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1 | INTRODUCTION
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Abstract

Coronavirus disease 2019 (COVID-19) continues to ravage communities across the
world. Despite its primary effect on the respiratory system, the virus does not solely
impact those with underlying lung conditions as initially predicted. Indeed, prog-
nosis is worsened (often fatal) in patients with pre-existing hyperinflammatory re-
sponses (e.g., hypertension, obesity and diabetes), yet the mechanisms by which this
occurs are unknown. A number of psychological conditions are associated with
inflammation, suggesting that these may also be significant risk factors for negative
outcomes of COVID-19. In this review, we evaluate preclinical and clinical literature
suggesting that chronic stress-induced hyperinflammation interacts synergistically
with COVID-19-related inflammation, contributing to a potentially fatal cytokine
storm syndrome. In particular, we hypothesize that both chronic stress and COVID-
19-related hyperinflammation are a product of glucocorticoid insufficiency. We
discuss the devastating effects of SARS-CoV-2 on structural and functional aspects
of the biological stress response and how these induce exaggerated inflammatory
responses, particularly interleukin (IL)-6 hypersecretion. We postulate that chronic
stress should be considered a significant risk factor for adverse COVID-19-related
health outcomes, given overlapping peripheral and central immune dysregulation in
both conditions. We conclude by discussing how people with a history of chronic
stress could mitigate their risk for COVID-19 complications, identifying specific
strategies that can be implemented during self-isolation.
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prognosis. Indeed, certain populations are more vulnerable to poorer

Coronavirus disease 2019 (COVID-19), caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), is ‘the defining
global health crisis of our time’ (World Health Organization
(WHO), 2020). As of 27 October 2020, the number of cases exceeded
42 million with 1.1 million deaths worldwide, carrying a mortality
rate several times higher than influenza (WHO, 2020a). Whereas
most cases are asymptomatic or mild to moderate (80%), others are
severe and require intensive care (20%; WHO, 2020b), suggesting

predisposing mechanisms influence susceptibility to a worse

outcomes: hypertension is the most common comorbidity in COVID-
19 patients (27%-30% of patients), followed by diabetes and car-
diovascular disease (Wu et al., 2020; Zhou et al., 2020b). These
comorbidities, linked to increased COVID-19-related complications
and fatality (Wu et al,, 2020), are independently associated with
stress-induced inflammatory responses (Black & Garbutt, 2002;
Brydon & Steptoe, 2005; Joseph & Golden, 2017). In this review, we
integrate preclinical and clinical literature suggesting that pre-exist-
ing psychological stress and inflammation interact with immune re-

sponses to SARS-CoV-2 infection, worsening its prognosis. Whereas
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several recent articles discuss the stressful nature of contracting
COVID-19 (e.g., Bo et al., 2020), social isolation during stay-at-home
orders (e.g., Usher, Bhullar, & Jackson, 2020), as well as SARS-CoV-2-
induced stress reactivity (e.g., Steenblock et al., 2020), our aim is to
describe how pre-existing exposure to chronic stress interacts syn-
ergistically with SARS-CoV-2 pathogenesis, producing potentially
fatal outcomes. In doing so, we propose a novel framework that
implicates prolonged stress as a significant risk factor for COVID-19-
related morbidity and fatality, which has yet to be thoroughly dis-
cussed in the scientific or medical community. We conclude by dis-
cussing how people with a history of prolonged stress could mitigate
their risk for COVID-19-related complications.

To ensure we reviewed the most recent literature on COVID-19,
we conducted daily literature searches (PubMed, MEDLINE and
Google Scholar) and monitored international public health agency
databases, namely the World Health Organization (WHO), throughout
manuscript preparation. Relevant articles were retrieved using search
terms that included ‘COVID-19’, ‘SARS-CoV-2', ‘inflammation’, ‘IL-6’,
‘stress’, ‘HPA axis’ and ‘cortisol’. These searches were also combined
with terms related to randomized controlled trials, epidemiology,
prevalence, risk factors and predisposition. We reviewed articles

published between database inception and September 2020.

2 | STRESS AND INFLAMMATION

Psychological stress is a reaction to any stimulus that alters
homoeostatic responses across stress mediators (Lee & Choi, 2015).
The hypothalamic-pituitary-adrenal (HPA) axis regulates some as-
pects of the relationship between stress and biological responses that
maintain homoeostasis, including glucocorticoid and proinflammatory
cytokine release. Following stress exposure, the HPA axis triggers
adrenal cortical release of glucocorticoid hormones (i.e., corticoste-
rone in rodents and cortisol in humans; CORT), which are significant
regulators of the ‘fight or flight' response (Pariante & Light-
man, 2008). HPA activation also engages the sympathetic nervous
system (SNS), which triggers the release of proinflammatory cyto-
kines, including interleukin (IL)-6, through a,-adrenoreceptor acti-
vation on immune cells (Raison, Capuron, & Miller, 2006). Notably,
this relationship is bidirectional in that IL-6 potently activates the
HPA axis, initiating a feed-forward activation cycle that increases
SNS activity (Mastorakos, Weber, Magiakou, Gunn, & Chrou-
sos, 1994). Once a stressor is removed, further release of glucocor-
ticoids and cytokines is attenuated through feedback inhibition as a
result of CORT binding to glucocorticoid receptors (GR) in the hip-
pocampus, as well as the hypothalamus (Pariante & Lightman, 2008).

