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Abstract

Older adults are far more vulnerable to adverse health outcomes and mortality after contracting COVID-19. There are likely multiple age-
related biological, clinical, and environmental reasons for this increased risk, all of which are exacerbated by underlying age-associated changes 
to the immune system as well as increased prevalence of chronic disease states in older adults. Innate immune system overactivity, termed the 
cytokine storm, appears to be critical in the development of the worst consequences of COVID-19 infection. Pathophysiology suggests that 
viral stimulation of the innate immune system, augmented by inflammatory signals sent from dying cells, ramps up into a poorly controlled 
outpouring of inflammatory mediators. Other aging-related changes in cells such as senescence as well as higher prevalence of chronic disease 
states also likely ramp up inflammatory signaling. This in turn drives downstream pathophysiological changes to pulmonary, cardiovascular, 
skeletal muscle, and brain tissues that drive many of the adverse health outcomes observed in older adults. This article provides an overview 
of the underlying etiologies of innate immune system activation and adaptive immune system dysregulation in older adults and how they 
potentiate the consequences of the COVID-19-related cytokine storm, and possible uses of this knowledge to develop better risk assessment 
and treatment monitoring strategies.
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In the face of the current COVID-19 pandemic sweeping the globe, 
there has been a marked interest in understanding the etiology of 
vulnerability to severe COVID-19 disease faced by older and chron-
ically ill adults (1,2). Early on in the COVID-19 pandemic, epi-
demiological data suggested that older adults were more susceptible 
to viral infection (1,3). Although more recent information suggests 
that all age groups are infected at equal rates, older adults, in par-
ticular the frail subset, and those with chronic disease states are more 
likely to develop severe COVID-19-related symptoms requiring hos-
pitalization, ICU utilization, and ultimately death than younger age 
groups (4,5). The biology that drives these adverse outcomes is not 
well understood, but prior understanding of vulnerabilities present 
in the aging immune system and the disease states most associated 
with mortality provide important clues to the biology underlying 
severe COVID-19 disease (6). Immunosenescence, which is charac-
terized by a reduced ability to mount an adequate immune response 
to infection and the predisposition to a proinflammatory state, will 

be discussed as a major contributor to this vulnerability. Beyond 
this, additional information concerning advanced vulnerability of 
older adults will be reviewed based on clues gleaned from the clin-
ical course of the illness and from molecular, cellular, and tissue level 
studies.

Figure  1 provides an overview of the possible connections be-
tween age-related increases in inflammatory signaling and the de-
velopment of adverse health outcomes related to COVID-19 in 
older adults.

Immunosenescence and Ineffective Viral 
Responses

The innate immune system is the first responder system of most tis-
sues and cells to bacterial and viral stressors. Antigenic particles of 
invading organisms are first detected, followed by ramped up in-
flammatory signaling. This activates an adaptive immune system 
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response, which is meant to clear infections and quiet the innate 
immune system response (7). The result of this innate immune 
system signaling is the marked and rapid production of inflamma-
tory stimulating molecules including interleukins (ILs), chemokines, 
interferons (IFNs), and tumor necrosis factor (TNF), which impact 
numerous additional cell types, including endothelial and adipose 
cells as well as fibroblasts.

Immunosenescence is most often described as an age-related 
change to the adaptive immune system that results in impaired 
ability to fight infections, blunted response to new antigens, in-
creased incidence of autoimmunity, and contributes to the devel-
opment of aging-associated chronic diseases (8,9). A  constellation 
of maladaptive aging-related immune system changes occurs in 
immunosenescence, with age-related changes to T cells including 
CD4+ and CD8+ T-cell subtypes developing a limited ability to 
mount robust responses to new epitopes and a decreased pool of 
naive CD4+ and CD8+ T cells. In particular, increases in terminally 
differentiated CD8+ T cells (CD8+CD28−) and replicative-senescent 
T cells (CD8+CD57+) contribute to proinflammatory states, and 
also adversely affect antibody-producing B cells (10). CD28 is a 
co-stimulatory molecule critical for T-cell activation and is known 
to have an age-related decline in expression. Along with decreases 
in CD28, the marker CD57 typically increases in expression with 
age and is associated with non-proliferative T cells. Additionally, in-
creased frequencies of clonal T-cell populations specific for chronic 
viral infections such as cytomegalovirus emerge in some older adults 
(11). This change is associated with poor CD4+ T-cell and antibody-
generating responses to influenza vaccine, which in turn results in 
a decreased ability to clear viral infections and higher symptom 
burden in older adults (12,13). In sum, these changes would make 
older adults less likely to effectively and efficiently fight and resolve 
COVID-19 infections.

