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- What is already known about this subject?

e Obesity is a risk factor for severe COVID-19 disease

- What does your study add?

e We providerarbroad overview of the potential mechanisms by which pulmonary physiology,
metabolic dysfunction, adipose tissue biology, and inflammatory pathways may modify COVID-

19 outcomes in people with obesity.

How might your results change the direction of research or the focus of clinical practice?

e Our review highlight gaps in clinical and research knowledge that need to be addressed to

improve prevention and treatment of COVID-19 for people with obesity

Abstract

Increased morbidity and mortality from SARS-CoV-2 coronavirus disease (COVID-19) in people with
obesity has illuminated the intersection of obesity with impaired responses to infections. While data is
being rapidly generated on mechanisms by which COVID-19 impacts health, there is a critical need to
better understand the pulmonary, vascular, metabolic, and immunologic aspects that drive the increased
risk for complications from COVID-19 in people with obesity. In this review, we provide a broad
overview of the intersection between COVID-19 and physiology of obesity to highlight potential
mechanismsiby which COVID-19 disease severity is increased by obesity, and to identify areas for future

investigationstowards developing tailored therapy for people with obesity who develop COVID-19.

Introduction

SARS-CoV-2 is the third highly pathogenic coronavirus to emerge in the past two decades,
preceded by MERS-CoV in 2012 and SARS-CoV-1 in 2002. Age, obesity, and type 2 diabetes (DM) are
established risks factors for Coronavirus disease (COVID-19) severity (1). Obesity has been identified as

an independent risk factor for severe disease, admission, need for invasive mechanical ventilation, and
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mortality from COVID-19 in cohorts from China, US, and Europe with an adjusted hazard ratio of 1.92
for COVID-19 related death if BMI > 40 kg/m (2, 3). DM is closely linked to obesity, and at least two
large retrospective studies identify DM as an independent risk factor for increased mortality with COVID-
19 (3, 4). Dissecting the mechanisms by which obesity and DM independently contribute to COVID-19
disease risk is fraught with methodologic challenges (5), and these physiologic modifiers likely
participate in complex interactions to potentiate disease.

Interestingly, obesity may be a protective factor for non-COVID-19 associated acute lung injury
(ALI) and acute respiratory distress syndrome (ARDS) (6). Meta-analyses suggest that while people with
obesity have an increased risk for progressing to ALI/ARDS compared to people without obesity, people
with obesity'also have a reduced risk for mortality from ALI/ARDS. Significant debate persists regarding
potential confounders and mechanisms behind these associations (7). Furthermore, there is debate
regarding if ARDS associated with COVID-19 is unique and different than non-COVID-19 ARDS (8, 9).
Nonetheless, in light of the current pandemic, the links between obesity and COVID-19 severity beg the
question, if obesity is a protective factor for non-COVID-related lung disease, why is COVID lung
disease different in this respect? In other words, more globally speaking, what are the mechanisms by
which obesity increases risk of COVID-19 disease severity and mortality?

In this review, we will summarize current theories regarding the intersection of COVID-19
disease andsobesity:physiology, with a focus on the pulmonary, metabolic, adipose tissue, and immune
aspects of COVID=19 that may interface with obesity to shift the risk curve for mortality and morbidity
towards moressevere disease. We acknowledge that the rapid accumulation of new information about
COVID-19 may clarify some of these mechanisms and refute others over time. However, we hope to

broaden the framework for the discussion on obesity and COVID-19 and point out new areas for research.

Clinical Courserof COVID-19

Core¢ to understanding why people with obesity are more susceptible to morbidity from SARS-
CoV-2 is identifying the keys steps of disease progression that lead to severe COVID-19 (Reviewed in
(10, 11)). Coronaviruses are lipid membrane-enveloped, positive-sense, single-strand RNA viruses,
named for the crown-like structure of spike proteins surrounding the virion observed under electron
microscopy. In thesearly stages of infection, SARS-CoV-2 binds to nasal and bronchial epithelial cells
where viralreplication is initiated. SARS-CoV-2 binds the angiotensin converting enzyme 2 (ACE2) on
the cell membrane, followed by cleavage of viral capsid spike (S) protein by the host transmembrane
serine protease TMPRSS2, followed in turn by viral fusion and release of the viral nucleocapsid into the
cell cytoplasm. The virus then utilizes host cell machinery to synthesize the viral replication/transcription

complex, which associates with autophagosome-like intracellular double membrane vesicles. This
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complex mediates replication, transcription, and translation of viral genomic RNA into structural and
accessory proteins in the ER, followed by transport to the Golgi apparatus for virion assembly, budding,
and release thru the cell plasma membrane (Figure 1).