Under acute (i.e., short term) stress, this biological cascade pro-
motes immediate survival by mobilizing and allocating bodily re-
sources (McEwen & Seeman, 1999). Indeed, glucocorticoids are
critical for stabilizing proinflammatory cytokine action, thereby
restoring homoeostasis following stress (Ruzek, Pearce, Miller, &
Biron, 1999). Persistent activation of the HPA axis (e.g., as a result of

chronic stress), however, causes GR downregulation (Paskitti,

McCreary, & Herman, 2000) and blunted GR-mediated signal trans-
duction (Mizoguchi et al., 2001) in the hippocampus, both of which
characterize glucocorticoid insufficiency (Raison & Miller, 2003).
Consequently, under conditions of persistent stress, the HPA axis
operates with reduced hippocampal-mediated regulation, contrib-
uting to CORT dysregulation and unrestrained cytokine release
(Raison & Miller, 2003). Additionally, stress-induced cytokine release
may interact directly with GRs, leading to reduced GR sensitivity
(Pace, Hu, & Miller, 2007). Various inflammatory and immunoregu-
latory signalling pathways, like nuclear factor-kB (NF-kB), contribute
to GR resistance (for comprehensive review, see Pace et al., 2007).
This effect has been observed in various animal models of stress,
including social defeat paradigms, whereby glucocorticoid resistance
correlates with the number of wounds received during defeat (Avit-
sur, Stark, & Sheridan, 2001). In this scenario, glucocorticoid resis-
tance is an adaptive response to elevated CORT levels, which would
typically suppress inflammatory responses, thereby interfering with
the proper healing of physical injury (Avitsur, Stark, Dhabhar, Padg-
ett, & Sheridan, 2002). This phenomenon explains how increases in
circulating CORT can coincide with elevations in proinflammatory
markers, as seen in many preclinical models of chronic stress (e.g.,
Savignac, Hyland, Dinan, & Cryan, 2011) as well as mental health
disorders, like major depressive disorder (MDD) (Karlovi¢, Serretti,
Vrkié, Martinac, & Mar¢inko, 2012).

Given the important role of CORT in mediating cytokine trans-
mission, HPA dysregulation perturbs normal immune responses. When
CORT is elevated (e.g., during periods of acute stress) (see Figure 1a, b),
helper T cell type-2 (TH2)-mediated immune responses, which activate
the production of anti-inflammatory cytokines, are predominant (Assaf,
Al-Abbassi, & Al-Binni, 2017). Though evolutionarily adaptive, this
response can be detrimental when recruited repeatedly (i.e., during
chronicstress; Morey, Boggero, Scott, & Segerstrom, 2015) asit invokes
the suppression of TH1 cytokines, proinflammatory cytokines that are
needed for immunity. Thus, elevated CORT results in immediate
immunosuppressive consequences that could increase susceptibility to
negative health outcomes, including infectious disease. Critically, pro-
longed stress exposure causes leukocytes to downregulate GRs (see
Figure 1c, d), reducing the immune system's ability to respond to anti-
inflammatory actions of CORT (Miller, Cohen, & Ritchey, 2002). As a
result, proinflammatory processes, such as IL-6 release, become
dominant (see Figure 1e). Relatedly, during periods of hypocortisolemia
(i.e., following the removal of a chronic stressor), proinflammatory
cytokine levels spike as TH1-mediated immune responses prevail.
Adults with adverse early life experiences (particularly those with post-
traumatic stress disorder [PTSD]) most commonly show hypo-
cortisolism, which is likely due to a compensatory state of self-preser-
vation as well as a counteraction to prolonged hypercortisolism that
occurs throughout stress exposure (‘adrenal fatigue’; Gunnar & Vaz-
quez, 2001). Notably, these individuals are particularly vulnerable to IL-
6 hypersecretion following acute stress (Carpenter et al., 2010).

Individuals with a history of chronic stress or trauma are at
increased risk for poor disease prognoses due to the activation of a

conserved transcriptional response to adversity (CTRA). This is
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FIGURE 1 Differential processes contribute to hypercytokinemia in severe acute respiratory syndrome coronavirus (SARS-CoV) patients
and chronic stress-exposed individuals. At baseline in both conditions and in healthy individuals, the paraventricular nucleus (PVN) of the
hypothalamus secretes corticotropin-releasing hormone (CRH), which activates (a) anterior pituitary gland release of adrenocorticotropic
hormone (ACTH). In SARS-CoV patients, the virus mimics ACTH, causing host antibodies to destroy endogenous ACTH (b) ACTH binds to its
receptors (melanocortin receptor type 2; MC,) in the adrenal cortex, stimulating the production of glucocorticoids, namely, cortisol (CORT).
Due to insufficient bioavailability of ACTH, SARS-CoV leads to less adrenal CORT production (c) In a negative feedback system, CORT binds to
glucocorticoid receptors (GR) in the hippocampus, which suppresses further release of glucocorticoids from the adrenal glands. Chronic stress
causes GR downregulation, impairing the ability of the hippocampus to regulate CORT secretion. Associated decreases in GR-mediated signal
transduction lead to hypercortisolism (d) In SARS-CoV patients, insufficient CORT is available to bind to GRs whereas in chronic stress, there
is an abundance of CORT with few receptors available to bind. Under normal conditions, CORT inhibits immune cells, like T lymphocytes,
thereby leading to (e) suppression of inflammatory responses, namely proinflammatory cytokine release. In SARS-CoV patients, decreased
CORT bioavailability promotes unrestrained cytokine release. Similarly, in individuals experiencing chronic stress, GR downregulation in
immune cells prevents CORT from suppressing the inflammatory response, leading to hypercytokinemia

predominantly characterized by (1) increased NF-kB signalling, which
regulates proinflammatory cytokine production and (2) decreased
interferon response factors (IRFs) signalling, which mediates innate
antiviral gene expression (Cole, 2014) (see Figure 2). The CTRA is
especially salient in the context of social-environment conditions,
whereby social threats (e.g., interpersonal conflict or social isolation)
may upregulate genes that are critical in initiating an inflammatory
response (e.g., IL-1B) and downregulate those that promote antiviral
responses (e.g., interferon-stimulated genes) (Murray, Haselton,
Fales, & Cole, 2019). These gene expression profiles are evoked by
SNS activation, which indirectly activates proinflammatory tran-
scription factors while inhibiting antiviral responses (Murray
et al,, 2019). In Section 6, we discuss the importance of maintaining
social integration during COVID-19 stay-at-home orders and how

this can be achieved safely.

