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Post-COVID-19 condition is recognized as a multifactorial disorder, with

persistent presence of viral antigens, discordant immunity, delayed viral

clearance, and chronic inflammation. Obesity has emerged as an independent

risk factor for both SARS-CoV-2 infection and its subsequent sequelae. In this

study, we aimed to predict the molecular mechanisms linking obesity and post-

COVID-19 distress. Viral antigen-exposed adipose tissues display remarkable

levels of viral receptors, facilitating viral entry, deposition, and chronic release of

inflammatory mediators and cells in patients. Subsequently, obesity-associated

inflammatory insults are predicted to disturb cellular and humoral immunity by

triggering abnormal cell differentiation and lymphocyte exhaustion. In particular,

the decline in SARS-CoV-2 antibody titers and T-cell exhaustion due to chronic

inflammation may account for delayed virus clearance and persistent activation

of inflammatory responses. Taken together, obesity-associated defective

immunity is a critical control point of intervention against post-COVID-19

progression, particularly in subjects with chronic metabolic distress.
KEYWORDS

COVID-19, SARS-CoV-2, long COVID, post COVID-19 condition, obesity, immunity,
ACE2, adipose tissue
1 Introduction: obesity and SARS-CoV-2 infection

Established risk factors for SARS-CoV-2 infection include advanced age, diabetes, and

metabolic syndrome (1). Obesity has been associated with an increased risk of SARS-CoV-2

infection, as well as an increased likelihood of needing intensive care and invasive

mechanical ventilation. Obesity emerged as the predominant comorbidity among

healthcare workers who were hospitalized in 14 US states, as reported by the COVID-

19-associated Hospitalization Surveillance Network (2). Obesity has been recognized as an
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independent risk factor for the onset of COVID-19 (3). Although

there appears to be a non-linear correlation between body mass

index (BMI) and the severity of COVID-19 (4), multiple studies

have indicated that individuals with a BMI over 25 kg/m2

experienced more severe illness and higher mortality rates

compared to those with a BMI under 25 kg/m2. Excessive

adiposity has been identified as a risk factor for the severity and

mortality associated with SARS-CoV-2 infection (5). Abdominal

adiposity, rather than body mass index (BMI), is a more accurate

indicator of the necessity for intensive care unit (ICU) admission

and invasive mechanical ventilation in patients with COVID-19 (6).

The ratio of visceral adipose tissue (VAT) to subcutaneous adipose

tissue (SAT) is another promising predictor of adverse outcomes in

hospitalized patients with COVID-19 (7, 8).

In addition to its impact on the acute phase of SARS-CoV-2

infection, several studies have examined the association between post-

COVID condition and obesity. In a cohort of 486,149 non-hospitalized

patients, obesity was identified as a risk factor for both SARS-CoV-2

infection and post-COVID condition (9). Obese patients had higher

rates of chronic pain, poorer sleep quality, and more non-specific post-

COVID-19 symptoms after hospital discharge compared to non-obese

individuals (10, 11). Furthermore, a significant association between

obesity and post-COVID-19 condition was observed in hospitalized

patients (12). Obesity, older age, female sex, smoking, COVID-19

hospitalization, socioeconomic deprivation, and healthcare

employment were all correlated with higher odds of persistent

symptoms in a cohort of 508,707 individuals in England (13).

In this review, we aimed to explore the molecular mechanisms

underlying the association between obesity and post-COVID-19

condition. While numerous studies have investigated the

relationship between obesity and the acute phase of COVID-19,

the mechanisms linking obesity to the development of post-

COVID-19 condition remain unclear. To address this gap, we

synthesized findings from various studies, encompassing both in

vivo and in vitro research. Our hypothesis posits that understanding

these molecular mechanisms could elucidate the pathways through

which obesity predisposes individuals to the development of post-

COVID-19 condition. By examining a diverse array of studies, we

aimed to provide insights into the intricate interplay between

obesity and the long-term consequences of COVID-19 infection.
2 Viral entry into adipose tissues

2.1 Tissue tropism: adipose tissues as the
SARS-CoV-2 reservoir

Adipose tissue has been implicated as a reservoir for viral spread

and cytokine amplification of SARS-CoV-2 (14). Evidence of viral

replication within the adipose tissue of in vivo experimental animals

has also been reported for viruses such as HIV, SIV, and H1N1

influenza A (15–17). SARS-CoV-2 is widely distributed,

predominantly among patients who died from severe COVID-19,

and virus replication is present in multiple respiratory and non-

respiratory tissues, including the brain, early in infection (18–21).

Several autopsy studies have investigated SARS-CoV-2 infection in
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the lungs and extrapulmonary organs. Gastric and gallbladder

tissues can even retain SARS-CoV-2 particles for more than one

year after the resolution of COVID-19 (22). Postmortem studies

identified SARS-CoV-2 localized within the adipose tissue, although

in which cells were not always clear. The studies on patients with

severe COVID-19 indicate a notable presence of SARS-CoV-2 RNA

in adipose tissues (21, 23–25). Specifically, SARS-CoV-2 RNA was

detected in 48 out of 110 subcutaneous adipose tissue (SAT)

samples, as reported across four different patient cohorts (21, 23–

25). In particular, two of these studies found detectable levels of

SARS-CoV-2 RNA in 13 of 33 visceral adipose tissue (VAT)

samples (23, 25). All of the evidence suggests that SARS-CoV-2

may indeed have the capability to infect adipose tissue. The average

turnover rate of adipocytes is estimated to be about 8% per year

(26). In this respect, adipose tissue has been implicated as a good

environment for replication and persistence. SARs-CoV-2 viral

RNA persistence in tissues has been associated with the severity

and long-term sequelae of several other RNA virus infections (27).