Aging-Related Changes to the Innate 
Immune System

Innate immune system changes with aging that may impact 
age-related vulnerability to COVID-19 include altered cytokine 
response to immune activators, impaired phagocytosis by macro-
phages and dendritic cells, and altered Toll-like receptor (TLR) 
expression (8). There is a shift from type 1 (cell-mediated) to 
type 2 (humoral-mediated) cytokine response in aging as well as 
chronic, low-grade proinflammatory cytokine expression due in 
part to the increased presence of senescent cells. Differential ex-
pression of TLRs, which detect components from pathogens and 
trigger host defense responses, are also observed in aging. These 
changes in TLR diversity are associated with decreased response 
to vaccines in older adults and paradoxical increases in IL-8 and 
IL-6, inflammatory cytokines that are important components of 
the cytokine storm discussed below (14). Indeed, age-altered TLR 
signaling declines provide important rationale for the inclusion 
of TLR agonists in influenza vaccines to appropriately stimulate 
dendritic cells and promote an adequate cytotoxic T lymphocyte 
response (10).

Impaired effector functions of neutrophils, dendritic cells and 
natural killer (NK) cells are also observed in the aging innate im-
mune system. Neutrophils from older adults demonstrate increased 
spontaneous apoptosis compared to those from young adults which 
can further contribute to an abnormal innate immune response 
(15). Aging monocytes and dendritic cells demonstrate delayed re-
sponse to stimulation by TLR4 due to inefficiencies in downstream 
signaling pathways (10). These alterations tilt the balance towards 
a proinflammatory state which may prime some older adults to de-
velop an over exuberant, unregulated inflammatory response to viru-
lent pathogens.

Figure 1. Probable age-related contributions to COVID-19-related cytokine storm, as well as observed clinical consequences. Created with BioRender.com. 
ARDS = acute respiratory distress syndrome. 
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COVID-19-Induced Cytokine Storm in Older 
Adults and Its Consequences

The term “cytokine storm” was first used when observing the mas-
sive cytokine releases related to cancer or to cancer-related therapies 
(16,17). The term has come to be used in a host of clinical condi-
tions, mostly related to cancer treatment responses or to infectious 
disease states (18,19).

In COVID-19, IL-6, IL-8, IL-1β, and TNF-α are among the early 
response molecules that rapidly rise in those at highest risk for se-
vere disease and are key measurable components of the “cytokine 
storm” seen in a subset of patients with this infection (20–22). These 
molecules markedly amplify inflammatory pathway activation via 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB) signaling, which in turn sets off a chain reaction of pathophysio-
logical damage and decline that contributes to increased mortality 
rates in those individuals who develop it. Indeed, circulating debris 
from infection and cytokine damaged cells as well as coronavirus 
accessory proteins further contribute to the storm (23). Circulating 
cell debris, termed damage-associated molecular patterns (DAMPs), 
can result in a highly activated innate immune system partially un-
coupled from the viral infection itself (24–26). In a recent paper 
studying the type 1 IFN response in COVID-19 patients, it was hy-
pothesized that the NF-κB pathway can be activated from excess 
stimulation via viral components and DAMPs which can occur in the 
setting of a severe viral infection (27). The impairments in type I IFN 
responses, specifically reduced IFN-β and IFN-α in severe COVID 
infections, were associated with reduced viral clearance. In this case, 
as the cytokine storm develops and is amplified, a host of patho-
physiological consequences in multiple tissues induce adverse out-
comes and mortality increases.