Critically, the deleterious effects of chronic stress are not uni-
form across all individuals and stress resistance factors are impli-
cated in a subset of stress-exposed humans (Bonanno, 2004) and rats
(Bergstrom, Jayatissa, Thykjaer, & Wiborg, 2007). Adrenal gland
enlargement, which is a marker for adrenal hypertrophy and hyper-
plasia (Ulrich-Lai et al., 2006), is commonly observed following
chronic stress exposure, but only in some cases. In this context,
preclinical research shows increased adrenal weight following
chronic stress in some rats (Hueston et al., 2011), which is also seen
in some stress-exposed humans (Hayashi, Bunai, Ago, Ago, &
Ogata, 2011) and those with depression (Nemeroff et al., 1992). In-
dividual variability in stress reactivity might also influence inflam-
matory responses. For instance, in a social defeat paradigm,
subordinate mice that are exposed to daily social interaction with a

dominant mouse show elevated proinflammatory cytokine profiles (e.
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FIGURE 2 Coronavirus disease 2019 (COVID-19) activates similar inflammatory responses as chronic stress, leading to a cytokine storm.
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) penetrates cells through the angiotensin-converting enzyme 2 (ACE2)
receptor after its spike glycoprotein is cleaved by transmembrane protease serine 2 (TMPRSS2) and Furin. Subsequently, the MyD88 pathway
activates nuclear factor kappa B (NF-kB), initiating a proinflammatory response marked by hypersecretion of interleukin (IL)-1B, tumour
necrosis factor-alpha (TNF-a) and IL-6. Each of these cytokines are significantly elevated in severe COVID-19 patients, but IL-6 is uniquely
associated with acute respiratory distress syndrome (ARDS)-related mortality. Critically, chronic stress similarly activates NF-kB signalling
pathways, upregulating genes that are critical for initiating intense inflammatory responses, namely increases in IL-1B, TNF-a and IL-6. In
particular, chronic stress-induced TNF-a and IL-1f transmission is associated with hyperinflammatory pulmonary responses, which is
particularly relevant to its role in lung atrophy and the development of ARDS in COVID-19 patients. Furthermore, chronic stress also
decreases interferon response factors (IRFs) signalling, which has an important role in mediating innate antiviral gene expression and immune
responses. Stimulation of cannabinoid type 2 receptors (CB2R), which are abundantly expressed on cytokine-releasing immune cells (i.e.,
macrophages, T-helper cells), restrains proinflammatory cytokine release. Non-psychotropic cannabidiol (CBD), which activates CB2
receptors, is a promising therapeutic that could modulate immune function and cytokine production in COVID-19 patients with a history of

chronic stress

g., IL-6, IL-7, IL-15; Stewart et al., 2015). In contrast, dominant mice
show increases in IL-10, an anti-inflammatory cytokine (Stewart
et al,, 2015). In a similar resident-intruder paradigm, passive stress-
coping rats (i.e., those with a shorter latency to assume defeat) show
elevations in IL-1B, which initiates a proinflammatory response,
whereas active coping rats (i.e., those with a longer latency to assume
defeat) show a suppression of proinflammatory responses (Wood
et al., 2015). Similar patterns are observed in humans, such that high
stress perception is associated with substantially higher production
of various cytokines, including IL-6, tumour necrosis factor-alpha
(TNF-a) and interferon gamma (IFN-y), each of which are critical for
initiating an immune response (Maes et al., 1998). Thus, the apparent
heterogeneity in individual physiological responses to identical
stressors is important when considering chronic stress as a risk factor

for various morbidities, including COVID-19.

3 | HPA DYSREGULATION IN COVID-19
PATIENTS: INSIGHTS FROM SARS-CoV

Although little is currently known about the pathogenesis of SARS-
CoV-2, 79% of its genetic sequence is shared with SARS-CoV (SARS)
(Coronaviridae Study Group, 2020) (for a more comprehensive

comparison, see Xu et al., 2020). Like SARS, the virus penetrates cells

through the angiotensin-converting enzyme 2 (ACE2) receptor of the
host (Li, Geng, Peng, Meng, & Lu, 2020a). In order to do so, its spike
glycoprotein (S) is cleaved at two sites by host cell proteases, namely
transmembrane protease serine 2 (TMPRSS2) and Furin (Bestle
et al, 2020). Indeed, replication of SARS-CoV-2 is substantially
reduced using either TMPRSS2 or Furin inhibitors (Bestle
et al., 2020), suggesting that inhibition of these proteases may be
critical in preventing and/or treating this virus. Furthermore,
emerging research shows an important role for nicotinic receptors
(nAChRs) in regulating ACE2 receptor expression, pointing to nAChR
agonism as a potential treatment for COVID-19 (Farsalinos
et al, 2020). ACE2 is markedly expressed on pneumocytes in the
lung, but also on endothelial cells of the adrenal glands in humans
(Harmer, Gilbert, Borman, & Clark, 2002) and rats (Riviere
et al., 2005). Unlike cells of most other organs (e.g., kidneys, liver,
thyroid), lung macrophages and adrenal gland stromal cells show
marked co-expression of the ACE2 gene with TMPRSS2 and Furin,
implicating these organs as primary targets for SARS-CoV-2 infection
(Zhou et al., 2020b). Some have suggested that adrenal necrosis and
vasculitis in COVID-19 patients is likely caused by viral entry through
the adrenal glands (Somasundaram et al., 2020). In support of this
claim, autopsies of SARS patients identified the virus in the adrenal
glands and revealed degeneration and necrosis of adrenal cortical

cells (Ding et al., 2004), which are responsible for regulating secretion
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of adrenal hormones. Relatedly, a recent case study shows bilateral
adrenal hemorrhaging in a COVID-19 patient, marked by increased
size and blurring of both adrenal glands (Alvarez-Troncoso
et al,, 2020). These findings implicate a direct cytopathic effect of the
virus on adrenal cells, potentially altering CORT transmission in these
patients. In line with these findings, a recent study found marked
elevations in CORT responses in COVID-19 patients within 48 h of
hospital admission, which positively correlated with mortality (Tan
et al,, 2020). Either adrenal atrophy or hypercortisolism would be
particularly detrimental to those with a history of chronic stress,
given pre-existing adrenal gland damage (Rygula et al.,, 2005) and
HPA dysregulation (Heim, Newport, Bonsall, Miller, & Nemer-
off, 2001). Notably, pre-existing health conditions that are most
associated with COVID-19 mortality (e.g., advancing age, obesity,
cardiovascular disease) are also associated with hypercortisolism
(Black & Garbutt, 2002; Brydon & Steptoe, 2005; Joseph &
Golden, 2017).