Another clinical assessment demonstrated that higher levels of

plasma-free fatty acids were observed in individuals with COVID-

19 compared to a control group, indicating a close association

between elevated basal lipolysis of triglycerides in adipose tissue and

viral infection (28). Furthermore, elevated levels of fatty acids and

triglyceride accumulation boosted the replication of SARS-CoV-2

in human cells (29). Therefore, inhibition of lipolysis using

atorvastatin and tetrahydrolipstatin remarkably retarded viral

replication and attenuated viral receptor expression (23). All of

the evidence suggests that the lipid-laden nature of adipocytes and

elevated fatty acid levels due to increased lipolysis play pivotal roles

in enhancing SARS-CoV-2 replication.

However, it is still unclear which cells in the adipose tissue are

susceptible to infection. Adipose tissue cells can be divided into

adipocytes and stromal vascular fractions (SVF). SVF comprises

endothelial cells, macrophages, lymphoid cells, and fibroblasts (30).

The precise mechanism of entering SARS-CoV-2 into adipose tissue

has been controversial. In vitro cell studies have found that SARS-

CoV-2 can infect mature, differentiated adipocytes and macrophages

in vitro but not preadipocytes (24, 25). Another study showed that

increased infiltration of macrophages due to obesity could be the

pathway to infect adipose tissue by the SARS-CoV-2 virus in a clinical

setting (31). In a single-cell level study using adipose tissue samples

from patients undergoing bariatric and cardiothoracic surgery, SARS-

CoV-2 RNA was detected in various adipose depots and within the

cytoplasm of adipocytes. Furthermore, SARS-CoV-2 can directly

infect both human and mouse adipocytes, exhibiting efficient

multi-cycle replication in mature differentiated adipocytes rather

than immature adipocytes. This tissue tropism and deposition are

notably specific in the infection process of SARS-CoV-2, compared

with the Influenza A virus (H1N1) (23).

Human adipose tissues from COVID-19 cases displayed

leukocyte infiltration and upregulation of immune cell markers

such as CD45 (pan-leukocyte), CD3 (T-cells), CD57 (natural killer

cells), and CD68 (macrophages) in addition to nucleocapsid antigen

of SARS-CoV-2 (21, 25). The presence of the virus, combined with

protective adipokines, contributes to both local and systemic

inflammation, thereby exacerbating the post-infection progression
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in subjects with obesity (25, 32). Adipose tissue-derived adipokines

and chemokines activate macrophages and their release of

proinflammatory cytokines through Toll-like Receptor 4-linked

transcriptional modulation (33, 34). In particular, monocyte

chemotactic protein-1 triggers recruitment and accumulation of

virus-exposed macrophages in the adipose tissues (35). Taken

together, there could be two main pathways of viral entry into the

adipose tissues. Mature adipocytes are permissive to SARS-CoV-2

infection and are involved in production of inflammatory

mediators and leukocyte recruitment. In addition to the adipocyte

infection, the infiltration of abortively infected macrophages results

in increased viral load and chronic inflammatory distress in

adipose tissues.
2.2 Obesity-associated susceptibility to
receptor-mediated viral entry

SARS-CoV-2 is a single-strand, positive-sense RNA genome

virus, belonging to the Coronaviridae family; it is characterized by

an envelope, on the surface of which are located projections known

as spikes (36). In particular, spike protein consists of S1 and S2

subunits: the interaction between the S1 subunit and angiotensin-

converting enzyme-2 (ACE2) receptors grants entry of the virus

into the host cells. This process is crucial, as S-protein-RNA-based

vaccines have been developed against SARS-CoV-2. SARS-CoV-2

enters the target cell, binding to the receptor protein ACE2, which is

located in many human tissues, such as the lungs, heart, and adipose

tissue (37). Furthermore, ACE2 expression is enhanced by several

proinflammatory cytokines the levels of which are already elevated

in obese patients (38). In turn, the elevated expression of ACE2 in

the adipose tissue of obese patients may determine greater viral

entry and replication (14, 39), suggesting a role for adipose tissue as

a virus reservoir to enhance viral spread.

Although the exact mechanisms of SARS-CoV-2 infection

through the ACE2 were unclear, there was some experimental

evidence that the ACE2 and its upstream, intragenic elements

were closely associated with the entry of the virus. A lack of

ACE2 in mice leads to a dramatic reduction in the replication of

the SARS-CoV virus and much less severe pathological changes in

the lungs compared to wild-type mice (40). ACE2 has been also

reported to bind the 2019-nCoV S ectodomain with an affinity of

approximately 15 nM, which is 10 to 20 times higher than the

binding of ACE2 to SARs-CoV S (41). In contrast to transgenic

mice in which human ACE 2 is expressed in cilia under a human

FOXJ 1 promoter, mice in which ACE 2 is expressed in club cells

under an endogenous ACE 2 promoter show a robust immune

response to SARS infection, resulting in rapid viral clearance (42).

Therapeutic administration of engineered ACE2 protected

hamsters from SARS-CoV-2 infection and decreased lung virus

titers and pathology (43). SARS-CoV-2 clearance was accelerated by

the nasal spray of IgM-like ACE2 fusion protein in humans (44).

Obesity is characterized by hypertrophic expansion of adipose

tissue due to augmented storage of lipids. Adipose tissue express

ACE2 which is known as SARS-CoV-2 entry. ACE2 levels are
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notably elevated in the adipose tissue of obese individuals compared

to those in lean individuals (45). White Adipose tissues expresses

similar ACE2 levels to the lungs of the same individual (37). A

recent study demonstrated that ACE2 gene expression is higher in

visceral and subcutaneous adipose tissues than in lung, the

major target organ of SARS-CoV-2 (46). During the COVID-19

pandemic, patients who required intensive care unit (ICU)

admission or invasive mechanical ventilation (IMV) had greater

VAT depots than those who did not (6), indicating a susceptibility

of VAT to the viral entry. In particular, the expression of ACE2 is

higher in VAT, rather than SAT (47). However, ACE2 mRNA is

identified in differentiated preadipocytes and sporadically detected

in mature adipocytes (23, 25). Since mature and differentiated

adipocytes are permissive to SARS-CoV-2 infection, we cannot

exclude the possibility of ACE2-independent viral entry into

these adipocytes.