For example, COVID-19-related pneumonia is among the more 
common and well-described causes of mortality that is amplified by 
the cytokine storm. In addition to viral cytotoxicity causing direct 
tissue damage, high levels of inflammatory cytokines damage and 
create gaps between endothelial cells, which in turn drives fluid 
leakage into alveolar spaces, hypoxia, further amplifying tissue 
damage and localized inflammatory signaling (28). Many of these 
inflammatory mediators also activate clotting pathways, leading to 
localized and disseminated intravascular coagulation (DIC), and fur-
ther hypoxia. As the chain of events continues, severe lung injury, 
vascular collapse, and death can result (20,29,30).

Beyond contributing to pulmonary injury, the inflammatory mol-
ecules in the cytokine storm also trigger multiple and varied systemic 
signs and symptoms highly relevant to clinical outcomes observed 
in vulnerable older adults. Central nervous system signs and symp-
toms are very common in older adults with COVID-19, particularly 
headache and delirium (31,32). Additionally, severe anorexia and 
adipsia, known to be driven by cytokinemia, are common in older 
COVID-19 patients (33,34). Muscle wasting and fatigue are driven 
by elevated cytokines such as TNF, and satellite cell recovery is in-
hibited by IL-6, further supporting that the cytokine storm likely 
drives many additional COVID-19 signs and symptoms, as well as a 
slow functional recovery, in many older adults (35,36).

Short- and Long-term Consequences of 
COVID-19 to the Aging Immune System

In addition to direct viral-mediated inflammatory responses, the 
observed chronic, low-grade inflammation observed in aging has 
been proposed to contribute to a subset of older adults experiencing 

cytokine storm in severe COVID-19 infections (37). Insights to 
the immunopathology of COVID-19 and maladaptive immune re-
sponses that can contribute to cytokine storm can be found in the 
medical literature from the related coronavirus severe acute re-
spiratory syndrome (SARS). Inefficient transitioning from innate to 
adaptive immunity was observed in individuals at highest risk of 
requiring mechanical ventilation from SARS infection. In particular, 
these patients had prolonged expression of IFN-γ-stimulated genes 
and decreased expression of antigen presentation genes compared 
to non-severe SARS patients (38). Recent evidence from COVID-19 
literature suggests that an increased population of proinflammatory, 
activated macrophages can also contribute to increased pulmonary 
inflammation and cytokine storm (39). Furthermore, studies of the 
SARS virus demonstrated that direct viral protein–host protein inter-
actions led to upregulation of host innate immune signaling, thereby 
increasing inflammation, which may also be occurring with COVID-
19 (40). These innate immune system responses to infection directly 
contribute to an increased inflammatory state which, in conjunction 
with a restricted adaptive immune response in older adults, may in-
crease  risk of developing cytokine storm.

In addition to acute inflammatory responses from the host re-
sponse to COVID-19 and the coronavirus itself causing direct 
cytotoxicity, it has been hypothesized that COVID-19 infection 
can lead to sustained proinflammatory responses that can lead to 
prolonged sequelae of the infection (41,42). Following the SARS 
epidemic, a post-SARS sickness syndrome consisting of malaise, 
anorexia, and myalgia was observed in a subset of patients, with 
some studies estimating approximately 30% of patients having 
post-infectious sickness syndromes, which are classically mediated 
by hypercytokinemia (43). It is not yet known whether the immune 
changes observed in acute COVID-19 infection that predispose 
older adults to adverse outcomes persist over time. If so, it may be 
that COVID-19 infection may in itself contribute to chronic inflam-
mation that consequently leads to further morbidity. It will be of 
great interest to perform follow-up immunological phenotyping and 
measurement of cytokines on patients in the months following reso-
lution of COVID-19 infection to see whether COVID-19 continues 
to affect host immune responses in the long term.

Age-Related Etiologies of the COVID-19 
Cytokine Storm

Aging-specific drivers of chronic innate immune system activation 
include increased senescent immune and connective tissue cell popu-
lations known to secrete a broad array of inflammatory cytokines, 
an age-altered gastrointestinal (GI) tract and microbiome that en-
ables the low-grade activation of the innate immune system, aging-
related increases in the number of cytokine producing fat cells, poor 
clearance of damaged mitochondria (mitophagy) that contributes 
to ramping up of inflammatory signaling, and age-related shifts in 
the renin–angiotensin system (RAS) receptors towards increased in-
flammatory signaling (44–47). RAS is known to regulate inflamma-
tion and has both pro- and anti-inflammatory properties (48). Older 
animals have heightened responses to angiotensin 2 compared to 
younger counterparts, and this too, may be contributing to further 
parenchymal lung damage and vascular injury observed in patients 
with the most severe presentations of COVID-19 (49,50). Whether 
or not this chronically activated inflammatory state predisposes a 
subset of older adults to rapid development of a cytokine storm re-
mains to be determined.

Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 3 e15



In addition, the same age-related biological changes that drive 
chronic activation of innate immune systems are also potential eti-
ologies of the age-related vulnerability in developing the cytokine 
storm. Gerontologists have long highlighted the importance of ele-
vated inflammatory mediators such as IL-6 and C-reactive protein 
(CRP) as hallmarks of vulnerability to adverse health outcomes. 
In fact, IL-6, one of the major contributors to the cytokine storm, 
was called a “Cytokine for Gerontologists” nearly 30 years ago by 
Ershler et  al. for its role in driving adverse health outcomes (51). 
Although these findings were often dismissed as epidemiological 
phenomena, meaning that IL-6 was simply identifying individuals 
who were already sick and therefore more likely to have adverse 
health outcomes, subsequent biological evidence has demonstrated 
the pathophysiological potential of chronically elevated levels of 
IL-6 and other inflammatory mediators (52). More recently, the con-
dition of chronic, age-related elevation of inflammatory mediators 
and the acceleration of related adverse health outcomes has been 
termed “inflammaging” by many authors, in part because of the evi-
dence that chronic inflammatory pathway activation related to aging 
drives aging phenotypes and chronic disease states (44, 52–54).

Aging, Chronic Disease, and COVID-19 Adverse 
Outcomes

Older adults are far more likely than younger adults to have the 
chronic conditions type 2 diabetes mellitus, hypertension, cardio-
vascular disease, renal failure, and chronic obstructive pulmonary 
disease. These chronic conditions greatly increase the likelihood 
that those infected with COVID-19 experience more severe illness 
adverse outcomes, including acute respiratory distress syndrome 
(ARDS) and respiratory failure, sepsis, acute cardiac injury, and 
hypercoagulability (55,56). There is also growing evidence linking 
COVID-19 mortality with pre-existing metabolic syndrome, its ten-
dency to induce inflammation, and its related comorbidities, which 
has been observed in adults of all ages (57). In particular, obesity and 
insulin resistance promote a proinflammatory state primed to release 
immunostimulatory factors (58).

Although there are likely many reasons for this observed rela-
tionship, a key biological driver of the propensity towards adverse 
outcomes arises from the interaction between the coronavirus and 
components of the RAS. A  critical step in providing the virus ac-
cess to the target cell is the viral spike protein binding with the cell 
membrane-bound angiotensin-converting enzyme 2 (ACE2) receptor 
(59). ACE2 receptors are widely expressed in lung tissue, in the GI 
tract, and in cardiovascular and endothelial tissues (60). Higher 
expression of ACE2 in individuals with chronic diseases, specific-
ally hypertension and diabetes, is hypothesized to greatly facilitate 
viral entry after initial exposure to the COVID-19 virus, leading to a 
rapid increase in innate immune system/proinflammatory signaling. 
Furthermore, the accompanying microvascular disease and endo-
thelial dysfunction observed in severe COVID-19 cases increase 
the likelihood for compromised blood flow and oxygenation at the 
tissue level, enhancing cell death and contributing to the develop-
ment of DIC.

Importantly, RAS may be playing another crucial role in the de-
velopment of adverse health outcomes in older adults and in those 
with chronic disease states. Prior studies suggest that aging and 
chronic disease states drive higher expression of angiotensin receptor 
type 1 (ATR1) and lower expression of ATR2 in mitochondria and 
in other tissues (61,62). The ATR1 receptor, when stimulated by 

angiotensin 2, contributes to increased mitochondrial free radical 
production, greater inflammatory signaling, and vasoconstriction, 
while ATR2 facilitates anti-inflammatory signaling and vascular re-
laxation (48). ATR1 activation also increases production of reactive 
oxygen species and increases proinflammatory cytokines, specifically 
IL-6, TNF-α, and IFN-γ, which can potentially further exacerbate 
the inflammation and cytotoxicity caused by host response to the 
virus (61). This aging-associated shift towards ATR1 signaling can 
also explain the propensity towards the development of the cyto-
kine storm and related endothelial cell and vascular compromise ob-
served in older adults with chronic disease states.

