kg/m” [18]. Reports
from ICUs in two hospitals in Vitoria (Spain) identified
obesity as the most common comorbidity, accounting for
48% of the admissions due to SARS-CoV-2 [19]. In
patients with SARS-CoV-2 admitted to the ICU of six
University hospitals in New York, there was a significant
inverse relationship between BMI and age. Advancing age
increases the risk for severe illness from SARS-CoV-2-, but
in younger patients, those with severe forms of the infection
were more likely to have obesity [20].

The multifaceted nature of obesity including its effects
on immunity can fundamentally alter the pathogenesis of
ARDS and pneumonia, which are the major causes of death
due to SARS-CoV-2 infection [21]. The inevitable question
that arises is: How do the metabolic alterations of obesity
affect the immune response to SARS-CoV-2? In this article,
we present a synthesis of the mechanisms underpinning
susceptibility to respiratory viral infections and the con-
tribution of the immunomodulatory effects of obesity to the
outcome.

Detection of coronavirus by host

In humans, angiotensin-converting enzyme 2 (ACE2) is the
receptor for SARS-CoV-2. The viral spike protein (S) binds
to the receptor prior to activation and initial entry into pri-
mary target cells. The type II membrane serine protease
(TMPRSS2) is the main host protease that mediates viral
entry and activation [22]. Evolving literature suggests that
in SARS-CoV-2, there are other proteases that could med-
iate activation of the S protein [23, 24]. The innate immune
response is the host’s first line of defense against a human
CoV infection. Foreign patterns of invading microbes that

are distinct from the host are detected by pattern recognition
receptors such as Toll-like receptors and retinoic acid-
inducible gene 1-like receptors. These pathogen-associated
molecular patterns (PAMP) are usually biomolecules
derived from the surface of the microbe or generated during
its life cycle [25]. Upon recognition by PAMPs, inflam-
matory cytokines and antiviral interferons (IFNs) are pro-
duced. The three distinct types of IFNs include: type I IFNs
(IFN-a and IFN-), type I IFNs (IFN-y), and type III IFNs
(IFN-A) [26]. Mounting evidence suggests that each type of
IFN system has a functionally non-redundant role in the
host defense or immunopathology [27-29].

The IFN-mediated signaling and transcriptional activa-
tion of cellular gene expression occurs when IFNs bind to
their cell surface receptors thus activating the Jak-STAT
pathway proteins. Upon stimulation, the signal transducer
and activator of transcription (STAT) family of proteins,
which are latent cytoplasmic transcription factors, are tyr-
osine phosphorylated by the Janus family of tyrosine
kinase (Jak) enzymes to precipitate gene transcription [30].
The STAT-1 transcription factor was found to have a
particularly important role in mediating the IFN-dependent
biological responses including induction of the antiviral
effects in the SARS-CoV pathogenesis [25]. Evidence from
the activity of viral proteins encoded by CoV 229E sug-
gested that type 1 interferon is a key component of the host
antiviral defense [31]. However, gene enrichment analyses
of differentially expressed transcripts from cell culture
studies of SARS-CoV-2 infection conducted in human
airway epithelial cells illustrate a diminished IFN-I and
IFN-III expression and signaling biology. These results
were corroborated in an in vivo longitudinal study in ferrets
infected with SARS-CoV-2, and post mortem lung samples
as well as serum from SARS-CoV-2 positive patients.
Nevertheless, SARS-CoV-2 infection elicits a transcrip-
tional response characterized by a unique gene signature
enriched for cell death and leukocyte activation. Thus, the
reduced IFN-1 and IFN-III response to SARS-CoV-2 not-
withstanding, there is a robust chemotactic and inflamma-
tory response [32].

Evasion of host antiviral response by CoVs

By impairing the activity of the Jak-STAT signaling
pathway, CoVs can antagonize the IFN-mediated antiviral
response. Among the multiple pathways that appear to be
involved, mimicry is common, whereby viruses encode
products that mimic cellular components of the IFN signal
transduction pathway. These countermeasures to suppress
host interferon production impair the development of an
antiviral state [30]. In addition, CoVs can suppress or
induce cell death and cytopathy. Viral gene products that
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function as suppressors of apoptosis extend the time fol-
lowing infection to produce new virions. Those that
function as inducers facilitate the release and dissemina-
tion of progeny virions from the infected host [30].