The tropism of SARS-CoV-2, including pulmonary ACE2

expression and ACE2-expressing cell types, exhibited distinct sub-

phenotypes associated with vulnerable demographics such as the sick,

male, and older populations. Through the integration of multiple

COVID-19 cohorts in genome-wide association studies (GWASs)

and cis-expression quantitative trait loci (cis-eQTLs) of ACE2,

Mendelian randomization (MR) analyses demonstrated that ACE2

played a causal role in both COVID-19 susceptibility and severity (48).

In the immunohistochemistry results of post-mortem lung tissues,

patients with severe SARS-CoV-2 showed a significant up-regulation of

the expression level of ACE2, CD163, and CD61 compared to the

control group. ACE2 expression demonstrated a significant association

with the levels of coagulation and inflammation markers (CD163 and

CD61) in linear regression analysis. These post-mortem lung tissues

displayed diffuse alveolar damage, acute bronchopneumonia, and acute

lung injury with SARS-CoV-2 viral protein detected in a subset of cases

(49). Despite the controversy surrounding the mechanisms of SARS-

CoV-2 entry into adipose tissue via the ACE2 receptor, human ACE2

expression and its upstream elements may contribute to the viral

reservoir and chronic outcomes of the viral antigens leading to systemic

distress (Figure 1).
3 Discordant immunity and viral
clearance in chronic inflammation and
metabolic distress

Post-COVID-19 condition has been defined by the WHO

Delphi consensus and the UK National Institute for Health and

Care Excellence (NICE) as occurring in individuals with a history of

probable or confirmed SARS-CoV-2 infection, usually 3 months

after COVID-19 onset, with symptoms lasting at least 2 months

that cannot be explained by an alternative diagnosis. Common

symptoms include fatigue, shortness of breath, cognitive

dysfunction, and other symptoms that generally have an impact

on the functioning of daily life (50). Persistent inflammation is

hypothesized to play a key role in the pathophysiology of long

COVID (51).
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3.1 Inflammatory mediators in virus-
exposed adipose tissues

Obesity is a chronic inflammatory condition characterized by

systemic metabolic dysregulation, including insulin resistance,

elevated lipid concentrations, abnormal adipose tissue distribution,

and altered adipokine profiles, particularly with elevated leptin and

reduced adiponectin levels, along with a persistent state of low-grade

inflammation (52, 53). It is widely recognized that obesity,

distinguished by atypical levels of body fat, is linked to numerous

complications, such as hypertension, dyslipidemia, type 2 diabetes

(T2D), and immune dysfunction (54, 55). In obesity, adipose tissue

experiences alterations characterized by an augmentation in both the

size and quantity of adipocytes, accompanied by the infiltration of

immune cells. Immunosuppression and disproportionate cytokine

activation are exacerbated by the chronic low-grade inflammatory

characteristic of obesity, which is characterized by increased

activation of circulating cytokines, particularly Interlukin-6 (IL-6).

In humans, elevated circulating inflammatory mediators such as IL-6

and markers such as high-sensitivity C-reactive protein correlate

positively with obesity (56). IL-6, similar to Tumor Necrosis Factor-

alpha (TNF-a), is secreted by both adipocytes and macrophages. It

inhibits the activity of lipoprotein lipase, thereby contributing to the

dysfunction of fat storage in adipose tissue (57). The generation of

oxidants and glycation products can indirectly impair immune

function and trigger inflammation by promoting the release of

effector cytokines, including TNF-a and interferon-gamma (IFN-g).
These cytokines subsequently contribute to the dysregulation of pro-

inflammatory immune cells, such as Type 1 T helper (Th1) cells,

macrophages, and dendritic cells. In addition to immune

dysregulation, hypertrophic adipocytes play a significant role in

fostering an inflammatory milieu by releasing cytokines such as IL-

6 and adipokines.

Dysregulation of the immune response due to adipokines

produced by adipose tissue could be hypothesized to account for

the altered humoral response in obese individuals. Adipose tissue

produces a large number of adipokines, which are signal
Frontiers in Immunology 04
molecules with a wide range of effects on many organ systems (58).

Leptin is mainly secreted by white adipose tissue. Its levels are

positively correlated with the amount of body fat. Leptin exerts a

variety of other effects, such as regulation of immune function and

inflammation, in addition to its role in regulating energy homeostasis

and metabolism (59). High leptin levels are also linked to alveolar

fluid accumulation and increased inflammation during hypoxia and

ARDS (60). Leptin appears to have specific effects on helper T

lymphocyte function by regulating the proliferation of cells

involved in both innate and acquired immune responses (61, 62).

In vitro assays have shown that the expression of some integrins

(VLA-2, CD49b) and their ligands (ICAM-1, CD54) in CD4+ cells is

induced by leptin, although no effects were found for other adhesion

molecules such as CD49a,c,d, CD50, and CD62L (62).

Uncontrolled pro-inflammatory activation and severe condition

in patients with COVID-19 has been connected to molecular changes

triggered by hyperleptinemia which is the most common feature of

obesity (63, 64). Leptin demonstrated strong consistency with CXCL-

10 and TNF-a in predicting disease severity. Mechanistically, leptin

synergistically increased the expression levels of inflammatory

cytokines and surface markers in monocytes along with IL-6 (64).