In addition to its direct effect on adrenal structure, SARS-CoV
expressed specific amino acid sequences that mimic adrenocortico-
tropic hormone (ACTH), causing the host antibodies to unintention-
ally destroy endogenous ACTH (Wheatland, 2004). Whether SARS-
CoV-2 similarly downregulates ACTH remains elusive; however, the
majority of its proteins (>95%) are homologous with those of SARS-
CoV (Xu et al., 2020), suggesting similar amino acid sequences could
be present. Indeed, a prospective study (ChiCTR20000301150) is
evaluating whether SARS-CoV-2 similarly mimics ACTH molecules,
which could be likely given that multi-organ damage in COVID-19
patients is associated with its molecular mimicry of several proteins
related to vascular function, anosmia and leukopenia (Angileri
et al, 2020). Owing to the fact that ACTH stimulates adrenal
secretion of CORT, downregulation of this hormone leads to sus-
tained CORT deficiency (see Figure 1). Although this appears to
contradict the recent study linking hypercortisolism to COVID-19
mortality (Tan et al., 2020), the paradox may be explained by tem-
poral changes in HPA reactivity following SARS-CoV-2 infection.
Thus, circulating CORT levels could initially be elevated due to
reduced metabolism and clearance of the molecule, which is
commonly observed in critically ill patients (Boonen et al., 2013). In
the later disease course, it is possible that patients show adrenal
insufficiency as a consequence of ACTH mimicry. Indeed, ~40% of
SARS patients showed hypocortisolism three months after SARS re-
covery, which persisted for up to a year (Leow et al., 2005). Notably,
these individuals did not have pre-existing endocrine deficiencies
that are common in people with a history of chronic stress. Some
adults with past childhood trauma show unusually low plasma CORT
(e.g., Edwards, Heyman, & Swidan, 2011) and elevated IL-6 (Car-
penter et al., 2010) concentrations. This is concerning given that mild
CORT deficiency is associated with increased morbidity and mortality
in critically ill patients (Ledingham & Watt, 1983). Specifically, CORT
suppresses cellular immunity (namely, the release of cytokines) to
prevent excessive inflammatory responses (Ruzek et al., 1999). Thus,
CORT deficiency (i.e., hypocortisolism) facilitates proinflammatory

cytokine release (Raison & Miller, 2003), producing a variety of

immune-related syndromes. This ‘serum sickness response’, mediated
by proinflammatory cytokines, can manifest as a range of symptoms
that resemble physiological and behavioural changes observed during
infection (e.g., rash, fever, appetite suppression and anhedonia;
Yorulmaz et al, 2018). These symptoms are observed in animal
models of maternal separation and can be reversed by proin-
flammatory blockade (Deak, Kudinova, Lovelock, Gibb, & Hen-
nessy, 2017; Hennessy, Deak, & Schiml-Webb, 2001). Hence, pre-
existing hypocortisolism could interact with elevated cytokine levels
from the natural immune response to the virus, creating a ‘cytokine
storm’, which is defined by a state of intense hyperinflammation.
Indeed, this syndrome, which is characterized by hypercytokinemia, is
found in a subset of COVID-19 patients (Mehta et al., 2020) and is
commonly associated with sepsis or septic shock (Li et al., 2020a).
Given potential interactions with HPA reactivity in vulnerable pop-
ulations, it is imperative for future research to elucidate circulating
ACTH and CORT levels, as well as adrenal morphology, in COVID-19
patients. This is particularly important given that hypercortisolism,
which is observed following prolonged stress, causes glucocorticoid
insufficiency, preventing CORT from effectively exerting its anti-in-
flammatory effect (thereby resulting in hypercytokinemia) (see
Figure 1). In the following section, we examine specific inflammatory
processes that contribute to a cytokine storm syndrome in COVID-
19 patients and discuss how this relates to chronic stress-induced

hypercytokinemia.

4 | STRESS-LIKE INFLAMMATORY RESPONSES IN
COVID-19 PATIENTS

41 | Th1/Th2-mediated immune responses

Hyperinflammatory responses are consistently observed in COVID-
19 patients (Qin et al., 2020) and proinflammatory cytokine levels are
associated with pulmonary inflammation and lung damage (Huang
et al, 2020). In addition, the effects of SARS-CoV-2 on immune
dysregulation are more complex than those associated with previous
coronaviruses. As expected, TH1l-mediated immune responses
appear to be activated in these patients (marked by substantial in-
creases in proinflammatory cytokines; ‘cytokine storm’ syndrome)
and cytokine levels are correlated with disease severity (Huang
et al., 2020). Paradoxically, TH2-mediated responses are also acti-
vated in COVID-19 patients (marked by increases in anti-inflamma-
tory cytokines, like IL-4 and IL-10, which typically suppress
proinflammatory cytokine release) (Huang et al., 2020). Relatedly,
type 1 interferons (IFN), which have anti-inflammatory properties
that are critical in restraining viral replication, are deficient in the
blood and lungs of COVID-19 patients (Hadjadj et al., 2020),
contributing to COVID-19 pathogenesis.