Pyroptosis is a form of cell death mediated by CoVs that
results from an exuberant proinflammatory cytokine release
[31]. Mortality in patients with SARS-CoV is associated
with high levels of proinflammatory cytokines in the lower
respiratory tract [33]. The NACHT, LRR, and PYD
domains-containing protein 3 (NLRP3) inflammasome is
an oligomeric complex that is a critical component of the
host antiviral response. This complex promotes interleukin
1p (IL-1pB), secretion and induces pyroptosis. PAMPS
generated during viral replication trigger the NLRP3
inflammasome-dependent antiviral immune response that
targets viral replication. Aberrant NLRP3 inflammasome
activation or chronic inflammation can lead to severe
pathological injury. Viruses have evolved elaborate stra-
tegies to either evade NLRP3 activation, which would
facilitate viral replication, or promote its activation to
initiate a highly pathological inflammatory response.
Although most CoVs are armed with one strategy or
another to thwart host antiviral defense, the pathogenicity
of the virus is related to its capacity to suppress host
immunity [31]. In addition to pathogen prevalence and
virulence, host factors are the critical elements affecting the
outcome of pulmonary viral infections [34].

Growing evidence suggests that CoVs have evolved to
leverage features of the human IFN pathway to promote
their pathogenesis [35-37]. Analyses of single-cell RNA
sequencing data sets of tissues that would potentially harbor
SARS-CoV-2, show that in human airway epithelial cells,
IFN-I, and to some extent IFN II, upregulate ACE2
expression [38]. Angiotensin-converting enzyme (ACE), a
key component of the renin—angiotensin system, cleaves
angiotensin [ to generate angiotensin II, whereas ACE2
inactivates angiotensin II and is a negative regulator of the
system. The actions of angiotensin II drive acute lung injury
through various mechanisms, including increased vascular
permeability [39]. In an influenza infection, angiotensin II
levels in humans and mice rise and ACE2 provides pro-
tection to tissues by reducing the amounts of angiotensin II
[40]. Binding of SARS-CoV-S to mouse ACE2 in vivo
reduced ACE2 expression leading to acute acid-aspiration-
induced lung failure [41]. Therefore, ACE2 is critical for
early tissue tolerance responses to respiratory infection [38].
When low levels of IFN-I are produced in response to
SARS-CoV-2 infection, the protective effect of ACE2 is
diminished. The net effect of diminished IFN-I expression
may be protective or detrimental depending upon the stage
of the infection, viral clade, cell subsets affected, and other
factors such as age, gender, and comorbidities to name a
few [38, 42-44].
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Leptin and immune cell function

Leptin is an important mediator of pulmonary immunity and
chronically elevated circulating leptin concentrations impair
host pulmonary defenses [34, 45]. Leptin is produced by
adipocytes and regulates satiety by binding to receptors in
the hypothalamus. Leptin is also secreted by bronchial
epithelial cells, type II pneumocytes, and lung macrophages
[46]. Through receptors on leukocytes, leptin signals
through many pathways including the Jak/STAT pathway to
mediate immune cell number and function [47-50]. During
an infection, T-cell activation is accompanied by high
energy requirements to support biosynthesis of intracellular
components [47]. Leptin is released by adipocytes in pro-
portion to fat mass and is especially important for activated
T-cells to upregulate glucose metabolism to meet the
demands of the cell [51]. While early studies show that
starvation and leptin deficiency are associated with
decreased immune reactivity [52-54], hyperleptinemia has
also been shown to have detrimental effects on the immune
response [55, 56]. These studies clearly demonstrate that
leptin is a key link connecting nutritional status and immune
responses.

Individuals with leptin deficiency have reduced T-cell
numbers, decreased CD4 + helper T-cells (Th, contributor
to cellular, humoral, and mucosal immunity), increased
proliferation of regulatory T-cells (Treg, suppressor of
effector T-cells activation and excessive inflammatory
responses) and aberrant cytokine production [47-50]. In
starvation, falling leptin levels act as a peripheral signal for
conservation of energy as reserves start to deplete. Energy
for vital functions such as central nervous system meta-
bolism take precedence and systems that are not of
immediate necessity such as reproduction or a finely tuned
cognate immune response are inhibited. An adaptive
neuroendocrine response featuring activation of the
hypothalamic—pituitary—adrenal axis and suppression of
the thyroid and gonadal axes accompanies the nutritional
deprivation of starvation [52, 57]. Leptin blunts these
adaptive changes [58]. Furthermore, leptin biases the
induction of Th cells toward the Th1 subset, which has a
more proinflammatory response than the Th2 subset that
has predominantly regulatory functions [52].