It also showed correlations with reduced lymphocyte counts and

disease progression. Plasma levels of IL-2, TNF-a, and IL-4 are

elevated during the acute phase of COVID-19. In post-COVID-19

condition, cytokine expression patterns change. Similar to the acute

phase, higher levels of IL-2 and IL-17 are observed in individuals with

long COVID-19. However, IL-4, known for its anti-inflammatory

properties, is reduced in patients who develop post-COVID-19

sequelae compared to those who fully recover. Therefore, high

serum levels of IL-2 and IL-17, along with low levels of IL-4 and

IL-10, are closely associated with the chronic inflammatory distress in

long COVID-19 (65, 66). While IL-2 promotes the proliferation and

differentiation of CD8+ T cells, IL-4 is involved in adaptive immunity

and plays a crucial role in the regulation of the immune system,

which is controlled by activated T helper (Th) cells. The presence of

IL-4 during the response of naive Th cells causes the precursors to

develop into a population composed largely of “Th2-like” effectors
FIGURE 1

Adipose tissue tropism and a SARS-CoV-2 reservoir. Viral antigen-exposed adipose tissues display remarkable levels of viral receptors, which
facilitates viral entry, deposition, and chronic release of inflammatory mediators and cells in patients. Lipid-laden nature of adipocytes and elevated
fatty acid levels due to increased lipolysis play pivotal roles in enhancing SARS-CoV-2 replication and ACE2 expression.
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secreting IL-4 and IL-5, but little IL-2 or IFN-g (67). Moreover, obese

individuals show notably reduced levels of adipose tissue eosinophils

and eosinophil-derived IL-4 secretion, counteracting hyperleptinemia

and insulin resistance (68). Therefore, viral infection-induced

discordant immunity may contribute to the aggravation of

metabolic homeostasis in the obese population.
3.2 Delayed viral clearance due to
insufficient neutralizing antibodies

It has been demonstrated that the humoral immune responses

play critical roles as determinants of viral clearance and protection

during the acute phase of SARS-CoV-2 infection (69). Delayed

clearance of the SARS-CoV-2 virus, including persistent viral

infection or the presence of viral components, is also known to be

closely associated with the symptoms of long COVID. There is

some evidence to suggest that, at least in a subset of patients with

long COVID, the symptoms may be associated with the persistence

of the virus. Even at 1 year post-infection, the SARS-CoV-2 protein

spike (S) was detected in 60% of long COVID patients but not

controls; the more organ systems involved in symptoms, the greater

the amount of detectable S. taken at face value, this is further

evidence that long COVID symptoms may be due to some form of

uncleared viral reservoir (70). Studies of post-mortem tissues

provide a much broader list of potential sites for persistent viral

reservoirs, including visceral adipose tissue (18, 20). Although most

of the tissues studied were obtained from people who had acute,

severe, and fatal COVID-19, it can be predicted that the chronic

release of viral antigens from the adipose tissues could be important

in adverse outcomes of the long COVID.

Obesity (but not diabetes) was associated with a 2-fold risk of

developing influenza or viral infection-related illness. Despite more

clinical reports of illness, no differences in antibody seroconversion

rates or seroprotective titers were observed after vaccination in the

normal-weight and obese cohorts (71). The differences in these

studies may also reflect the timing of sampling. Some studies show

a normal initial antibody titer response, but then a decreased

antibody response in people with obesity when studied 12 months

after vaccination (72). In a small study of 68 individuals with NAFLD,

impaired immune responses to hepatitis B vaccines were reported in

obese individuals with a BMI >35, with antibody titers measured after

the third dose of the vaccine. The number of individuals

demonstrating HBsAg-stimulated proliferation of CD4+ T cells was

also lower in individuals with a BMI >35, as was the relative rate of T-

cell proliferation (73, 74). The obese population was significantly

associated with lower antibody titers after COVID-19 vaccination.

This was due to a decreased antibody response to SARS-CoV-2

vaccines (75). Furthermore, 6 months after the second vaccine dose,

55% of individuals with severe obesity had unquantifiable titers of

neutralizing antibodies against authentic SARS-CoV-2 virus

compared to 12% of individuals with normal BMI (P=0.0003).

After a third vaccine dose, individuals with severe obesity showed a

more rapid decline in neutralizing capacity (76). Another study

measuring human IgG levels specific to SARS-CoV-2 spike and
Frontiers in Immunology 05
nucleocapsid (NP) proteins, similarly revealed a significant

reduction in both the rate and titer of anti-SARS-CoV-2

neutralizing antibodies among vaccinated obese individuals in

comparison to the controls (77).

Studies of natural human infection have shown that SARS-CoV-2

infected individuals can produce potent neutralizing Abs targeting

the SARS-CoV-2 S protein. In vitro and in vivo, these neutralizing

Abs inhibit infection by SARS-CoV-2 (78). This humoral immunity

was the key to successful protection against the virus and vaccines

such as BNT162b2 and mRNA-1273 have been produced targeting

these neutralizing Abs (79). Immunoglobulin alterations during the

acute phase of SARS-CoV-2 infection have been associated with post-

COVID-19 condition. Specifically, decreased titers of IgM and IgG3,

along with elevated levels of autoantibodies, are linked to the

development of Long-COVID symptoms (80). The levels of S-IgG

were lower in patients with post-COVID-19 condition during follow-

up, with differences reaching statistical significance at months 2 and 6

after discharge compared to non-symptomatic patients. At 12

months, the frequency of positive neutralizing antibodies was

significantly lower in patients with post-COVID-19 condition, and

titers of SARS-CoV-2 S1/S2 IgG tended to be lower (81). That is, the

post-COVID-19 condition was closely related to the dysregulated

immune response in hospitalized patients with decreased frequency

of detectable neutralizing antibodies and decreased anti-spike

antibody levels. Long-term COVID symptoms of any severity were

reported by 9.5% of double-vaccinated study participants compared

to 14.6% of socio-demographically matched unvaccinated

participants. This represents a 41% reduction in the likelihood of

long-term COVID at 12 weeks. Several studies have also investigated

the possibility that vaccination may improve symptoms in people

with a history of long COVID (82–84). The low titer of neutralizing

antibodies worsens viral clearance. Delayed discharge from the

hospital and delayed remission of symptoms were strongly

associated with delayed viral clearance. Prolonged shedding of

SARS-CoV-2 RNA was found to be independently linked with

delayed hospital admission in a study involving 652 hospitalized

patients (85, 86). Post-COVID-19 condition may be due to persistent

SARS-CoV-2 reservoirs resulting from low viral clearance.