Individuals in the early stages of infection (Stage 1) are asymptomatic and may only develop mild
symptoms. Some will progress to more severe disease with symptoms of dyspnea (shortness of breath)
and decreased oxygen saturation typically one week after symptom onset (Stage 2). This phase of illness
is characterized by inflammatory lung infiltrates, pulmonary edema that appears as ground glass opacities
on chest CTfimaging, and signs of impaired gas exchange. Epidemiologically, severe COVID-19 is
defined as dyspnea, tachypnea (respiratory rate >30 breaths per minute), blood oxygen saturation < 93%,
a ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen (Pao2:Fio2) < 300 mm
Hg, and/or infiltrates in more than 50% of the lung field (11). 14% of individuals present with severe
COVID-19 and 5% become critically ill (Stage 3) with organ failure in association with markers of
systemic inflammation (12).

A challenge in the field is to understand where in this disease progression from mild to severe
disease does obesity leave its mark and shift patients towards severe disease (Figure 1). Are the antiviral
responses that prevent progression from Stage 1 to Stage 2 disease impaired in people with obesity? Do
differences in the sensation of dyspnea delay people with obesity from seeking care when in Stage 2? Do
differencessdinstheinflammatory responses to SARS-CoV-2 in critical illness in Stage 3 increase clinical
severity in the cofitext of obesity? And finally, can tailored clinical management for patients with obesity

and severe COVID=19 impact outcomes?

Pulmonary Physioelogy in People with Obesity Relevant to COVID-19

People with obesity have multiple alterations in pulmonary physiology that may contribute to
increased COVID-19 severity. Many individuals present in Stage 2 with profound hypoxemia without
dyspnea, suggesting that COVID-19 may alter neuronal pathways important in the sensation of dyspnea.
People with obesity and diabetes have been shown to have decreased ventilatory responses to hypoxia and
hypercarbia (14), and impaired ventilatory drive is linked to increased susceptibility to severe COVID-19
disease (13). Therefore, with decreased sensation of respiratory difficulty, people with obesity may delay
care or present with more severe disease.

Changes in pulmonary function in people with obesity include decreased functional residual
capacity (FRC), icreased pleural pressure, and reduced lung and chest wall compliance (15). Baseline
mismatch of ventilation and perfusion (V/Q) is observed in individuals with severe obesity (16) and V/Q
mismatch has been shown to be a significant component of the severe hypoxemia seen COVID-19 disease

(17) suggesting another mechanism by which obesity may lead to more severe disease. The clinical
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progression of lung disease in COVID-19 has been described to progress from an “L” phase with low
elastance (high compliance), low V/Q ratio, and low lung weight that progresses to an “H” phase in 20-
30% of patients characterized by high elastance (low compliance), right-to-left shunt (decreased perfusion
of unventilated areas), and high lung weight (18). In many ways, people with obesity are predisposed to
pulmonary mechanics associated with “H” phase characteristics (low compliance, higher V/Q mismatch),
potentially making them more susceptible to progression to more severe disease.

Another potential reason for worse outcomes may be due to lack of evidence-based tailored
approaches to ventilator management of people with obesity once they progress to ARDS. The NIH
NHLBI ARDS Network (ARDSNet) has made a significant impact on ventilator management of patients
with ARDS by standardizing protocols based on large randomized clinical trials (19). Unfortunately,
severe obesity (BMI >35 kg/m?) has been an exclusion criterion for many ARDSNet studies, leading to
significant gaps ift the understanding of how to best manage patients with obesity using evidence-based
approaches. Some)groups have employed specialized ventilator management teams for individuals with
class III obesity and ARDS to titrate care based on more in depth pulmonary measures of compliance and
pleural pressures that has been shown decreased mortality compared to standard ventilator management
(20). As we learn more about respiratory management in COVID-19, there will likely be need to tailor

management tothe unique physiology of people with obesity.