The interactions between the immune system and inte-
grative neuroendocrine mechanisms affect host home-
ostasis. The metabolic derangements that occur when the
immune system is activated during inflammatory and
infective processes are well recognized [57]. Leptin reg-
ulates neuroendocrine and immune function, but this reg-
ulation occurs below a critical threshold leptin level
reminiscent of chronic nutrient deprivation [53]. Thus, a
severe energy deficit and leptin deficiency increase sus-
ceptibility to infectious diseases. The immune system can
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withstand acute starvation whereas chronic starvation alters
the immune response and renders humans and mice sus-
ceptible to infections [59].

Leptin has also been shown to inhibit the apoptosis of
cells of the immune system, and deficits in circulating leptin
levels contribute to the defective immune response, in
energy and nutrient deficiencies. Leptin administration
inhibits baseline thymic apoptosis in young rats by 15-30%,
acting through the insulin receptor substrate-1 (IRS-1) and
AKT signaling pathways. Interestingly, the maturation
process of young rats is accompanied by reduction in leptin
receptor expression [54].

Leptin has an important role in the metabolic regulation
of Treg cells. These cells produce high amounts of both
leptin and its receptor (LepR), which are the stimulus for an
autocrine inhibitory loop that constrains the proliferation of
Treg cells. Therefore high leptin levels can promote
hyporesponsiveness of Treg cells [60]. Similarly, leptin
produced by Treg cells contributes to activation of the
mammalian target of rapamycin (mTOR)-pathway in Treg
cells. Overexpression of the leptin-mTOR pathway in
freshly isolated human Treg cells leads to hyporespon-
siveness and constrained proliferation [61]. As the activa-
tion of mTOR supports T-cell growth and function, the
negative regulation seems counterintuitive. Therefore, there
must be a dose and timing by which the intracellular
metabolic state controls Treg cell responsiveness through
the leptin-mTOR axis [61].

The relevance of the appropriate dose of leptin is also
manifested in the regulation of suppressor of cytokine sig-
naling 3 (SOCS3). The expression of SOCS3 that is a key
negative regulator of cytokine signaling is induced by leptin
signaling through the Jak/STAT pathway [62]. In human
Treg cells, SOCS3 was found to be highly expressed in
basal conditions, and acute stimulation promoted its
increase consistent with the hyporesponsive state of the
Treg cells. Leptin neutralization rescued Treg cells from
their hyporesponsiveness [60]. Thus, high circulating leptin
would likely have a detrimental effect on intracellular sig-
naling and the response to an infection.

In a mouse model of diet-induced obesity, hyperlepti-
nemia was associated with increased mortality, viral
spread, and lung levels of proinflammatory cytokines
including interleukin 6 (IL-6) and IL-1p, following infec-
tion with influenza (HIN1) pdm09 virus. Administration
of anti-leptin antibody led to a decrease in the proin-
flammatory response and improved lung pathology and
survival rate [55]. In individuals with obesity, SOCS3
basal mRNA expression in peripheral blood mononuclear
cells increases in response to Toll-like-receptor ligand
stimulation and is associated with a diminished IFN-I
response compared with individuals without obesity [56].
Excess leptin secretion from adipocytes could have

paracrine effects on T-cells and promote the development
of systemic inflammation [47].

Obesity arises from a chronic energy imbalance and one
of its characteristic features is a state of leptin resistance
marked by persistent hyperleptinemia. The effects of leptin
on metabolic complications in obesity are numerous [63—
67]. Similarly, elevated leptin levels are present in diabetes
[68, 69]. In patients with diabetes and ARDS, elevated
leptin levels in bronchoalveolar fluid are associated with
increased mortality [70].