Obesity-associated low titers of neutralizing antibodies can be

explained in terms of adipokine-mediated immune regulation. Leptin

is a primarily proinflammatory adipokine that influences both innate

and adaptive immune responses by stimulating the production of

proinflammatory cytokines (IL-2, IFN-g, TNF-a) and suppressing

the production of humoral immunity-facilitating cytokines (IL-4 and

IL-5). Blocking experiments showed that IL-4, although undetectable

in culture supernatants, was critically involved in the induction of B

cell proliferation and Ig secretion in vivo and in vitro (87). Several

studies suggest that only IL-4-producing clones (th2) support Ig

synthesis by examining the helper activity of T cell lines (88, 89). IL-4

preferentially activates, proliferates, and differentiates B lymphocytes

and promotes immunoglobulin E isotype. It therefore plays a crucial

role in the induction of humoral immunity-regulating Th2 cells (90,

91). Moreover, IL-4 and IL-5 have been known to be associated with

IgG1, IgE, and IgA synthesis (92–94). As a result of these

mechanisms, leptin appears to have a specific effect on T-
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lymphocyte responses by differentially regulating the proliferation of

naive and memory T cells (62). Specifically, leptin increased Th1 and

suppressed Th2 cytokine production (95), which could mitigate the

humoral immune response.
3.3 The deterioration of cellular immunity
in obese and post-COVID condition

Although cell-mediated immunity plays a critical role in the

clearance of viruses, including SARS-CoV-2, obesity may

deteriorate the quality of cellular immunity. Zucker rats are

genetically obese animals because they lack the leptin receptor.

Zucker rats showed lymphopenia (low levels of CD4+ and CD8+) in

the thymus, spleen, and peripheral blood (96). Genetically obese

strains have attenuated levels of macrophage phagocytic activity

and proinflammatory cytokines (95). Macrophages from either ob/

ob mice or db/db mice (animals lacking leptin or its receptor,

respectively) are less active in the destruction of Candida than those

isolated from lean control animals, suggesting a role for leptin in the

phagocytic process (97). The impairment in the phagocytic activity

of macrophages in genetically obese animals may be associated with

the high levels of TNF-a, which are known to alter cytokines

production (98). In humans, 38% of obese children and

adolescents showed variable impairment of cell-mediated immune

responses, such as delayed cutaneous hypersensitivity, abnormal

lymphoproliferative responses to mitogens, and a reduction in the

intracellular bacterial killing capacity of polymorphonuclear

leukocytes (99). Obesity is associated with elevated leukocyte and

lymphocyte subsets counts (except for NK and cytotoxic/suppressor

T cells), lower T and B cell mitogen-induced lymphocyte

proliferation, which were accompanied by higher monocyte and

granulocyte phagocytosis as well as oxidative burst activity, but

normal function of NK cells (100). CD8+ cytotoxic T cells and CD4

+ T helper 1 (Th1) cells are the major components of cell-mediated

antiviral defense. Th1 cell-derived cytokines, including IL-2 and

IFN-g, contribute to NK cell activation as well as the development of

cytotoxic T lymphocyte (CTL) precursors into effectors. NK cells

play a critical role in host defense until a specific cytotoxic T

lymphocyte response is established (101).

Adaptive immune cells (T cells) may play an important role in

the propagation of adipose tissue inflammation in obesity. T cells

from obese/T2D patients express lower levels of costimulatory

molecules (CD69, CD28, CD40 ligand) and interleukin-12

receptor, and produce lower levels of interferon-g and granzyme

B, compared to healthy individuals (102, 103). Obesity-induced

adipose tissue T cells have functional characteristics and gene

expression resembling T cell exhaustion induced by local soluble

factors and cell-to-cell interactions in adipose tissue in mice and

human models (104). These immunological dysfunctions have been

also observed in post-COVID condition patients. A triad of elevated

IL-1b, IL-6, and TNF-a was proposed in a study investigating a

diagnostic serum cytokine signature of chronic inflammation at 2

years post-infection (105). A cohort of patients with post-COVID

condition exhibiting pulmonary sequelae characterized enriched
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populations of CD4+, CD8+ lymphocytes, and NK cells, along with