Dysregulated Pulmonary Responses To Infection In Obesity

Whilesthesmechanisms underlying the association between ARDS and obesity are unknown,
multiple studies have identified molecular characteristics of the lungs of individuals with obesity relevant
to COVID-19mlungs from patients who died from COVID-19 ARDS demonstrate pulmonary
thrombosis and vascular angiogenesis that are unique compared to ARDS without COVID-19, suggesting
that pulmonaryssmall vessel disease may be a key contributor to mortality (21). Supporting this, COVID-
19 individuals with elevated D-Dimers, a marker of thrombosis, and poor lung compliance have a higher
mortality rate than those with low D-Dimers and normal lung compliance. This suggests an interaction
between pulmonary physiology and thrombosis that contributes to COVID-19 mortality. (22) The link
between obesity and endothelial dysfunction is well recognized, but gaps exist in our understanding of the
effect of obesity om pulmonary vascular biology.

Riodent models of obesity and diabetes demonstrate that hyperglycemia increases pulmonary
vascular permeability, inflammation, and remodeling that may exacerbate COVID-19 lung inflammation
(23). Mouse models suggests that circulating factors from obese mice and free fatty acids upregulate
endothelial cell adhesion molecules and worsening LPS induced acute lung injury potentially through ER

stress (24). Mouse models of MERS-CoV infection reveal altered kinetics of perivascular inflammation in

This article is protected by copyright. All rights reserved



high fat diet and diabetic mice that ultimately results in a more severe inflammatory response in the lungs
of obese mice (25). Early stages of infection are associated with a decrease in lung monocytes and T cells.
In the later stages of illness, pulmonary inflammation persists longer after infection in diabetic mice
compared to non-diabetic independent of viral load. These findings suggest that obesity blunts early host
inflammatory responses to MERS-CoV infection in the lung, ultimately impairing resolution of
inflammation and thus leading to severe disease.

Interactions between infected pulmonary epithelial cells and inflammatory leukocytes control the
degree and nature of the pulmonary inflammatory response. Single cell RNA sequencing studies
comparing mild and severe disease demonstrate that COVID-19 is associated with induction of ACE2
expression inybronchial epithelial cells that correlates with interferon responses (26). Bioinformatic
evaluation of’chémokine ligand-receptor networks suggested that COVID severity was associated with
increased epithelial-macrophage communication. Obesity is associated with increased ACE2 expression
on bronchial epithelial cells patients with COPD, suggesting that obesity may potentiate SARS-CoV-2

entry and inflammation (27).

Glucose Metabolism and COVID-19
Viral infection has/diverse effects on host cellular metabolism. Decades ago it was observed that
influenzaviruss:infection induces a shift in cellular metabolism towards a glycolytic phenotype (28); more
recent data demofistrate that inhibition of glycolysis reduces influenza virus infection in in vitro cell
culture modelsrandsin human bronchial epithelial cells in vivo and in vitro (29). The effects of viral
infection on glucose metabolism are complex, and include maladaptive responses that enhance viral
replication, along:with adaptive responses that potentiate host immunity. For example, in a murine model
of acute cytomegalovirus (CMV) infection, lean animals maintained glycemic control due to
compensatory‘hyperinsulinemia that directly potentiated CD8" T cell-mediated antiviral immunity. Pre-
diabetic obese animals, in contrast, responded to viral infection with loss of glycemic control,
demonstrating that similar responses in the context of pre-diabetes can tip systemic metabolism towards
frank diabetes with attendant adverse effects (30). Human data support these observations, with acute
viral infection inducing systemic skeletal muscle insulin resistance in healthy humans without resulting in
hyperglycemia (30), while in contrast, persons with obesity and/or diabetes are at risk for loss of glycemic
control and DM complications in response to influenza infection (31).