Insulin receptor signaling

Upon activation T-cells use glycolysis in the presence of
oxygen over more energy-efficient oxidative phosphoryla-
tion to produce the biosynthetic precursors required for
rapid cell growth and proliferation. Activation of the
phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR signaling
pathway drives glucose metabolism and aerobic glycolysis.
If glucose metabolism is insufficient, T-cells take on a state
of hyporesponsiveness, which is known as anergy, or a state
of non-responsivenes, which is termed exhaustion [47].
Although activation of the PI3K/Akt/mTOR pathway in T-
cells primarily occurs through triggering of the T-cell
receptor and CD28 co-stimulation [71], the insulin receptor
has also been shown to have a role. Signaling downstream
of the insulin receptor including the PI3K/Akt/mTOR sig-
naling pathway is reduced in CD4% T-cells from insulin
receptor knockdown transgenic rats [72]. Type 2 diabetes
and prediabetes are insulin resistant conditions that com-
monly co-exist with obesity [10]. In these subjects, impaired
insulin receptor signaling may contribute to insufficient
energy supply for effector T-cells to mount an effective
response to infection.

Adipose tissue inflammation

Adipose tissue inflammation is a hallmark of obesity and a
critical event leading to the development of metabolic
syndrome, diabetes, and atherosclerotic cardiovascular dis-
ease [73]. The adaptive immune system has a key role in the
initiation and maintenance of adipose tissue inflammation.
Macrophage accumulation in adipose tissue provides a
mechanism for adipocyte production of the proin-
flammatory cytokines thought to be related to many of the
metabolic consequences of obesity [74]. However, CD8™ T-
cell infiltration precedes macrophage accumulation and is
essential for macrophage differentiation, activation, and
migration. Adipose tissue contains the necessary stimuli for
activating CD8" T-cells to produce a local inflammatory
cascade, without the need for a systemic increase in T-cells.

SPRINGER NATURE
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Fig. 1 Schematic summary of the immune system activation and
response to a viral infection. Virion particles are illustrated by open
pentagons. The three distinct types of IFNs include: type I IFNs (IFN-
o and IFN-p), type I IFNs (IFN-y), and type III IFNs (IFN-A), All IFN
types bind to distinct receptors but activate similar signaling pathways
and transcriptional responses. The type I, type II, and type III IFN
receptors are  heterodimers composed of IFNARI and
IFNAR2 subunits, IFNGR1 and IFNGR2 subunits, and IFNLR1 and
IL10R} subunits, respectively. Viral-encoded products antagonize the

Reduced numbers of CD4% T-cells, which balance the
immune response, and Treg cells known to have mitigating
effects on the adaptive immune responses, can compound
adipose tissue inflammatory processes in the development
of obesity [75].

In humans with obesity, adipose tissue depots contain
~40% macrophages, which are important in immune func-
tion [74]. They are primary mediators of the innate immune
response and have an important role in the adaptive immune
response. Therefore, one might expect that individuals with
obesity would have increased mortality when afflicted with
ARDS, which is at least in part driven by a proinflammatory
cytokine milieu. Reports that obesity is not associated with
mortality in mechanically ventilated patients with acute
lung injury, have given rise to the obesity paradox in ARDS
[76, 77].

Obesity and mortality in SARS-CoV-2

The high mortality among patients with obesity who
manifest SARS-CoV-2 has prompted the notion that
SARS-CoV-2 has disproved the obesity paradox in ARDS
[78]. However, based on evidence from patients with
obesity and pneumonia, and rodent models of hyperlepti-
nemia with and without obesity, high baseline levels of
leptin drive immune defects. Impairments in neutrophil
response, and an insufficient antiviral response predispose
to increased susceptibility to, and severity of, respiratory
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IFN-signaling pathways and the biochemical activity of IFN-induced
cellular proteins to thwart host antiviral defense. In activated lym-
phocytes, lipid oxidation is downregulated and glycolysis increases in
the presence of oxygen, together with glutamine oxidation in order to
produce the biosynthetic precursors required for rapid cell growth and
proliferation. Leptin signals via the Jak/STAT and Akt pathways
among others to mediate immune cell number and function. Leptin
dysregulation in obesity has detrimental effects during an infection.
LepR: leptin receptor.

infections [34, 45]. In non-obese patients with diabetes and
ARDS, elevated leptin levels and diminished leptin
receptor signaling were associated with poor clinical out-
comes [70]. Elevated circulating plasma leptin levels in
obesity are associated with reductions in levels of key
biomarkers of inflammation and an attenuated inflamma-
tory response in ARDS and pneumonia, which exacerbates
the outcomes of pulmonary infections [34]. During an
infection, T-cell activation is accompanied by high energy
requirements to support biosynthesis of intracellular com-
ponents [47]. From an evolutionary perspective, down-
regulation of nonessential and energy-consuming pathways
such as immune cell activation is pragmatic [47]. As leptin
is a link between metabolism and the immune response, it
seems appropriate that its dysregulation would have serious
consequences during an infection.