upregulation of Granzyme (GZMB) and perforin at 12 months

post-infection. High levels of CD8+ CD27- CD62L- cells, a short-

lived effector subset, and low levels of CD8+ CD27+CD62L+ T

naive central memory cells were observed. This subset of features

were notable in continuous exposure to viral antigens with delayed

clearance (106). Levels of cytotoxic CD8+ T cells were elevated and

activated in patients with long-COVID 19 for up to 8 months after

acute infection along with increased expression of TIM-3, PD-1,

and soluble TIM-3 marker meaning exhaustion of T lymphocytes

(107–109). In addition, another study using multiparameter flow to

examine a long COVID cohort confirmed a profile consistent with

T cell exhaustion (110). Multidimensional immune phenotyping

focused on 99 non-hospitalized individuals with long COVID and a

comparison cohort of 40 healthy recovering individuals. There was

evidence of an activated B cell subset (CD86hi, HLA-DRhi), but

increased PD1 and TIM3 expression on T cells and a decreased

central memory CD4+ T cell subset (111, 112). Given the global up-

regulation of PD-1 expression among T cells and the depletion

observed within the naive subsets, there is a prevailing tendency to

infer the reduction of immune cell populations as a result of viral

infection. These observations have led to the hypothesis that T-cell

exhaustion post-infection is a pivotal cause of long COVID and

chronic inflammation in subjects with obesity. T-cell exhaustion

could mechanistically account for the dysfunction of cellular

immunity (Figure 2).
4 Discussion for
translational perspectives

The post-COVID-19 condition is the persistence of symptoms

following the infection for more than 3 months, which cannot be

attributed to other specific diseases. The pathophysiology of the

post-COVID-19 condition is complex and not fully understood, but

it has been suggested that the prolonged immune response due to

delayed clearance of the virus may play a role in its development

(50). Delayed viral clearance has been consistently associated with

delayed hospital discharge with persistent symptoms (86). In

addition to the direct effects of SARS-CoV-2 long-term infection,

effects on the autoimmune system and immunological changes

resulting from delayed viral clearance have been implicated as

potential reasons for the development of post-COVID-19

condition (50). These factors contribute to the complexity of the

pathophysiology of the condition and underscore the need for

further research to fully elucidate its mechanisms.

Obesity has been identified as an independent risk factor for the

prognosis of SARS-CoV-2 infection (113). During the acute phase of

SARS-CoV-2 infection, chronic inflammation associated with obesity

has been implicated as a contributing factor to the cytokine storm

observed in this infection. This pathophysiological mechanism is of

particular concern due to its association with increased mortality and

rates of admission to intensive care units (ICUs) during the acute

phase of SARS-CoV-2 infection (114). Indeed, in addition to its

impact on the acute phase of the disease, previous research has
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highlighted the association between obesity and the persistence of

symptoms beyond the early phase of the illness. Studies investigating

the long-term prognosis of the disease, including post-COVID-19

condition, have reported that obesity may contribute to the

manifestation of persistent symptoms in individuals recovering

from SARS-CoV-2 infection (51). The reasons why obesity may

cause delayed viral clearance remain controversial, but several

hypotheses have been proposed based on various studies. The first

hypothesis is that obese individuals with hypertrophic adipose tissue

have increased ACE2 expression, which facilitates the entry and

deposition of SARS-CoV-2. Adipose tissue, which expresses ACE2 as

much as the lung, appears to be anatomically and molecularly

suitable as an entry point for SARS-CoV-2 into adipose tissue. As

anatomical evidence, SARS-CoV-2 has been significantly detected by

fluorescence immunohistochemistry in adipose tissue in post-

mortem studies (115). In molecular studies, the human ACE2 has

been demonstrated to exhibit significantly higher binding affinity to

SARS-CoV-2 compared to mice (42–44).

High visceral fat is clinically proven to be associated with a poor

prognosis following SARS-CoV-2 infection (47). VAT exhibits

more ACE2 levels than SAT, resulting in a remarkably higher

viral load in VAT (24). In addition to ACE2 levels ,

histopathologic findings from COVID-19 cases showed leukocyte

infiltration and upregulation of the IFN-alpha pathway in adipose

tissues. IFN-alpha levels are positively associated with transcription

levels of the ACE2 gene (21). In addition, cell surface markers such

as CD45 (pan-leukocyte), CD3 (T-cells), CD57 (natural killer cells),

and CD68 (macrophages) are detectable in the fat tissues.

Moreover, VAT has been shown to secrete pro-inflammatory

cytokines such as IL-6, TNF-a, and IL-1b (116–118). High

expressions of inflammatory signatures including CC chemokine

receptor 2, macrophage migration inhibitory factor, and monocyte/

macrophage markers CD163 and CD14 makes VAT more

susceptible to SARS-CoV-2 than SAT (119). Contrary to the

findings mentioned above, there are also reports suggesting that

viral entry into mature adipocytes by SARS-CoV-2 may occur
Frontiers in Immunology 07
independently of the ACE2-linked pathway (25). There has also

been a report indicating a negative correlation between molecular

levels of ACE2 expression and COVID-19 fatality in a population

study (120). However, based on existing studies, adipose tissue is

thought to play a role in viral entry and deposition, thereby

contributing to delayed viral clearance. This delay in clearance is

associated with persistent symptoms of SARS-CoV-2 infection (23).

Second, the chronic inflammation induced by obesity may indeed

lead to impairments in acquired immunity, affecting both humoral

and cellular responses. These mechanisms could be implicated in

delayed clearance of the virus. In a recent prospective cohort study,

individuals with severe immunosuppression due to hematologic

malignancy or transplant (S-HT) were found to have evidence of

increased intra-host viral evolution and prolonged median times for

nasal viral RNA and culture clearance. These findings correlated

with resistance to antibody therapy. Additionally, these individuals

exhibited impaired humoral and T-cell responses (121).

Obesity has also been associated with impaired immune

responses to vaccines such as influenza, tetanus, and hepatitis B

(72–74, 122). In addition, a significant decrease in neutralizing

antibodies against authentic SARS-CoV-2 virus has been observed

in obese individuals compared to normal-weight individuals,

particularly evident six months after the second vaccine dose (76,

77). Similarly, impairments in the humoral immune response have

been reported in post-COVID-19 patients, mirroring the findings

observed in obese individuals with SARS-CoV-2 infection (123). In

addition, the direct cellular immune response mediated by memory

T cells may be impaired in obese individuals due to T cell

exhaustion. Elevated levels of cytokines such as IL-6 and TNF-a,
characteristic of the chronic inflammatory state associated with

obesity, may contribute to the impairment of CD8+ T cells, leading

to increased expression of the exhaustion markers PD-1 and TIM3

(104, 110, 111). This mechanism is closely related to the impaired

cytotoxic T-cell immune response. Therefore, we believe that the

impairments of acquired immunity could be closely associated with

the persistent symptoms after COVID-19 infection. This is because
FIGURE 2

Adipose tissue-associated immune cell dysfunction in post-SARS-CoV-2 condition. Obesity-associated inflammatory insults are predicted to disturb
cellular and humoral immunity by triggering abnormal cell differentiation and lymphocyte exhaustion. The decline in SARS-CoV-2 antibody titers and
T-cell exhaustion due to chronic inflammation account for delayed clearance of the virus and persistent activation of inflammatory responses.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1433531
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jang et al. 10.3389/fimmu.2024.1433531
low titers of antibodies and impaired T cell-mediated cytotoxic

immune responses may not be sufficient to achieve clearance of

the virus.