Poor glycemic control has been identified as a risk factor for mortality with COVID-19 (4).
Obesity and DM may contribute to COVID-19 risk by placing patients at increased risk for loss of
hyperglycemic control and DM complications in response to viral disease. SARS-CoV-2 also appears to

have direct effects on cell metabolism that may enhance infection or promote inflammation. SARS-CoV-
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2 infection of monocytes induces a shift towards a glycolytic cellular metabolic phenotype that promotes
viral replication, enhances inflammatory cytokine release from monocytes, and impairs T-cell function
(32). SARS-CoV-2 therefore appears to have multiple effects on glucose metabolism at both cellular and
systemic levels that act to potentiate disease. Given data implicating dysregulation of glucose metabolism
in COVID-19and increased disease severity in DM patients, tight glucose control has been recommended
for DM patients with COVID-19, although certain hypoglycemic drugs, such as metformin and SGLT2
inhibitors may be contraindicated due to risks of acidosis (33). Nonetheless, metformin has been linked to
reduced mortality in COVID-19 infections in three large observational studies to date (34, 35). Multiple
mechanisms have,been proposed for these effects, including improvement in glucose control and insulin
resistance, activation of AMPK signaling with reduced ROS formation, and anti-inflammatory effects
among others”(36).) PPAR-y agonists (thiazolidinediones, TZDs) have also been suggested as therapy for
COVID, and havé'been shown to reduce mortality in patients with non-COVID viral lung disease (37). In
addition to hypoglycemic effects, TZDs have important anti-inflammatory properties which may reduce

cytokine storm.

Lipid Metabolism.and COVID-19

Numerous studies provide a snapshot of the metabolic effects of COVID-19, and we are struck by the
significant:parallels between the dysregulation of metabolites in COVID-19 and in people with obesity
independent of vital infection. Such overlap suggests that patients with obesity represent a vulnerable
metabolic phenotype with respect to COVID-19 due to specific pre-existing metabolic derangements that
predispose to efficient viral infection and replication and are amplified by SARS-CoV-2 infection.

As such, we positsthat individuals with pre-existing metabolic derangements related to obesity and
diabetes expgrience a further exacerbation of similar derangements induced by COVID-19. The additive
effects of theserinsults make patients with obesity more likely to reach a threshold beyond which severe
disease ensugs. Proteomic and metabolomic analysis of sera from patients with or without COVID-19
demonstrated dysregulation of macrophage signaling, platelet degranulation, and complement system
pathways, along with decreased levels of glycerophospholipids, sphingolipids, and fatty acids, molecules
critical for lipid raft formation required for SARS-CoV-2 cell entry (38). In a separate mass spectrometry
study, the plasmadlipidome of COVID-19 patients, relative to healthy controls, was characterized by
increasedilevels of monosialodihexosyl ganglioside (GM3) and increased GM3-exosomes, levels of
which correlated directly with disease severity and indirectly with CD4" T-cell counts (39). In addition,
reduced levels of acylcarnitines and tricarboxylic acid cycle metabolites, progressive reductions in
circulating polyunsaturated phosphatidylcholines (PUFA-PCs),which correlated with increasing COVID-

19 disease severity, and increased levels of sphingomyelins were noted in severe COVID-19 disease.
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Metabolic Derangements Common to Obesity and COVID-19

While the mechanistic significance of these alterations remains unclear, many serum lipidome and
metabolome changes observed in COVID-19 parallel similar observations in other viral diseases and are
also independently associated with obesity and DM, suggesting potential mechanisms linking obesity to
COVID-19 disease severity. For example, increased GM3-exosome membrane composition is notably
also seen in Ebola virus disease (40), and the observed negative correlation between GM3-exosomes and
CD4* T-celllcounts in COVID-19 suggests that GM3-exosomes may mediate communication between
viral-infected.cells and immune cells with immunosuppressive effects on T-cells. Similarly, the observed
lower serum'levels of acylcarnitines, tricarboxylic acid cycle metabolites, and fatty acids in COVID-19
patients is consistent with decreased entry of fatty acids into mitochondrial B-oxidation pathways and
defects in oxidative cellular energy metabolism, pathways well-documented to be impaired in obesity
independent of COVID-19 (41). The observed decreased levels of PUFA-PCs in COVID-19, which are
associated with HDL synthesis, similarly implicate aberrations in HDL synthesis as a risk factor for
severe COVID-19 disease, a pathway also known to be dysregulated in obesity independent of infection
(42). Furthermoresdecreases in PUFA-PCs are also associated with ARDS mortality independent of
COVID-19 and obesity (43). The dysregulation of sphingolipids and sphingomyelins in SARS-CoV-2
infection arerofinterest, as these lipid moieties, critical to viral entry through lipid rafts, are increased in
plasma lipidomic studies in obesity and DM independent of infection (44). Finally
lysophosphatidyleholines, which play diverse roles in regulating intracellular trafficking in all cells as
well as specific roles in regulating endothelial cell function, inflammation, and cholesterol synthesis (45),
are increased im€OVID-19 sera (39), and these lipid moieties are also dysregulated in sera from patients
with obesity/and DM (46).

