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Abstract
During the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic, the clinical, scientific, and public
health communities have had to react to new viral genetic variants. These have triggered a range of reactions from the public
health community raising concerns about the effectiveness of the
current vaccines and questions about the need for booster vaccinations. This is further complicated by vaccine hesitancy and
the “perceived” benefit-risk of available vaccines. In the US alone
there is approximately 3% of immunocompromised individuals.
While the obese and elderly individuals do not fall into the classical spectrum of immunocompromised, they are at a high risk for
a more severe clinical course of COVID-19. Obesity is a strong
independent risk factor for hospitalization in COVID-19 patients
with increased morbidity and mortality. Recently, there has been
enormous progress on the understanding of vaccines benefit-risk
profile. There is an opportunity for providing vaccine personalized
approaches across different groups by age and by gender. This
review focuses on the obese and the elderly populations but also
presents opportunities for personalized interventions with different vaccines. Strategies are urgently needed to systematically
address the underlying public health problems such as obesity to
effectively manage this COVID-19 pandemic as well as the rapid
introduction of tailored approaches for vaccination.
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Introduction
The United States (US) currently has one of the highest mortality
rates from COVID-19 worldwide and has a higher prevalence of obesity compared to other nations [1,2]. It is well established that obesity
is linked to chronic diseases associated with increased morbidity and
mortality; it is now clear that obesity also is a strong risk factor for
hospitalization related to COVID-19 in patients affected by these diseases [1]. Previous experience with obesity-related mortality during
the H1N1 influenza epidemic [3] provides some based on similarities

with the current SARS-CoV-2 pandemic, where an increased number
of obese individuals were admitted to intensive care units. For example,
obesity is associated with a greater decrease in lung function compared
to the non-obese. Furthermore, the obese must devote a larger percentage of total oxygen consumption to respiratory work, even during quiet
breathing [4]. This relative inefficiency creates a decreased Hector: ventilatory? reserve and a propensity to respiratory failure, even with mild
pulmonary insults. In addition to these mechanical limitations, obese
individuals have an underlying impaired immune response further affecting the ability to deal with infections. Thus, the already impacted
respiratory system of obese individuals can be severely compromised
from any respiratory insult, like COVID-19 disease. Additionally, comorbidities that are commonly associated with obesity such as cardiovascular disease, hypertension, diabetes mellitus, and chronic lung
diseases [1,5] have also been found to be linked with a severe clinical
course of COVID-19 and increased mortality. Hence, obesity contributes substantially to the increase in morbidity and mortality of SARSCoV-2 infection.

Pathophysiology and Immune Response
Adipose tissue is perhaps the most structurally dynamic tissue in the
adult human body. Its capacity to grow and shrink in size by large
magnitudes is critical to human health, metabolism, fitness, and adaptation. At the cellular level, hypertrophic lipid engorged adipocytes
are more likely to activate endoplasmic reticulum and mitochondrial
stress responses along with mechanical stress inducing shear on the extracellular environment [6]. This promotes the activation of a chronic,
proinflammatory state within the adipose tissue. Crown- like structures
(CLSs) are adipose microenvironments of macrophages engulfing adipocytes [7]. Their histological density in visceral adipose tissue (VAT)
predicts metabolic disorder progression in obesity and is believed to
initiate obesity-related comorbidities. Hector: do you need both obese
and VAT here? contains large CLSs absent from lean tissues and is located near the tissue center, while lean CLSs have higher volumetric
cell densities and prolate shapes. These features are consistent with inefficient adipocyte elimination in obesity that contributes to chronic
inflammation [7].