This unusual contrast is akin to the cytokine shift seen with
chronic stress, whereby immune responses are simultaneously
enhanced or suppressed by differential production of cytokines
(Marshall et al., 1998; Segerstrom & Miller, 2004), a process that is
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regulated by CORT (Chiappelli, Manfrini, Franceschi, Cossarizza, &
Black, 1994). This is particularly salient in the context of age-related
susceptibility to poor COVID-19 outcome, given that elderly in-
dividuals are at higher risk for complications and fatality (Liu, Chen,
Lin, & Han, 2020). Among the elderly, both TH1 and TH2-mediated
immune responses contribute to vulnerability to viral infection and
poor health outcomes. For instance, chronic stress in older adults
impairs antibody responses to influenza virus vaccine and decreases
proinflammatory IL-2 and IL-1B (Kiecolt-Glaser, Glaser, Gravenstein,
Malarkey, & Sheridan, 1996), which are critical for initiating an im-
mune response. Indeed, chronic stress-induced immune dysregula-
tion in the elderly persists for years after the stressor has abated
(Gouin, Hantsoo, & Kiecolt-Glaser, 2008), which appears to be
mediated by elevated glucocorticoid secretion (Vedhara et al., 1999).
Additionally, ageing is associated with a state of low-grade inflam-
mation (‘inflammaging’), contributing to chronic proinflammatory
responses (e.g., IL-6 and IL-8 hypersecretion; Franceschi & Cam-
pisi, 2014). Consequently, elderly individuals may not only be more
prone to contracting COVID-19 but are more susceptible to a
hyperinflammatory reaction to the virus, increasing their risk for

health complications.

4.2 | T-lymphopenia
The contrasting immune responses in COVID-19 patients could be
driven by downregulated production of T cells (Qin et al., 2020),
which are critical in orchestrating immune responses and for pro-
ducing pro- and anti-inflammatory cytokines. Indeed, T-lymphopenia,
a deficiency in lymphocyte counts in the blood, is more pronounced in
severe, compared to mild, cases (Qin et al., 2020). Effector memory T
(Tem) cells, which are a subset of memory CD8* T cells, rapidly
respond to re-infecting pathogens. Notably, recent immunopheno-
typing studies reveal that CD8" Tgy cells are significantly depleted in
COVID-19 patients, which correlate with the severity of disease
progression (Laing et al., 2020; Mathew et al., 2020). The authors
suggest that Tgym cell depletion is particularly worrisome for the
elderly who rely on memory T cells, given a reduced ability to
generate naive T cell repertoires with age (Laing et al., 2020). Such
subset-specific T cell depletion in COVID-19 patients is likely
attributable to increased apoptosis and may help elucidate age-
related differences in susceptibility to poor outcomes (Laing
et al., 2020). Importantly, distinct heterogeneity of the immune
response is observed in hospitalized COVID-19 patients, with certain
subgroups showing robust CD8" T cell activation and proliferation
whereas others show no detectable responses (Mathew et al., 2020).
Fluctuations in lymphocyte levels typically coincide with those of
plasma CORT, such that elevated CORT levels are associated with low
lymphocyte counts (Kriiger et al., 2011). This is commonly observed in
people with depression, whereby hypercortisolism occurs in conjunc-
tion with lymphopenia (Toben & Baune, 2015). In rodents, chronic
stress is associated with involution of the thymus gland (a vital pro-

ducer of T lymphocytes), which is a product of CORT-induced

apoptosis (Tarcic, Ovadia, Weiss, & Weidenfeld, 1998). In line with this
research, chronic stress has well-documented effects on lymphocyte
redistribution, such that plasma T cells, B cells, natural killer cells
and monocytes are significantly decreased during and after stress
exposure (Dhabhar & McEwen, 1997). This is an immune cell
trafficking process that is mediated by adrenal hormones
(Dhabhar, Miller, McEwen, & Spencer, 1996). Tan et al. (2020)
found significantly elevated CORT levels in COVID-19 patients within
48 h of hospitalization, but it is unclear how this might affect T cell
depletion, particularly that of CD8" Tgp cells. Importantly, CD8* Tgm
cell counts negatively correlate with CORT rhythms (Dimitrov
et al,, 2009), further highlighting the role of CORT in redistributing
these cells away from peripheral blood circulation. Research from
SARS-CoV shows that elevated CORT was associated with general
lymphopenia (Panesar, 2008), suggesting that similar biological
mechanisms could be involved with SARS-CoV-2. Given that lympho-
penia is a sequela of COVID-19, stress might predispose patients to a
greater risk of complications due to abnormal cytokine transmission
(Di Lorenzo, 2020).