ACE2"and TMPRSS?2 proteins localize to cholesterol- and sphingolipid-rich lipid rafts in the cell
plasma membrane, which are required for efficient infection, suggesting targeting these lipid moieties.
Cholesterol-depleting agents such as methyl-B-cyclodextrin reduce infection by type I feline coronavirus,
parainfluenza virus, and SARS-CoV-1 replication in cell culture models (47). Statins have also been
proposed as potential treatment, and while data regarding their use for a wide range of infectious diseases
in heterogeneous.patient populations are mixed, a number of studies suggest efficacy (48, 49). Other
drugs thatregulate cholesterol and fatty acid synthesis and trafficking, including amiodarone, haloperidol,
Orlistat, and Triacsin C, show promise as off-label antiviral agents in in vitro models of coronavirus
infection (50). More targeted therapy may result from ongoing lipidomic and metabolomic studies. For
example, Yan et al. used UPLC-MS lipidomics to demonstrate perturbed levels of glycerophospholipids

and fatty acids including arachidonic acid in an in vitro model of HCoV-229E-infection of Huh-7 and
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VeroE®6 cells, and showed that exogenous supplement of arachidonic acid inhibited viral replication in
this model as well as in a similar model of MERS-CoV infection (51). Along similar lines, the FDA-
approved “sphingomimetic” drug FTY 720 is currently being studied as treatment for COVID-19 in
clinical trials (NCT04280588-Clinical Trials.gov) (52).

Adipose Tissue as a Target For SARS-Cov-2 Infection

Adipose tissue plays a central role in metabolism, immune, and endocrine function, and as such is
a prime candidate for regulating metabolic and inflammatory responses to viral infection. Adiposity,
specifically visceral adiposity which is strongly linked to metabolic disease, has been identified as a risk
factor for COVID-19 disease severity (53), yet underlying mechanisms remain poorly defined. Adipose
tissue may sgrve as\a direct target for SARS-CoV-2 and SARS-CoV-2 RNA can be detected in visceral
(omental) adiposé'tissue of humans with COVID-19 (54), but whether infectious virions are present
remains unknown. Precedent for direct adipotropy of other viral infection exists: HSN1 targets white
adipose tissue and is adipotropic in murine models (55), while CMV, adenovirus, and RSV infect
adipocytes in vitro (56). Influenza A, while predominantly targeting airway epithelial cells, infects
immune and non-immune cells as well, including preadipocytes, in mice (57). Other data demonstrate
infection of non-adipocyte adipose tissue resident cells by multiple viruses, including adipose tissue
macrophages:(ATM) and lymphocytes by influenza, adenovirus, and HIV (56, 58, 59). ACE2 expression
is high in adiposerelative to other tissues (60), adipocyte expression of ACE2 is upregulated in obesity
and DM, andrinereased expression of ACE2 in adipose tissue has been linked to worse clinical outcomes
with COVID-19 (61, 62). In sum, these observations suggest a potential mechanism for SARS-CoV-2
viral adipotrepy=dfadipose tissue is a reservoir for persistent SARS-CoV-2 infections in people with
obesity, antisviral and vaccine approaches to combat disease may have to be titrated based on adiposity.