Extensive evaluations suggested evident associations between

adiposity and delayed viral clearance. Furthermore, some

interventions could ameliorate the pathophysiological status of

obesity and post-COVID-19 condition. First, improving obesity

through physical activity and dietary regulation is associated with

enhanced immunologic recovery and mitigation of chronic

inflammatory conditions (124, 125). For example, the adoption of

ketogenic and Mediterranean diets, combined with regular physical

activity, was proposed as a potential dietary therapy for obese

individuals to prevent post-COVID-19 condition (126).

Moreover, weight loss achieved through hypocaloric and very

low-carbohydrate diets can improve adaptive immune responses

elicited by SARS-CoV-2 mRNA vaccines in obese patients (127).

Acute exercise was demonstrated to enhance macrophage

phagocytic function in both lean and obese individuals compared

with the sedentary controls (128). Additionally, the exercise

promotes the production of interleukin-10 (IL-10), an anti-

inflammatory cytokine, in adipocytes and stromal vascular cells

(129). Secondly, several medicinal interventions associated with

metabolic syndrome can be another option for preventing and

resolving long COVID. For instance, outpatient treatment with

metformin has demonstrated a reduced incidence of long COVID

by approximately 41% in a randomized controlled study targeting

adults aged 30-85 with COVID-19 and overweight or obesity (130).

Additionally, using statins, a classical approach to suppressing

lipolysis, or employing newly investigated inhibitors of VPS34

could be considered crucial in suppressing virus replication by

reducing adipocyte lipolysis (23, 28, 131). Furthermore, from a

symptomatic treatment perspective, medications like paracetamol

and non-steroidal anti-inflammatory drugs can be utilized to

manage specific symptoms such as fever and myalgia (132, 133).

However, there were several limitations in the present prediction of

obesity-mediated susceptibility to viral infection-induced diseases.

First, most studies on the association between obesity and post-

COVID-19 condition are based on animal experiments. There

remains a scarcity of clinical studies that delve into the detailed

investigation of immunologic molecules. Moreover, clinical studies

with large cohorts are typically limited in their ability to measure all

desired immunologic outcomes. By including different types of

studies, we can maximize our understanding of the complex

immunological landscape associated with the phenomenon under

investigation. This inclusive approach allows for a comprehensive

exploration of the topic, despite potential limitations in directly

correlating findings between different study types. Second, in post-

COVID-19 clinical studies, subjects are typically required to be

followed for a longer period, usually at least three months. This

extended follow-up duration can lead to loss of follow-up, which in

turn makes it challenging to observe all immunologic markers in a

clinical setting. Therefore, the molecular mechanisms underlying
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the association between obesity and post-COVID condition were

not feasible to demonstrate in a large cohort clinical trial. Third,

there are still numerous molecular pathways that remain to be

elucidated. Both obesity and post-COVID-19 are known for their

complexity in terms of understanding their mechanisms. In

conclusion, we propose that the association between post-

COVID-19 condition and obesity can be understood through the

characteristics of adipose tissue, which may serve as a reservoir for

the SARS-CoV-2 virus due to the expression of ACE2 receptors. In

addition, the chronic inflammation induced by obesity likely plays a

role in impairing immunity, thereby hindering clearance of the

SARS-CoV-2 virus or its particles. This delayed viral clearance

could potentially contribute to the development of post-COVID-

19 condition.
Author contributions

SJ: Conceptualization, Investigation, Project administration,

Visualization, Writing – original draft, Writing – review &

editing. WH: Investigation, Writing – original draft, Writing –

review & editing, Funding acquisition. YM: Conceptualization,

Project administration, Supervision, Visualization, Writing –

original draft, Writing – review & editing, Funding acquisition.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This

research was supported by the Basic Science Research Program

through the National Research Foundation of Korea (NRF) funded

by the Ministry of Education (2018R1D1A3B05041889, RS-2023-

00240942, and NRF-2022R1I1A1A01065276). It was also supported

by 2023 BK21 FOUR Program of Pusan National University.
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.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1433531
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jang et al. 10.3389/fimmu.2024.1433531
References
1. Drucker DJ. Diabetes, obesity, metabolism, and SARS-CoV-2 infection: the end of
the beginning. Cell Metab. (2021) 33:479–98. doi: 10.1016/j.cmet.2021.01.016

2. Kambhampati AK, O’Halloran AC, Whitaker M, Magill SS, Chea N, Chai SJ, et al.
COVID-19–associated hospitalizations among health care personnel—COVID-NET,
13 states, March 1–May 31, 2020. Morbidity Mortality Weekly Rep. (2020) 69:1576.
doi: 10.15585/mmwr.mm6943e3

3. Ryan DH, Ravussin E, Heymsfield S. COVID 19 and the patient with obesity–the
editors speak out. Obes (Silver Spring Md). (2020) 28:847. doi: 10.1002/oby.22808

4. Yang J, Ma Z, Lei Y. A meta-analysis of the association between obesity and
COVID-19. Epidemiol Infection. (2021) 149:e11. doi: 10.1017/S0950268820003027

5. Seidu S, Gillies C, Zaccardi F, Kunutsor SK, Hartmann-Boyce J, Yates T, et al. The
impact of obesity on severe disease and mortality in people with SARS-CoV-2: a
systematic review and meta-analysis. Endocrinol Diabetes Metab. (2021) 4:e00176.
doi: 10.1002/edm2.176