Animal and Human Studies
Mice with high-fat, diet-induced obesity who become infected with influenza viruses exhibit a significantly higher mortality and more severe
lung pathology than their lean counterparts [8]. These findings may be
related to the abundance of proinflammatory mediators in adipose tissue, which leads to dysfunction of innate immunity in obesity [9,10].
In a diet-induced obesity model, increases in proinflammatory mediators were associated with augmented tissue inflammation and increased
mortality upon infection [11]. Dietary fat can also affect pulmonary
surfactant function in mice [12]. The chronic inflammatory state also
blunts antigen activation of macrophages and reduces proinflammatory
cytokine production upon macrophage stimulation [13]. This blunted
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activation of macrophages upon antigen presentation may explain the
potential inability for mounting a strong response following vaccination in obese individuals. Studies have demonstrated that obesity may
be linked to a lower vaccine response following influenza and Hepatitis
B immunization [14-16]. This is experience is critical as health authorities consider booster immunization strategies.
Obese individuals may have defective responses in both innate and
adaptive immunity; for example, virus in obese individuals alters endothelial function resulting in the leakage of pathogens facilitating the
development of pneumonia in the more severe cases. Obesity should
not be ignored in older individuals, particularly since their immune
system weakens with age, creating further challenges to fight infections. Human studies have shown that the obese state is associated
with a decrease in CD8+ T cells and an increase or decrease in CD4+
T cells [17,18]. B and T cell responses are also disrupted in obese individuals, with a reduced lymphocyte proliferative response. This disruption results in an increased susceptibility to infection and delay in the
resolution of viral infections. Obesity is also characterized by impaired
memory CD8+ T cell responses to influenza virus infections, elevated
viral titers in lung, and worsened lung pathology [19]. Moreover, low
vitamin D levels in obese individuals may have a negative impact on
its anti-inflammatory and antimicrobial properties against COVID-19
disease [20]. Taken together, these features may contribute to increased
susceptibility to COVID-19 related lung infections. Interactions between influenza virus (pH1N1) and lipopolysaccharide (LPS) in mice
have resulted in a synergistic increase in IL-6, IL-1β, and TNF-α levels
in lung tissue, promoting a hypercytokinemia and proinflammatory
immune response [21].

Role of the Renin Angiotensin System
Obesity, both in humans and in experimental animals, is also associated
with an imbalance in the renin–angiotensin system (RAS), resulting in
an overexpression of the Angiotensin II (ANG II) and Angiotensin II
receptor type 1 (AT1R) axis locally in adipose tissue and systemically.
Angiotensin converting enzyme II (ACE2) is the key enzyme of the
alternative RAS and counterbalances Angiotensin II activity by enzymatically converting Angiotensin II to Angiotensin 1-7 (Figure 1).

Figure 1: Proposed Immunopathogenesis of COVID-19 in Obese and
Non-obese.

The figure represents a contrast between obese and non-obese people.
ACE2 serves as the key receptor for SARS-CoV-2 infection. ACE2 is
highly expressed the adipose tissue. The renin angiotensin system
(RAS) involves Ang II, ACE, ACE2, and Ang [1-7] for regulating blood
pressure, electrolyte balance, and vascular resistance. Renin, produced
by the kidneys, cleaves Ang I, which is then converted to Ang II by
ACE; Ang II promotes inflammation, salt and water reabsorption, oxidative stress, and vasoconstriction. Reduced ACE2 activity as well as
initial high levels of ACE2 expression may play a key role in increasing disease severity leading to worsened prognosis. A decreased level
of ACE2 secondary to SARS-CoV-2 infection followed by an increase
in Ang II can exacerbate cardiovascular symptoms and promote disease complications. Adipose cells produce biologically active agents,
known as adipokines (leptin, adiponectin). In adipose tissue, excess
production of leptin and other proinflammatory cytokines such as IL6, TNF-α, GM-CSF, INF-ɣ contribute to a proinflammatory state.
Anchored in the membrane of type-II alveolar and lung epithelial cells,
ACE2 can be cleaved by the metalloproteinase ADAM17 [22]. Thus,
in obese individuals, especially those with extensive visceral adipose
tissue, upregulation of the ANG II and AT1R-axis might lead to the
development of a more severe course of infection. Data have shown
that LPS induces lung injury through the suppression of ACE2 and the
upregulation of ANG II, ACE, and AT1 receptors, significantly modulating the whole RAS [23].