A heightened state of inflammation is a dominant feature of adipose tissue as adipocytes,
preadipocytes, and adipose tissue leukocytes, most notably ATM, are a source of inflammatory cytokines
in vivo . Other viral infections increase adipose tissue inflammatory cytokine release. Adenovirus-36,
RSV, or CMV infection induces increased adipocyte IL-6 cytokine secretion in vitro (56), which is
further increased in the presence of co-culture with macrophages, suggesting that adipose tissue resident
leukocytes synergize with adipocytes potentiate cytokine expression . Visceral adipose tissue, relative to
subcutanéous adipose tissue, secretes higher levels of inflammatory cytokines independent of obesity,
including TNF-a, IL-6, and IL-1b (63), all cytokines implicated in COVID-19 cytokine storm. These
observations suggest that increased inflammatory cytokine expression from VAT in obesity may

contribute to cytokine storm and increased COVID-19 severity.
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Viral infection may regulate adipocyte browning as well. Influenza A infection of murine 3T3L1
adipocytes induces browning, with upregulation of Ucpl, Pgcla, Fgf21, Apin, and Tmem26 (57). Irisin,
an adipokine that induces browning, reduces adipocyte expression in vitro of a number of genes that are
induced in the lung by COVID infection, including FURIN, ADAM10, TLR3, KDM5B, SIRTI and TRIB3
(64). Interferon (IFN) and interferon-response genes play a critical role in viral defense and are
specifically implicated in host responses to coronaviruses (65), and have been implicated in browning as
well, with some IFN-response genes promoting (Ifi27) (66) while others inhibit (IRF3) (67) adipocyte
browning. The directionality of IFN effects on browning thus depends on the specific mediators involved.
IL-6, a key mediator of COVID-related cytokine storm (68, 69), is increased in serum and adipose tissue
in obesity (70), and also promotes browning in adipocytes (71). Whether adipocyte browning is an
adaptive or maladaptive response to viral-induced inflammation remains unclear, but it is possible that
browning may be‘an adaptive response that potentiates IFN and IL-6-mediated immune responses within
adipose tissue. Alternatively, browning may potentiate excessive cytokine release (e.g. IL-6, secretion of
which from WAT is increased in browning (71), and contribute to disease severity, depending on the
phase of infection. Further research will clarify these issues, but these observations suggest that adipocyte
browning-inflammation crosstalk plays a role in host response to viral infection.

While much attention focuses on canonical white adipose tissue anatomic depots, including
visceral andssubeutaneous sites, ectopic adipocytes, which are present in most tissues and increased in
obesity, may also'be a target for SARS-CoV-2. Epicardial adipose tissue has been suggested as a target
for infectionrand-arcontributor to COVID-associated myocarditis (72), although data directly
demonstrating viral infection of this adipose tissue depot to date is lacking. Excess perinephric adipose
tissue and livemsteatosis are risk factors for disease severity in young COVID-19 patients (73). De-
differentiation of dermal adipocyte-like cells into lipofibroblasts contribute to fibrosis in fibrotic skin
disease, and inwvestigators have suggested that similar de-differentiation of pulmonary adipocyte-like cells
may contribtite to COVID-19 disease severity by promoting pulmonary fibrosis (74). Interestingly, in a
separate study, leptin has been shown to promote fibrosis in a murine model of ARDS (75), suggesting a
role for fibrosis in mediating lung disease in obesity. While direct evidence implicating pulmonary
lipofibroblasts or leptin in COVID-lung disease is so far lacking, ectopic adipocytes are increased in
multiple tissues insobesity, and may contribute to disease severity through multiple mechanisms including
but not limited to fibrosis.

Adipose tissue-based therapy for COVID-19 is an active area of research. Specifically, adipose
tissue stem cells, aka preadipocytes, are a type of mesenchymal stem cell (MSC) with diverse
immunomodulatory, anti-inflammatory, and regenerative properties. MSC therapy for COVID is under

active study. Over 30 clinical trials are currently in progress studying MSC therapy for COVID-19 (76,
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77), of which at least 5 study adipose tissue MSC (NCT04313647, NCT04276987). To date, clinical
efficacy has not been demonstrated, but trials have yet to mature. Any putative therapeutic effects of
adipose tissue MSC may not be adipose tissue-specific, as multiple data suggest that MSC from other
tissues have diverse therapeutic potential. Further research will be necessary to clarify this issue in
COVID-19 disease. Nonetheless, adipose tissue represents a readily available source of expandable MSC

that has potential as a therapeutic tool.