6. Foldi M, Farkas N, Kiss S, Dembrovszky F, Szakacs Z, Balasko M, et al. Visceral
adiposity elevates the risk of critical condition in COVID-19: A systematic review and
meta-analysis. Obes (Silver Spring). (2021) 29:521–8. doi: 10.1002/oby.23096

7. Bunnell KM, Thaweethai T, Buckless C, Shinnick DJ, Torriani M, Foulkes AS,
et al. Body composition predictors of outcome in patients with COVID-19. Int J Obes
(Lond). (2021) 45:2238–43. doi: 10.1038/s41366-021-00907-1

8. Surov A, Thormann M, Kardas H, Hinnerichs M, Omari J, Cingoz E,
et al. Visceral to subcutaneous fat ratio predicts short-term mortality in patients with
Covid 19. A Multicenter Study Br J Radiol. (2023) 96:20220869. doi: 10.1259/
bjr.20220869

9. Subramanian A, Nirantharakumar K, Hughes S, Myles P, Williams T, Gokhale
KM, et al. Symptoms and risk factors for long COVID in non-hospitalized adults. Nat
Med. (2022) 28:1706–14. doi: 10.1038/s41591-022-01909-w

10. de Barros GAM, da Silva DIC, Barbosa MLA, Soares RA, Alves RL, Miranda CL,
et al. Chronic pain after hospital discharge on patients hospitalized for COVID-19: an
observational study. Braz J Anesthesiol (English Ed). (2023) 74:744457. doi: 10.1016/
j.bjane.2023.08.001

11. Lemos MM, Cavalini GR, Pugliese Henrique CR, Perli VAS, de Moraes
Marchiori G, Marchiori L, et al. Body composition and cardiorespiratory fitness in
overweight or obese people post COVID-19: A comparative study. Front Physiol.
(2022) 13:949351. doi: 10.3389/fphys.2022.949351

12. Bildirici Y, Metintas S, Ucan A, Ak G, Metintas M, Guvenc S. post-COVID-19
condition in a cohort of hospitalized COVID-19 patients. Eur Rev Med Pharmacol Sci.
(2023) 27. doi: 10.26355/eurrev_202309_33589

13. Whitaker M, Elliott J, Chadeau-Hyam M, Riley S, Darzi A, Cooke G, et al.
Persistent COVID-19 symptoms in a community study of 606,434 people in England.
Nat Commun. (2022) 13:1957. doi: 10.1038/s41467-022-29521-z

14. Ryan PM, Caplice NM. Is adipose tissue a reservoir for viral spread, immune
activation, and cytokine amplification in coronavirus disease 2019? Obesity. (2020)
28:1191–4. doi: 10.1002/oby.22843

15. Damouche A, Lazure T, Avettand-Fènoël V, Huot N, Dejucq-Rainsford N, Satie
A-P, et al. Adipose tissue is a neglected viral reservoir and an inflammatory site during
chronic HIV and SIV infection. PloS Pathog. (2015) 11:e1005153. doi: 10.1371/
journal.ppat.1005153

16. Couturier J, Agarwal N, Nehete PN, Baze WB, Barry MA, Jagannadha Sastry K,
et al. Infectious SIV resides in adipose tissue and induces metabolic defects in
chronically infected rhesus macaques. Retrovirology. (2016) 13:1–14. doi: 10.1186/
s12977-016-0260-2

17. Oseghale O, Liong S, Coward-Smith M, To EE, Erlich JR, Luong R, et al.
Influenza A virus elicits peri-vascular adipose tissue inflammation and vascular
dysfunction of the aorta in pregnant mice. PloS Pathog. (2022) 18:e1010703.
doi: 10.1371/journal.ppat.1010703

18. Stein SR, Ramelli SC, Grazioli A, Chung J-Y, Singh M, Yinda CK, et al. SARS-
CoV-2 infection and persistence in the human body and brain at autopsy. Nature.
(2022) 612:758–63. doi: 10.1038/s41586-022-05542-y

19. Hanley B, Naresh KN, Roufosse C, Nicholson AG, Weir J, Cooke GS, et al.
Histopathological findings and viral tropism in UK patients with severe fatal COVID-
19: a post-mortem study. Lancet Microbe. (2020) 1:e245–e53. doi: 10.1016/S2666-5247
(20)30115-4

20. Yao X-H, Luo T, Shi Y, He Z-C, Tang R, Zhang P-P, et al. A cohort autopsy study
defines COVID-19 systemic pathogenesis. Cell Res. (2021) 31:836–46. doi: 10.1038/
s41422-021-00523-8

21. Basolo A, Poma A, Bonuccelli D, Proietti A, Macerola E, Ugolini C, et al. Adipose
tissue in COVID-19: detection of SARS-CoV-2 in adipocytes and activation of the
interferon-alpha response. J Endocrinol Invest. (2022) 45:1021–9. doi: 10.1007/s40618-
022-01742-5

22. Hany M, Zidan A, Gaballa M, Ibrahim M, Agayby ASS, Abouelnasr AA, et al.
Lingering SARS-coV-2 in gastric and gallbladder tissues of patients with previous
COVID-19 infection undergoing bariatric surgery. Obes Surg. (2023) 33:139–48.
doi: 10.1007/s11695-022-06338-9
Frontiers in Immunology 09
23. Zickler M, Stanelle-Bertram S, Ehret S, Heinrich F, Lange P, Schaumburg B, et al.
Replication of SARS-CoV-2 in adipose tissue determines organ and systemic lipid
metabolism in hamsters and humans. Cell Metab. (2022) 34:1–2. doi: 10.1016/
j.cmet.2021.12.002

24. Saccon TD, Mousovich-Neto F, Ludwig RG, Carregari VC, dos Anjos Souza AB,
Dos Passos ASC, et al. SARS-CoV-2 infects adipose tissue in a fat depot-and viral
lineage-dependent manner. Nat Commun. (2022) 13:5722. doi: 10.1038/s41467-022-
33218-8
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