4.3 | Proinflammatory cytokines

COVID-19 severity is strongly predicted by neutrophil and Nod-like
receptor levels, which are inflammatory markers (Qin et al., 2020).
These inflammatory parameters likely reflect hypercytokinemia,
particularly elevated IL-6 release, which is very common in severe
cases (Zhang et al., 2020b). Indeed, relative to COVID-19 patients
who recovered, IL-6 levels in non-survivors are significantly elevated
(Zhou et al., 2020b). Other work confirmed a role of elevated IL-6
levels in critically ill COVID-19 patients (Wu et al., 2020), with levels
being 10-fold higher than levels in mild or moderate cases (Chen
et al, 2020). Though several factors, including lymphopenia, are
associated with the development of acute respiratory distress syn-
drome (ARDS) in COVID-19 patients, IL-6 is uniquely associated with
death (Wu et al., 2020). Notably, chronic stress is similarly associated
with elevated IL-6 secretion in humans (Gouin, Glaser, Malarkey,
Beversdorf, & Kiecolt-Glaser, 2012) and rodents (Himmerich
et al., 2013), which appears to be modulated by CORT. In chronic
stress-exposed adults, administration of a synthetic glucocorticoid
(dexamethasone) does not suppress IL-6 production as it does in non-
stressed people (Miller et al., 2002). Thus, given that it potentiates
cytokine responses to infection, chronic stress is likely to be a sig-
nificant risk factor for poorer COVID-19 prognosis. Furthermore,
elevated IL-6 levels are found in most COVID-19 comorbidities that
are associated with severe outcomes, namely hypertension (Brydon
& Steptoe, 2005), diabetes (Joseph & Golden, 2017), heart disease
(De Mello et al., 2009) and obesity (Park et al., 2010). These levels are
pronounced in the elderly population (Cohen, Pieper, Harris, Rao, &
Currie, 1997), which is most vulnerable to a fatal COVID-19 outcome
(Liu et al., 2020). Collectively, these findings suggest that predispo-
sition to elevated IL-6 levels could promote severe adverse outcomes
to SARS-CoV-2 infection.
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As previously mentioned, NF-kB signalling pathways contribute
to GR resistance and are critical mediators of inflammatory re-
sponses. In COVID-19 patients, hyperactivation of the NF-kB
pathway initiates a cytokine storm, which is a catalyst for ARDS-
mediated fatality (Hirano & Murakami, 2020). Specifically, the
MyD88 pathway activates NF-kB through pattern recognition re-
ceptors (PRRs), thereby leading to proinflammatory cytokine release,
namely IL-6, TNF-a and chemokines (Hirano & Murakami, 2020) (see
Figure 2). Notably, chronic unpredictable stress in rodents similarly
activates NF-kB signalling pathways, leading to depressive- and
anhedonic-like phenotypes (Koo, Russo, Ferguson, Nestler, &
Duman, 2010), which map onto similar patterns observed in people
with MDD (Pace et al., 2006). Moreover, stress-induced suppression
of hippocampal neurogenesis is blocked using NF-kB inhibitors (Koo
et al., 2010). Given the critical role of hippocampal negative feedback
in regulating HPA reactivity, these findings suggest that NF-kB
hyperactivation may contribute to HPA dysregulation. In the context
of SARS-CoV-2 infection, chronic stress potentiates lipopolysaccha-
ride (LPS)-induced activation of NF-kB (Munhoz et al., 2006), sug-
gesting that viral inflammatory reactions could be compounded by
similar responses following chronic stress. Importantly, this potenti-
ated effect is abolished by pretreatment of a GR antagonist, impli-
cating  glucocorticoid  transmission in  mediating  NF-kB
hyperactivation following chronic stress exposure.

NF-kB hyperactivation initiates an intense proinflammatory
cytokine cascade, leading to deleterious consequences. TNF-a and IL-
1B each play a key role in inducing these hyperinflammatory re-
sponses and (among several other cytokines) are elevated in COVID-
19 patients (Tufan, Guler, & Matucci-Cerinic, 2020). Comparably,
mice exposed to five weeks of chronic mild stress show substantial
elevations in plasma TNF-q, IL-1B, IL-6 and CORT (Li et al., 2008),
suggesting once again that stress and SARS-CoV-2 pathogenesis
could synergize to produce detrimental health outcomes. Among
severe COVID-19 cases, plasma concentration of TNF-a is signifi-
cantly greater than that of mild to moderate cases (Qin et al., 2020),
and this effect is more pronounced in patients requiring intensive
care (Huang et al., 2020). Anti-TNF therapy is under consideration to
treat COVID-19 patients (Feldmann et al., 2020), owing to its efficacy
in preventing a cytokine cascade (namely, IL-6 and IL-1 release) in
other conditions, like rheumatoid arthritis (Charles et al., 1999).
Given that elevations in TNF-a production are observed following
chronic stress (Li et al., 2008), as well as in people with PTSD (Gill,
Vythilingam, & Page, 2008) and MDD (Dowlati et al., 2010), anti-TNF
treatment could be particularly critical in COVID-19 patients with
these pre-existing conditions. Furthermore, chronic stress-induced
TNF-a and IL-1pB transmission is associated with hyperinflammatory
pulmonary responses (Curry et al., 2010), which is particularly rele-
vant to its role in ARDS-mediated fatality in COVID-19 patients.
Specifically, in addition to increasing serum TNF-q, IL-1B, and IL-6
levels, social defeat stress produces a significant increase in TNF-a
and IL-1B lung mRNA (Curry et al,, 2010; Quan et al., 2001), pointing
to a role of these mediators in initiating a proinflammatory envi-

ronment within the lungs after stress. Critically, the same social

defeat paradigm enhances pulmonary inflammation during infection
with the influenza A virus, causing respiratory distress and increasing
mortality (Stark et al., 2001). This inflammatory reaction occurs
despite elevated CORT levels, implicating the development of
glucocorticoid resistance in immune cells of stressed animals (Stark
et al,, 2001).