Obesity-Induced Inflammation as a Potentiator of COVID-19 Disease

The biphasic clinical course of severe COVID-19 from initial mild symptoms to progression
toward ARDS suggests dysregulation of the immune response to viral infection. IFN responses are crucial
to antiviral re§ponses and impaired production of type 1 interferons is a feature of severe COVID-19 (78).
Further emphasizing the importance of proper IFN production, patients with severe COVID-19 have been
found to harbor neutralizing auto-antibodies to IFN and to be enriched for loss of function mutations in
genes critical for proper IFN signaling (79, 80). Estimates suggest that innate defects in IFN production
may account for up to 14% of individuals with severe COVID-19. The importance of IFN in COVID-19
intersects with the observations of impaired [FN responses to immunologic stimuli seen in people with
obesity that is beliéved to contribute to inability to mount proper antiviral immunity.(81) Leptin has been
shown to impairlEN responses via SOCS3, suggesting a potential mechanism by which obesity and
dysfunction IFN tesponses are linked (82).

Broadrevidence indicates that severe COVID-19 disease is associated with amplified
inflammatory responses in both innate and adaptive immunity that contributes to disease severity. Single
cell profiling ef-brenchoalveolar lavage fluid (BALF) from patients with COVID-19 indicate an
abundance of monocyte-derived macrophages and neutrophils in severe disease and an association of
clonal CD8" Teeells in BALF with moderate disease (83). In serial analysis of blood samples from a range
of COVID-19 severity, severe COVID-19 was characterized by a disappearance of non-classical
CD14tvCD16Me" monocytes, accumulation of HLA-DRMV classical monocytes, the generation of
immature neutrophils, and the upregulation of calprotectins (S100A8/S100A9) (84). Early COVID-19
disease is associated with exaggerated myeloid activation in the blood identified by an elevated
neutrophil/lymphoeeyte ratio at presentation for those who progress to severe disease with evidence of
emergency.hematopoiesis, elevated number of Ki-67" monocytes (85). Therefore it is clear that severe
COVID-19 is associated with both qualitative and quantitative alterations in peripheral blood monocytes
and neutrophils that may represent exaggerated inflammatory responses and contribute to disease
severity. These observations align with the longstanding association between myeloid cell activation,

myelopoiesis, and obesity and diabetes (86).
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Independent single cell analysis of blood samples also has demonstrated specific derangements in
adaptive immune cells that are associated with COVID-19 disease severity (87). While moderate disease
is associated with a vigorous immune response with expansion of CD4 and CD8 effector T cells, severe
COVID-19 is associated with evidence of exhausted T cell responses, dysregulated interferon signatures,
and evidence of broader T cell expansion. The importance of adequate T cell responses in preventing
severe COVID-19 disease was emphasized in independent studies that evaluated T cells in conjunction
with SARS-CoV-2 neutralizing antibodies in acute and convalescent patients (88). Coordinated CD4*
and CD8" T(cell responses were associated with mild disease, while discoordinated T cell responses and a
loss of naive T cells were observed in the elderly and those with poor COVID outcomes. Peripheral blood
naive T cellsidecrease with age and are believed to be a marker of a reduced capacity of the thymus to
maintain a Tg€ell pool capable of generating robust immunity to infection (89). Importantly obesity has
been associated with a loss of naive T cells in adults and children suggesting that impairment in adaptive
immunity in individuals with obesity may contribute to COVID-19 susceptibility (90).

Adipokines such as leptin and adiponectin have been shown to modulate pulmonary
inflammation. Elevated leptin levels are associated with increased mortality in patients with ARDS (91).
Leptin has also been shown to induce an inflammatory phenotype in murine alveolar macrophages
suggesting that increased leptin in obesity may potentiate pulmonary inflammation in COVID-19 (92).
Adiponectinsinhibits IL-6 expression by murine pulmonary endothelial cells in vitro and reduces lung
inflammation in murine ARDS models in vivo (93). While the potential for adipokines to potentiate
pulmonary inflammation in COVID-19 is attractive, data directly implicating leptin, adiponectin, and
other adipokines in COVID-19 is lacking so far, which may suggest a dominant effect of other unique
features of pulmoenary physiology in people with obesity.