In SARS-CoV-2 infections, lymphopenia appears to be a
consistent finding, and occurs in approximately 80% of
patients. Patients who have succumbed to the infection
exhibit a marked decline in the levels of circulating CD4"
and CD8" T lymphocytes, and in lung tissue mononuclear
cells such as macrophages predominate [79-81]. Lympho-
penia and the predominance of innate immune macrophages
are also a feature of the SARS-CoV infection, and this
maybe a strategy adopted by the CoV to suppress host
antiviral response [82]. Immune insufficiency or misdirec-
tion may increase viral replication or render its clearance
ineffective, which can cause tissue damage, stimulation of
further macrophage activation, and an uncontrolled loop of
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self-amplification. The resulting cytokine-storm syndrome
can precipitate multi-organ failure [83]. By altering the
metabolic environment, obesity and its attendant conditions
of hyperleptinemia and insulin resistance disrupt T-cell
function resulting in a suppressed T-cell response to
infection [34, 84]. A schematic summary of the immune
system activation and response to a viral infection is pre-
sented in Fig. 1.

Another feature of ARDS associated with SARS-CoV-2
is that it presents in an atypical form of preserved lung
mechanics and severe hypoxemia [85]. In patients with
obesity, the accumulation of fat in the mediastinum and in
the abdominal and thoracic cavities decreases functional
residual capacity by altering the mechanical properties of
the chest wall. The diaphragm is elevated and its downward
pressure is limited, which causes pleural pressure to
increase [21]. In supine patients with abdominal obesity,
diaphragmatic excursion decreases making ventilation dif-
ficult [86]. Prone positioning is recommended to improve
oxygenation in patients with refractory hypoxemia due to
SARS-CoV-2 ARDS [87], but the physical challenges and
risks involved may be exacerbated in obesity.

Conclusions

The interplay between SARS-CoV-2 and host antiviral
defense determines the course and pathogenesis of the viral
infection. Obesity and elevated circulating leptin predispose
patients to morbidity and mortality from the SARS-CoV-2
infection through a compromised immune response. This
diminished immune response that fails to contain viral
replication coupled with high levels of chemokines may
explain why SARS-CoV-2 has taken its toll on individuals
with obesity. Furthermore, obesity renders mechanical
ventilation difficult and the mechanical effects of lung
compression in obesity contribute to the respiratory symp-
toms [88].

Host antiviral response lies at the crux of the control of
SARS-CoV-2 infection at both the cellular and organismal
level. A weakened immune response can spark a series of
events culminating in immunopathogenesis and a heightened
cytokine release that can prove fatal. The high mortality rates
from SARS-CoV-2 infection in individuals with obesity
suggests that the metabolic consequences of obesity com-
promise host antiviral defenses. Elevated circulating leptin is
a common feature of obesity and the mediating factor linking
metabolism to immunity. Therefore, the role of leptin in the
pathogenesis of SARS-CoV-2 bears investigation along with
the innate immunomodulatory effects of viral proteins
encoded by SARS-CoV-2 in patients with obesity.

The high pathogenicity of the virus in obesity could be the
outcome of unique virus countermeasures to suppress host

interferon production that interact with the metabolic milieu
of obesity. Whether a small molecule NLRP3 inhibitor could
constitute an approach to treat SARS-CoV-2 particularly in
the state of chronic inflammation as exists in obesity warrants
further investigation. How the proinflammatory state of adi-
pose tissue in obesity might contribute to a low grade pro-
tracted activation of T-cells and their premature senescence
marked by anergy and exhaustion also bears investigation.
Importantly, in the development of vaccines, the immuno-
compromised state predicated by obesity may need to be
considered in much the same way as advancing age.
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