Protection against Infection
Several factors influence the endotoxicity of LPS, some of them acting
as enhancers (LPS binding protein and CD14), others as suppressors
(haptoglobin); these factors are strongly dysregulated in the porcine respiratory coronavirus (PRCV) model [24]. Importantly, human plasma
levels of LPS binding protein are increased in obesity, demonstrating
a positive correlation with BMI [25]. In addition, CD14 expression is
enhanced in obese individuals [26]. CD14 acts as a coreceptor (along
with the Toll like receptor TLR-4 and MD-2) for the detection of bacterial LPS. CD14 can bind LPS only in the presence of LPS binding
protein (LBP). CD14 is required for influenza A virus-induced cytokine
and chemokine production [27]. Of note, in COVID-19, the plasma
concentration of sCD14 increases markedly with severity of the disease
[28]. Entry of the SARS-CoV-2 virus into the cell is mediated by fusion
of the viral spike protein and cellular membrane through interaction
with cell surface ACE2. The ACE2 receptor is highly expressed in the
lungs and heart, among other tissues, including cornea, esophagus, ileum, colon, liver, gallbladder, kidney, and testis [29]. In adipose tissue,
the expression of ACE2 is greater than that in lung tissue, the main
target tissue affected by SARS-CoV-2 virus [30]. Thus, individuals with
increased adipose tissue have an increased number of ACE2 expressing cells and therefore a larger number of ACE2 receptors [31] (Figure
1). This higher number of adipocytes may lead to a greater viral load
and prolonged viremia. In fact, adipose tissue can act as a reservoir for
different viruses including influenza A virus, HIV, human adenovirus
Ad-36, and SARS-CoV-2. As such, SARS-CoV-2 can preferentially accumulate in adipose tissue and attack other organs, worsening the disease [31].
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Cytokine Activation and Regulation
Adipose cells produce biologically active agents, known as adipokines
(leptin, adiponectin, and other cytokines). Obese individuals have
lower concentrations of adiponectin (anti-inflammatory) and higher
levels of leptin (proinflammatory) than non-obese individuals. Human
eosinophils, a key inflammatory cell, express the leptin receptor Ob-Rb
[32]. Leptin is structurally related to IL-6 and is the main regulator of
appetite [33]. Leptin stimulates eosinophils to produce inflammatory
cytokines [34]. In adipose tissue, excess production of leptin and other
proinflammatory cytokines such as IL-6, IL-1β, MCP-1, and TNF-α
support proinflammatory stimulation. Interestingly, during the H1N1
pandemic in 2009, leptin was identified as cofactor in disease pathogenesis [35].
Adiponectin is synthesized and secreted by the adipocyte; in addition
to its anti-inflammatory properties, it also regulates glucose and fatty
acid metabolism. In obese individuals, adipose tissue becomes infiltrated with proinflammatory macrophages. The adipocytes and activated macrophages in turn produce proinflammatory adipokines and
cytokines that together with the decreased adiponectin levels generate
“metabolic inflammation”. The metabolic dysfunction associated with
obesity may lead to systemic leptin resistance [32-35]. In fact, this resistance may be associated with reduced bone marrow hematopoiesis
and decreased T cell production [36,37]. Noteworthy is the finding that,
obesity may be associated with a pro-coagulant profile that may have a
role in the thromboembolic complications seen in COVID-19 disease
[38]. Also notable is that a decrease LDL levels is associated with higher
severity and mortality of COVID-19 disease [39]. Viral infections induce proinflammatory cytokines that modulate lipid metabolism including oxidation of LDL (elevated in obesity), by reactive oxygen species to facilitate LDL clearance. Thus, serum LDL measurement, during
disease progression, may be useful in identifying patients with a poor
prognosis at an early stage. Remarkably, in SARS-CoV patients, alterations in lipid metabolism have been detected as late as 12 years after the
initial infection [40].
During and after the 2009 influenza A/H1N1 pandemic, higher BMI
was recognized as an independent risk factor for increased disease severity and duration of viral shedding; in fact, symptomatic obese individuals shed the virus 42% longer than their non-obese counterparts
[41-43]. Moreover, both animal and human studies have shown a delayed capacity to produce interferons in the obese state [44,45]. This
delay enables further viral RNA replication to increase the chance of
new, more virulent viral strains emerging [45]. This is potentially relevant since the SARS-CoV-2 virus continues to adapt, resulting in a series of viral variants. It is unclear to date, however, the extent that these
new variants will escape recognition by vaccine-induced immunity but
currently the Delta variant represents a significant proportion of the
COVID-19 cases, presenting with more severe disease.