Treatment Considerations for COVID-19 for People with Obesity

One important unanswered question is whether weight loss might attenuate risk of severe
COVID-19 disease. Weight loss has been shown to reduce expression of ACE 2 receptor in SAT (94),
suggesting a mechanism by which weight loss may decrease viral burden in COVID-19 assuming adipose
tissue is a reservoir for viral replication. In contrast, despite weight loss, inflammation persists within
adipose tissue in formerly obese mice and humans (95, 96), a finding which might be expected to
attenuate beneficial effects of weight loss on COVID-19. A single study has examined predictors of
COVID-19.infection and disease severity in a cohort of patients who had undergone bariatric surgery and
found that COVID-19 correlated with persistent DM and greater weight loss after surgery and that ICU
admission correlated with persistent DM after surgery (97). These data suggest that DM remission may be

more important than weight loss per se in modifying COVID-19 severity.

This article is protected by copyright. All rights reserved



In terms of existing treatment options for COVD-19, currently dexamethasone treatment has been
the most consistently supported to reduce mortality (98) and is broadly used as an anti-inflammatory
approach. The effect of dexamethasone on attenuating IL-6 production from monocytes is impaired in
people with obesity, suggesting that this strategy may have to be modified based on BMI (99).

The pursuit of a vaccine as a public health measure is crucial in prevention of SARS-CoV-2
infection and spread. Since the preparation of this review, several vaccines have shown high efficacy in
prevention of COVID-19 disease and applications for FDA emergency use authorization are pending.
Distribution/of vaccines may start as early as late 2020. However a reduction in response to vaccination to
other viral illnesses such as influenza is well documented in people with obesity due to impairments in T
cell memoryxesponses (100). Impaired T cell immunity is related to abnormal T cell metabolism and
generation of‘an‘exhausted/senescent T cell phenotype in people with obesity and diabetes similar to other
states of chronic immune activation (101). The decrease in naive T cells for people with obesity, which is
linked to poor vacgine responses, suggests that the wide range of SARS-CoV-2 vaccine strategies under
investigation may be less robust in people with obesity and that vaccine regimens may have to be

modified based on BMI.

Future Directions'and Opportunities

The:constantly shifting impact of SARS-CoV-2 on the health of individuals, communities, and
society cannot be-overstated. Unfortunately, social distancing and increased time at home needed to
address the'publicshealth threat of SARS-CoV-2 may only worsen the prevalence of obesity, as 22%
survey respondents report weight gain and increased eating (103). Therefore, we may note an increase in
the prevaleneerof people with obesity as a risk group for severe COVID-19. In addition, we are just
beginning tofmnderstand the long-term implications of COVID-19 on health and how mild, moderate, and
severe COVID=19 may impact people with obesity. Therefore, the need to improve COVID-19 outcomes
in people with obesity spans prevention, early symptom management, and acute intensive care settings
and provides opportunities for research at many stages that the obesity research community is uniquely

positioned to address.

This article is protected by copyright. All rights reserved



FIGURE LEGENDS

Figure 1. Clinical Progression of COVID-19. SARS-CoV-2 infection progresses through stages
starting withsinitial.asymptomatic or mild symptoms associated with active viral replication (Stage 1).
Some individuals,progress to Stage 2 with increased pulmonary involvement with symptoms of dyspnea
and hypoxemia and opacities observed with chest imaging that often has to be managed with
hospitalization=Assubset of individuals in Stage 2 progress to more severe disease (Stage 3) associated
with respiratory.failure, elevated markers of systemic inflammation, and multisystem organ failure.
Relative to normal weight individuals (black line), people with obesity (red line) have a higher risk of
progressing to Stage 2 and 3 and have more severe disease at each stage. Abbreviations: ARDS — Acute

Respiratory Distress Syndrome.

Figure 2. Obesity-associated alterations in physiology and immunity that amplify responses to
SARS-CoV-2:=0besity has broad effects on pulmonary physiology, adipose tissue biology, metabolism,
and immune:System function. COVID-19 exploits these impairments in normal homeostasis leading to
more severe/disease and/or requiring different clinical management approaches (e.g. ventilator
management)‘compared to people without obesity. Abbreviations: V/Q — Lung Ventilation/Perfusion;

FRC — Funetion Residual Capacity; IFN — Interferon; FA — Fatty acid; EC — Endothelial Cells.
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