5 | FUTURE DIRECTIONS

5.1 | Effects of SARS-CoV-2 on glucocorticoid
transmission

Recent findings from Tan et al. (2020) show increased CORT trans-
mission in COVID-19 patients within 48 h of hospitalization. This
study is the first to show compelling changes in glucocorticoid pro-
files following SARS-CoV-2 infection. As previously mentioned,
additional research is needed to understand temporal dynamics of
CORT in COVID-19 patients since hypercytokinemia occurs later in
the disease progression. Importantly, future research must also
examine molecular mimicry of ACTH molecules in SARS-CoV-2, given
that this could shed light on the course of HPA dysregulation (re-
searchers are currently examining this mechanism: Chinese Clinical
Trial Registry, ChiCTR20000301150). Understanding how this virus
affects stress-regulatory mechanisms will elucidate how CORT, cy-
tokines, or alternative mechanisms are involved in glucocorticoid
resistance, resulting in hypercytokinemia. This is particularly impor-
tant, given that several mental health disorders are characterized by
HPA dysregulation and hyperinflammation. Notably, depression is
commonly precipitated by stress (Pizzagalli, 2014) and is associated
with hypercortisolism (Carroll et al., 2007) and hyperinflammation
(Raison et al., 2006). Indeed, even among psychiatrically healthy
participants, plasma IL-6 is linked to volumetric decreases in stress-
regulatory brain regions implicated in MDD, such as the hippocampus
and amygdala (Ironside et al., 2019). Given a predisposition to dys-
regulated stress and immune responses, we postulate that individuals
with depression are likely prone to negative COVID-19-related
outcomes. In support of this hypothesis, emerging literature shows
greater self-reported depression and lower quality of life in COVID-
19 patients relative to healthy controls (Nguyen et al., 2020).
Although research in this domain is scarce, over 50% of SARS and
Middle East Respiratory Syndrome coronavirus patients experienced
depressive episodes during hospitalization (Kim, Yoo, Lee, Lee, &
Shin, 2018; Mak, Chu, Pan, Yiu, & Chan, 2009), suggesting that the
virus negatively impacts mental health. Importantly, stressful life
events predict MDD onset (Kendler, Gardner, & Prescott, 2002) and
recurrence (Monroe, Anderson, & Harkness, 2019), findings that are
especially salient in the context of current public fear and economic
uncertainty: the current social milieu in most countries, therefore, is
increasing the risk for depression and, by association, worse health
outcomes. Thus, elucidating the effects of SARS-CoV-2 on stress
reactivity is pertinent to our understanding of stress-related pa-
thology in COVID-19 patients.
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5.2 | COVID-19 in the brain: A role for the
endocannabinoid system

In addition to its devastating impact in the periphery, COVID-19 may
produce long-term central nervous system (CNS) deficits, including
neurodegeneration (De Felice, Tovar-Moll, Moll, Munoz, & Fer-
reira, 2020). Emerging research highlights neurological complications
following infection (e.g., stroke, haemorrhage and encephalitis; Var-
atharaj et al., 2020), which could reflect viral infection within the CNS
(Mesci et al.,, 2020). Specifically, the virus appears to impair syn-
aptogenesis and cause necrosis of cortical neurons, both of which can
be reversed with the antiviral drug, Sofosbuvir (Mesci et al., 2020).
Although SARS-CoV-2 has been detected in cortical neurons in au-
topsy reports (Song et al., 2020), the viral load is minimal and
inconsistently detected (Paniz- Mondolfi et al., 2020); it is also absent
from cerebrospinal fluid (Al Saiegh et al., 2020). Future research
should elucidate whether the virus produces neurological syndromes
through direct infection or an alternative, perhaps indirect, route.

Some suggest that COVID-19-induced CNS deficits may occur
through systemic hyperinflammation that degrades the blood-brain
barrier, leading to neuroinflammation and associated neurological
syndromes (De Felice et al, 2020). The endocannabinoid system
(ECS), which plays a critical role in neuroinflammation (Edwards &
Abizaid, 2016), is likely recruited under these conditions. Specifically,
ECS dysregulation is associated with increased inflammatory re-
sponses in the CNS (Boorman, Zajkowska, Ahmed, Pariante, &
Zunszain, 2016) and neuroinflammation increases ECS activity,
inducing upregulation of the cannabinoid type-2 (CB2) receptors on
activated microglia and cells of immune origin (Pacher & Mechou-
lam, 2011). One assumption is that CB2 receptors are recruited in
response to neuroinflammation, suppressing immune responses in a
number of pathological conditions (Nagarkatti, Pandey, Rieder,
Hegde, & Nagarkatti, 2009). This may include stress, which exerts an
effect, at least partially, through the ECS (Balsevich, Abizaid, Chen,
Karatsoreos, & Schmidt, 2019). Indeed, systemic injections of a CB2
receptor agonist in mice inhibit chronic stress-induced hypersecre-
tion of proinflammatory cytokines and protect against neuro-
inflammatory responses in the frontal cortex (Zoppi et al., 2014).

Given the anti-inflammatory properties of cannabinoids and their
potential to deter a cytokine storm syndrome (D'Elia, Harrison,
Oyston, Lukaszewski, & Clark, 2013), some researchers advocate
therapeutic use of the non-psychotropic cannabidiol (CBD) for
COVID-19 patients (e.g., Byrareddy & Mohan, 2020). This is based on
evidence that CBD, through activation of CB2 receptors, modulates
immune cell migration (Miller & Stella, 2008) and inhibits cytokine
production (Ehrhart et al., 2005) (see Figure 2).

Furthermore, preclinical studies report that CB2 receptor
knockout mice show potentiated inflammatory responses to an
influenza virus (Buchweitz, Karmaus, Williams, Harkema, & Kamin-
ski, 2008), pointing to an important role of this receptor in immune
regulation following viral infection. Critically, chronic stress upregu-
lates CB2 receptor expression in the mouse hippocampus (Robertson

et al., 2017), which could provide neuroprotective effects on

inflammation-induced alterations in HPA functioning. As such, CBD
treatment could protect against CNS atrophy in COVID-19 patients
with a history of chronic stress. The efficacy of CBD to treat COVID-
19 has yet to be tested, but its strong safety profile (Iffland & Gro-
tenhermen, 2017) offers a promising avenue for future therapeutic
research. Thus, we call for researchers to examine a potential role for
CB2 receptor agonism in preserving CNS function in COVID-19 pa-
tients, specifically due to its role in suppressing glial and astrocyte
activation (Sheng et al., 2005). Currently, there are no studies that
examine the effects of CBD use in COVID-19 patients, but recent
analyses shed light on its therapeutic potential (see Wang
et al., 2020).