Finally, physical resiliency in the face of COVID-19 likely plays 
an important role in an individual’s ability to withstand the marked 
stressor of infection. Although the underlying mechanisms that drive 
physical resiliency have not been characterized to date, biological hy-
potheses have been developed that center around the physiological 
stress response systems including the hypothalamic pituitary adrenal 
axis (HPA axis), the innate immune system, and autonomic nervous 
system (63,64). These systems become increasingly dysregulated 
with age and with chronic disease states and are therefore less likely 
to function effectively in the face of a major stressor such as COVID-
19. Indeed, some evidence suggests that autonomic nervous system 
function (respiratory rate, heart rate, etc.) cortisol, and innate im-
mune system functions play important roles in COVID-19 patho-
physiology and warrant further investigation (65).

General Risk Factors That May Impact Younger 
and Older Adults

Although age has emerged as the most important risk factor for 
adverse health outcomes related to the development of the cytokine 
storm and mortality, some younger individuals also fall gravely ill 
and develop a similar cytokine storm pathology with COVID-19. 
Chronic disease states and obesity appear to track closely with this, 
but there are likely important genetic and environmental reasons 
that are operant across age groups. For example, there are several 
polymorphisms in inflammatory cytokine-related genes that make 
individuals more or less susceptible to inflammatory pathway cas-
cade signaling (66) and hence to development of or protection from 
cytokine storm. Environmental risk factors, such as smoking (to-
bacco, electronic-cigarette, or marijuana), chronic infections, such 
as CMV or HIV, and nutritional deficiencies, such as Vitamin D 
are known to activate inflammatory pathways, potentially driving 
differential inflammatory pathway activation across all age groups 
(67). Social determinants of health also appear to have inverse 
correlations with systemic inflammation, and a recent analysis of 
COVID-19 patients without comorbidities demonstrated that low 
literacy, education, and lack of access to water and electricity were 
associated with higher rates of mechanical ventilation and mor-
tality (68).

Next Steps

The use of specific cytokine measures to identify older adults at 
highest risk of adverse health outcomes has previously been con-
fined to the research domain (69). With the advent of COVID-19 
and recognition of the potential importance of these measure-
ments for risk assessment and possibly as measurement to guide 
cytokine storm treatments, research data from older adults will be 
increasingly important to generate and analyze. For example, the 
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identification of “inflammaging” or chronic inflammatory meas-
ures to identify those most at risk of adverse COVID-19 outcomes 
may help to prioritize future vaccination strategies. Clinical 
measurement of IL-6 has already been incorporated into treat-
ment algorithms for severely ill patients that may benefit from 
tocilizumab and other IL-6 blocking agents. Numerous clinical 
trials are ongoing in the United States regarding use of cytokine 
blocking agents such as tocilizumab, and Janus Kinase (JAK) in-
hibitors including baricitinib for patients with COVID-19. JAK 
inhibition targets cytokine signaling downstream of the cytokine 
binding to its receptor; one JAK inhibitor can potentially block 
signaling from several different cytokines. Several observational 
studies have been published using these agents (70,71).

Understanding the efficacy of targeted anti-inflammatory strat-
egies including IL-6 blockers, JAK inhibitors, as well as patient 
selection and optimal timing of these therapies will be important 
steps in successfully attenuating cytokine storm in COVID-19 pa-
tients. A  focus on mitigating adverse outcomes from the most se-
vere presentations of COVID-19, including cytokine storm, can be 
more quickly implemented in the clinical setting while vaccine de-
velopment and testing progress. Given the many similarities, it is 
important to continue to apply the lessons we have learned on the 
biology of aging and the development of frail and resilient pheno-
types as we understand more about the biology of vulnerability in 
COVID-19. These approaches and others that build off of both prior 
evidence and emerging knowledge will be critical to mitigating the 
mortality and morbidity from COVID-19 in older adults.
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