whereas a surgical or genetically engineered reduction in WAT mass in
rodents could prolong lifespan [47-50]. Animals with reduced fat mass
were protected against age-related obesity and its subsequent metabolic
abnormalities, although their food intake was normal. Fat-specific insulin receptor knockout (FIRKO) mice had an 18% increase in mean
lifespan, with parallel increases in median and maximum lifespans [51].
Thus, a reduction of fat mass without caloric restriction can be associated with increased longevity in mice, possibly through effects on insulin signaling. It has been postulated that obesity could be a condition of
premature metabolic aging.
There is an apparent decline in the relative added risk of obesity with increasing age despite the negative impact of obesity on the risk of death
from all-cause mortality [52]. This has led some experts to conclude
that obesity should not necessarily be viewed as a disease in individuals older than 55 years. This perception of adiposity during the latter
phases of life could have a negative impact by not only discouraging
attempts for weight loss, but also demotivating older individuals to establish and maintain healthy nutritional and lifestyle changes. Despite
claims that obesity is not harmful in older individuals, several largescale studies would argue otherwise. In the 10-year follow-up of the
National Institutes of Health AARP cohort, both overweight and obesity, at all ages and in both sexes, and particularly in those individuals
who had never smoked and without history of disease, are linked to
increased mortality [52]. Although, the risk associated with a high BMI
may decline with advancing age, the absolute rise in mortality rates associated with a high BMI is still much greater in elderly subjects, simply
due to increased death rates in this age range [53]. This relationship
may no longer exist for the very old, in whom mortality rates may be
driven by other conditions such as malignancy or aging of the cardiovascular system that evolved throughout life. In the follow-up study of
the First National Health and Nutrition Examination Survey (NHANES
I), 1,259 Caucasian obese women aged 65-74 years showed a 50% increased risk of coronary heart disease during a mean follow-up period
of 14 years, which was 2.5-fold higher than in non-obese women [54].
The Centers for Disease Control and Prevention (CDC) reported data
[55] from a large, hospital-based, all-payer database during April 1 to
December 31, 2020 demonstrating that both adults <65 and ≥ 65 years

Obesity and Aging
It is known that older individuals have an increased risk for the development of severe forms of COVID-19 [46]. Notably, aging is associated
with increased visceral fat; data suggest that visceral fat could influence
longevity. Studies in mice and in humans have shown that white adipose tissue (WAT) accumulation could negatively influence longevity,

Figure 2: Association between body mass index and COVID-19-related death among adult patients <65 and ≥ 65 years old.
old have an increased risk of death in parallel to increase in BMI (Figure
2).
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In Premier Healthcare Database Special COVID-19 Release (PHD-SR)
dataset. Data from the original report were obtained from a large, hospital-based, all-payer database during April 1 December 31, 2020. Data
included 71,491 patients hospitalized with COVID-19. The data show
that adults <65 and ≥ 65 years old have increased risk of death in parallel to increase in BMI. BMI of 18.5 to 24 kg/m2 was used as reference for
comparisons across BMI ranges. Modified from Kampaniyets L, et al.
(MMWR March 8, 2021).
Added to the obesity risk, there are age-related changes of the immune
system that contributes to increased incidence and severity of infections in the elderly. Most currently used vaccines are less immunogenic
and therefore, less effective in the elderly compared to younger adults.
Potential strategies to improve their immunogenicity include use of
a higher antigen dose, alternative routes of administration, and adjuvants, which were all implemented for influenza vaccines, and may induce moderately higher antibody concentrations [56]. Thus, it will be
important to determine soon the durability of the immune response
in the elderly with the current vaccines available against SARS-CoV-2.