6 | RISK MITIGATION

Given the role of CORT in modulating inflammatory responses,
stress-reduction practices could promote better immunity and re-
covery from COVID-19. Meditation is among the many recom-
mended stress management practices during quarantine (Yanyu
et al., 2020). In particular, mindfulness meditation has the ability to
modulate CORT (Turakitwanakan, Mekseepralard, & Busarakum-
tragul, 2013) and reduce inflammatory responses (Creswell
et al.,, 2016). Notably, it is particularly effective in reducing IL-6 levels
during acute stress exposure (Hoge et al., 2018) and in trauma-
exposed women (Gallegos, Lytle, Moynihan, & Talbot, 2015).
Furthermore, pandemic-related isolation and confinement promotes
a sedentary lifestyle comprised of inactivity and a lack of physical
exercise (Burtscher, Burtscher, & Millet, 2020). Not only has physical
exercise been associated with reduced anxiety and depression during
the COVID-19 pandemic (Fu et al., 2020), but it robustly modulates
CORT (Moraes, Deslandes, Cevada, Souza, & Laks, 2012) and viral
immunity (Nieman & Wentz, 2019). Burtscher et al. (2020) argue that
the public should seriously consider the benefits of physical activity
in mitigating poor COVID-19 outcomes, particularly as chronic stress,
immunity and inactivity are heavily interconnected.

Relatedly, current mass quarantine strategies (including stay-at-
home orders and travel restrictions) are promoting social isolation
(Jordan, Adab, & Cheng, 2020), which elevates IL-6 levels synergis-
tically in those with depression (particularly in men; Héafner
et al., 2011). Among older adults, social isolation increases risk for
cardiovascular and immune diseases, as well as depression (Armitage
& Nellums, 2020). A novel framework conceptualizes an important
biological basis for social bonding (i.e., Social Safety Theory), positing
that threats to social safety (e.g., isolation) promote negative health
outcomes, such as viral infection and inflammatory-related diseases
(Slavich, 2020). Thus, social relationships could protect against
COVID-19-related complications, pointing to the importance of
physical, as opposed to social, distancing during self-isolation. On this
basis, virtual communication is an effective alternative to physical
contact (Colasante, Lin, DeFrance, & Hollenstein, 2020) in that digital
emotional support is as effective as in-person support for regulating

negative emotions. Notably, these benefits do not apply, solely, to
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those with a tendency toward social isolation or avoidance (Cola-
sante et al., 2020), suggesting that online interaction (e.g., video calls,
texting) could be beneficial to the broader population. Relatedly,
internet-based cognitive behavioural therapy has numerous benefits
over traditional face-to-face therapy (Webb, Rosso, & Rauch, 2017),
which offers those with MDD an effective alternative to in-person
treatment during self-isolation.

Currently, there is no effective pharmacotherapy for SARS-CoV-2,
though clinical trials are rapidly advancing. Glucocorticoid adminis-
tration to COVID-19 patients could prevent or suppress a cytokine
storm syndrome, owing to its ability to restrain IL-6 transmission
(Ruzek et al., 1999). Indeed, a recent clinical trial found that dexa-
methasone, a synthetic glucocorticoid, reduces mortality rate in severe
COVID-19 patients who require ventilation (Horby et al., 2020). Given
that sustained hypercortisolism (as seen in MDD) is associated with GR
resistance (Raison & Miller, 2003), it is unclear whether dexametha-
sone would be effective for COVID-19 patients with a history of
chronic stress. In fact, in the absence of careful dosing and monitoring
of serum CORT during tapering (Scaroni, Armigliato, & Can-
navo, 2020), steroid treatment in COVID-19 patients with adrenal
insufficiency could be detrimental (Isidori et al., 2020). An alternative
intervention strategy might involve direct modulation of cytokine
release, namely IL-6. Early studies show promise for Tocilizumab, an IL-
6 receptor antagonist, which appears to improve clinical outcomes in
severe cases by preventing a cytokine storm syndrome (Zhang
et al., 2020b). Importantly, preclinical research suggests that IL-6 is
critical in initiating a preliminary response to infection, and that de-
ficiencies in IL-6 increase the risk for mortality (Dienz et al., 2012).
Certain populations, including those with MDD (Dowlati et al., 2010),
PTSD (Jiang et al, 2019), as well as the elderly (Kiecolt-Glaser
et al, 1996), are also at higher risk for viral infection, due to elevated
cytokine levels. Thus, the timing of drug intervention could be a crucial
factor in determining its efficacy in treating COVID-19, particularly for
those with predispositions to hypercytokinemia.

7 | CONCLUSION

In an effort to develop safe and effective interventions, infectious
disease experts implore scientists of all specializations to conduct
‘robust research to understand the basic biology of new organisms
and our susceptibilities to them’ (Fauci, Lane, & Redfield, 2020). With
respect to the latter, we show similar mechanisms in chronic stress-
induced inflammation and SARS-CoV-2, which might interact syner-
gistically to increase the risk of complications and mortality. Little is
known about the pathogenicity of the virus, but overwhelming evi-
dence points to exaggerated immune responses, like IL-6 hyperse-
cretion, leading to severe health consequences. Hence, chronic stress
should be regarded as a significant risk factor for poor COVID-19
prognosis, but further empirical research is needed in this domain.
Specifically, researchers should examine the complex interactions
between SARS-CoV-2 and chronic stress-related HPA dysregulation

and hypercytokinemia. Though inflammation appears to characterize

the pathogenesis of the virus, it remains unclear how symptoms
differentially manifest based on such predispositions. For instance,
emerging findings implicate similar immune disturbances in COVID-
19-positive children who develop a hyperinflammatory syndrome
(multisystem inflammatory syndrome in children: rash, peeling skin,
stomach pain) but rarely suffer respiratory issues (Riphagen, Gomez,
Gonzalez-Martinez, Wilkinson, & Theocharis, 2020). Relatedly, in-
flammatory skin lesions (‘COVID toes’) manifest in some otherwise
asymptomatic COVID-19-positive adults (Landa, Mendieta-Eckert,
Fonda-Pascual, & Aguirre, 2020). These findings suggest that a
hyperinflammatory response is present in most or all cases, but it
may differentially manifest in its symptomatology and severity.
Further research is needed to uncover how predisposing inflamma-
tory factors might produce alternative COVID-19 disease profiles.
Resiliency factors might also protect people from chronic stress-
induced harm, which could elucidate the heterogeneity observed in

COVID-19 symptom severity and disease prognosis.
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