Public Health Implications
The COVID-19 pandemic has occurred at a time when the prevalence
of individuals with obesity is increasing in virtually all countries worldwide. In the US, the prevalence of adult obesity in 2017 to 2018 has
risen to 42% [2,57]. Notably, almost all countries worldwide report that
at least 20% of the population is classified as either overweight or obese
[58,59]. To date, no country has experienced a reduction in the prevalence of individuals with obesity. In fact, no state or territory in the US
has reported a prevalence of obesity less than 20% [60]. Notably, 12
states in the US have ≥ 35% prevalence of obesity. Importantly, there is
a disproportionate rate of obesity among Blacks and Hispanics. In many
areas of the US, Blacks and Hispanics are more than twice as likely as
Whites to die from COVID-19 [61]. Recently (Feb 18, 2021) the CDC
reported that age-adjusted COVID-19 hospitalization rates for Blacks
and Hispanics was 2.9 and 3.2 times higher than those of Whites, respectively. Similarly, the death rate for Blacks and Hispanics was 1.9 and
2.3 times higher than those of Whites, respectively [62].
A study in 5,700 US patients hospitalized with severe forms of COVID-19 reported that 41% of affected individuals were classified as obese
[63]. Another study conducted in New York showed that for those under the age of 60, obesity was twice as likely to result in COVID-19related hospitalization, and that BMI >40 kg/m2 was the second strongest independent predictor of hospitalization after old age [64]. These
observations are consistent across different countries. For example, in
a study in China [65], where obesity is less prevalent than in Western
countries, the investigators concluded that overweight patients had an
86% higher risk, and those with obesity a 142% higher risk of developing COVID-19-related severe pneumonia compared with normal
weight patients. Consistent with these findings, a large UK-based cohort study examined the factors associated with COVID-19-related
hospital death using linked electronic health records of 17 million adult
National Health Service patients [66]. The study found that the risk of
death increased with a higher degree of obesity; the adjusted HR was
1.27 for BMI 30-34.9 kg/m2, increasing to 2.27 for BMI ≥ 40 kg/m2.
Lastly, a recent meta-analysis showed that the odds of COVID-19 positivity in obese individuals were 46% higher than in those individuals
Volume 5 • Issue 4 • 1000116

who were not obese. Moreover, obese individuals were more likely to
have unfavorable outcomes with a 48% increase in death [67].

Need for Booster Immunizations
Obese and elderly
Obese individuals exhibit impaired immunological memory. In fact,
influenza vaccination in adults with and without obesity results in
equivalent influenza-specific antibody titers at 30 days after vaccination, but antibody titers wane significantly more in adults with obesity
(as in older individuals) compared with adults who are lean at 1 year
after vaccination [68]. Compared with influenza vaccinated lean adults,
vaccinated adults with obesity have impaired CD8+ T and CD4+ cell
production of key inflammatory cytokines IFN-γ and granzyme B [69].
Adults with obesity also have two times greater odds of influenza or
influenza-like illness despite a robust antibody response [70]. While the
mRNA vaccines have shown excellent protection of approximately 95%
in obese individuals [71], this observation is limited to a few months after the second injection. It will be critical to determine if the protection
in obese individuals and the elderly is durable after a longer period and
comparable to other demographic subgroups. It is also important to
highlight that protection with currently available vaccines is extremely
promising. For example, the Janssen (Ad26.COV2.S) single dose vaccine, demonstrated full protection in the more severe COVID-19 cases.
Of the reported COVID-19 related deaths in their Phase 3 study, all
seven occurred in the placebo group. Notably, all were obese except for
one individual [72].

Immunocompromised
Immunocompromised individuals represent approximately 3% of US
adults [73]. These include people with solid tumor and hematologic
malignancies, recipients of solid organ or hematopoietic stem cell
transplant, severe primary immunodeficiencies, individuals with HIV,
or treatment with immunosuppressive medications including cancer
chemotherapeutic agents, TNF blockers, certain biologic agents (e.g.,
rituximab), and chronic use of high-dose systemic corticosteroids.
These individuals are more likely to get severe disease from COVID-19
due to prolong shedding, and low antibody/neutralization titers to
SARS-Cov-2 variants [74]. Studies indicate reduced antibody response
in immunocompromised individuals following a primary vaccines series, compared to healthy vaccine recipients. In fact, among individuals
vaccinated, 44% of hospitalized breakthrough cases involve immunocompromised individuals [75]. While the vaccines are quite effective,
the vaccine effectiveness in terms of COVID-19 hospitalizations ≥ 14
days after the second dose of mRNA vaccines was 59% among immunocompromised individuals vs. 91% without immunocompromised
[75]. Data have shown that among those who had no detectable antibody response to an initial mRNA vaccine series, 33% to 50% developed an antibody response to an additional dose [76,77]. These findings
highlight the importance of booster immunizations among the immunocompromised. Importantly, no serious adverse events were reported
in a small series (n=99) after the administration of the third dose in
solid organ transplant recipients [78]. There is need to further assess
who may benefit most from an additional dose and to determine the
acceptable intervals and mix and match schedules. (e.g., mRNA vaccine recipients who subsequently receive the Janssen vaccine and vice
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versa) Ultimately, the regulatory authorities need to rapidly make decisions considering the increase in the number of cases due to the delta
(B.1.617.2) variant, which currently represents 83% of reported cases in
the US (July of 2021) [79].

Personalized Approaches and Benefit Risk of the Current Vaccines
The US is currently facing a challenge because of vaccine hesitancy [80].
The number cases of COVID-19 hospitalizations have doubled during
the second quarter of 2021 across many states. These numbers are by
far driven by unvaccinated individuals. While vaccine hesitancy is multifactorial, it is important to highlight the overall positive benefit-risk
profile of the current vaccines. This provides an opportunity to tailor
immunizations to specific groups with intrinsic lower risk. Some of the
key adverse events reported after vaccination are the Gillian Barre Syn-

drome (GBS), Thrombosis with Thrombocytopenia Syndrome (TTS)
and myocarditis. Recently the CDC reported a benefit-risk analysis
across the Janssen and mRNA (Moderna and Pfizer) vaccines [81]. Table 1 illustrates the number of serous events (i.e., hospitalization, ICU
and death) prevented by these vaccines stratified by age and gender.
These data can be used to make informed decisions and introduce a
personalized approach for vaccination. Specifically, one could consider
the mRNA vaccine among females 30 to 49 years old and ≥ 65 years
old to minimize the risk for GBS and TTS, respectively and for males
50 to 64 years old to minimize the risk for GBS. Conversely, one could
consider the Janssen vaccine in males 18 to 29 years old to minimize the
risk for myocarditis. The remaining groups could benefit substantialy
from any of the available vaccines. Overall, the potential harm is quite
small after COVID-19 vaccination. The risk for TTS from the Janssen
vaccine is 3.0 per million doses among adults, and for GBS 7.8 cases

Janssen COVID-19 Vaccine

mRNA COVID-19 Vaccines

Severe COVID-19 outcomes prevented
Age

Hospitalization

ICU

Death

Severe COVID-19 outcomes prevented
GBS Cases

TTS Cases

Hospitalization

ICU

Death

Myocarditis Cases

Females
18-29 years

700

50

5

1

4-5

750

50

5

3-4

30-49 years

900

140

20

6-7

8-10

950

140

20

1-2

50-64 years

1,600

350

120

7-8

3-4

1,700

375

125

1

65+ years

5,900

1,250

840

8-10

0

6,200

1,300

900

<1

Males
18-29 years

300

60

3

2

2-3

300

60

3

22-27

30-49 years

650

150

25

7-8

1-2

700

160

25

5-6

50-64 years

1,800

480

140

14-17

1-2

1,900

500

150

1

65+ years

11,800

3,300

2,300

7-8

0

12,500

3,500

2,400

<1

*For every million doses of vaccine given with US exposure risk and hospitalization rates from June 19, 2021; red color denotes increased risk and
opportunities for personalized approaches. Modified from reference 81.
Table 1: Benefits and Risks after COVID-19 Vaccine Stratified by Age and Sex Groups
per million doses among adults. Regarding mRNA vaccines, the risk
for myocarditis is 3.5 cases per million doses among adults [81]. It is
important to highlight that the risk for each potential harm varies by
age and by gender as presented in Table 1.

Conclusion
Overall, lessons learned from the devastating effects of the pandemic
have solidified the belief that obesity is a significant societal and clinical
problem that requires a strategic approach to address it as a major public health problem. Hence, it is critical to promote effective and healthy
nutritional changes. Cost-effective community-based prevention, including monitoring and screening of body weight is critical. There is
need for tailored behavioral, pharmacological, nutritional, and physical
activity interventions. There is evidence that weight loss is associated
with lower all-cause mortality, regardless of age. Low levels of sponta-

neous physical activity is a major predictor of adipose tissue accumulation in humans, and reduced total body movement, most of which is
related to ambulation, is negatively correlated with fat mass. The obese
and the elderly (including those in long term care facilities) may require
a booster immunization to augment protection as well as the immunocompromised. Given the overall favorable safety profile of the current
vaccines, a personalized approach offers an opportunity to maximize
immunizations in a more targeted manner and perhaps increase vaccine acceptability among hesitant individuals.
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