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INTRODUCTION

Abstract

As the spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) con-
tinues to surge worldwide, our knowledge of coronavirus disease 2019 (COVID-19) is
rapidly expanding. Although most COVID-19 patients recover within weeks of symp-
tom onset, some experience lingering symptoms that last for months (“long COVID-
19”). Early reports of COVID-19 sequelae, including cardiovascular, pulmonary, and
neurological conditions, have raised concerns about the long-term effects of COVID-
19, especially in hard-hit communities. It is becoming increasingly evident that can-
cer patients are more susceptible to SARS-CoV-2 infection and are at a higher risk of
severe COVID-19 than the general population. Nevertheless, whether long COVID-
19 increases the risk of cancer in those with no prior malignancies, remains unclear.
Given, the disproportionate impact of the disease on the African American community,
yet another unanswered question is whether racial disparities are to be expected in
COVID-19 sequelae. Herein, we propose that long COVID-19 may predispose recov-
ered patients to cancer development and accelerate cancer progression. This hypoth-
esis is based on growing evidence of the ability of SARS-CoV-2 to modulate oncogenic
pathways, promote chronic low-grade inflammation, and cause tissue damage. Com-
prehensive studies are urgently required to elucidate the effects of long COVID-19 on

cancer susceptibility.
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consensus is that cases with symptoms lasting over 12 weeks are

considered chronic COVID-19.11] A smaller study in Italy revealed that

The unabated spread of severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) poses significant challenges to healthcare and
financial systems worldwide. Although many coronavirus disease 2019
(COVID-19) patients recover within 2-6 weeks of symptom onset,
some, known in social parlance as “long-haulers,” experience lingering
symptoms that ebb and flow for months. “Long COVID-19” may not
be uncommon among critically ill patients requiring intensive care;
however, a significant number of long-haulers are mild to moderate
cases with no comorbidities or known risk factors. Initial findings from
the UK COVID Symptom Study suggest that about 10% of COVID-19
patients experience prolonged symptoms (beyond 3 weeks) and that
in 1-5%-2% of patients, symptoms continue for over 90 days.[22] The

87-4% of recovered patients reported persistence of at least one symp-
tom, with fatigue, dyspnea, joint pain, and chest pain being the most fre-
quently reported.3! In another prospective study in Germany, cardiac
involvement (78%) and ongoing myocardial inflammation (60%) were
observed in most recovered patients, many of whom (60%) had a home-
based recovery.*! Pulmonary fibrosis is also common in patients after
recovery, even among those with no previous lung disorders.[>] Mus-
cular pain, insomnia, tingling sensation, and neurological symptoms
(e.g., headaches, dizziness, loss of taste and smell, brain fog, depres-
sion) have also been reported in long-haulers.[¢! These reports raise
concerns about COVID-19 sequelae, including long-term cardiovas-
cular, pulmonary, and neurological conditions (e.g., cognitive decline,
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neurodegenerative diseasesl®71), which can impact the quality of life
long after viral clearance. Long-term bone and lung damage, chronic
fatigue, and neurological sequelae have also been observed with
other respiratory viruses, including Influenza A (H7N9), SARS, and
MERS.[6-10]

ATTRIBUTES OF LONG COVID-19

COVID-19 is a multisystem disease with wide-ranging symptoms and
a highly heterogeneous clinical course. Host immunity overdrive in
response to the virus can contribute to severe disease. Excessive proin-
flammatory cytokine release (cytokine storm) and multi-organ coagu-
lation abnormalities are hallmarks of severe COVID-19 and can inflict
extensive tissue damage.[11] However, the time required for immune
homeostasis restoration after virus elimination, as well as the under-
lying mechanisms, remain unknown. Long COVID-19 may be a direct
consequence of low titer residual virus sequestered away in certain
organs (e.g., in the brainl12l), though evading detection by current diag-
nostic methods. The more widely accepted rationale for long COVID-
19 is that the virus exerts long-lasting immunomodulatory effects and
causes chronic low-grade inflammation.[61314] Whether long COVID-
19 is a direct result of persistent viral attacks on multiple organs or a
secondary consequence of a viral-induced aberrant immune response
is yet to be ascertained and warrants a deeper investigation. The latter
premise is supported by the occurrence of chronic fatigue symptoms in
long-haulers that have been likened to myalgic encephalomyelitis (ME),
a hard to define condition that is believed to arise from persistent low-
grade inflammation.[15.1¢]

Chronic low-grade inflammation in long-haulers may facilitate the
development of various illnesses. Prevailing or contiguous long-hauler
symptoms can foretell imminent disease sequelae (e.g., cardiovascular,
pulmonary, and neurological conditions). But what about sequelae in
the offing, with no immediate discernible symptoms? Cancer devel-
opment is one such foreseeable COVID-19 sequelae since chronic
inflammation is long-established to be a fertile ground for oncogen-
esis. Interestingly, ME has been observed in patients with infectious
mononucleosis caused by Epstein-Barr virus, a known oncovirus.[17]
The association between viral infections and several cancers is well
known and chronic inflammation and immune escape are some of the

mechanisms driving oncogenic transformation.[18]

CAN CANCER BE A COVID-19 SEQUELA?

Immune responses in COVID-19 patients are orchestrated by proin-
flammatory cytokines (IL-1, IL-6, IL-8, and TNF-a), which are also
known to drive tumorigenesis.[1?! Additionally, COVID-19 has been
associated with T-cell depletion and activation of oncogenic path-
ways, including JAK-STAT, MAPK, and NF-xB, potentially increasing
the risk of cancer development.[20] Hypoxia due to inflammation or
virus-induced angiotensin-converting enzyme 2 depletion can induce

oxidative stress and malignant transformation.[22-26] Over time, both

chronicinflammation and oxidative stress can lead to DNA damage and
subsequent carcinogenesis.[27‘3” Moreover, COVID-19 is known to
cause multiorgan damage,[32] and extensive tissue damage is an onco-
genicdriver.

Studies on the closely related SARS coronavirus suggest a potential
link between SARS-CoV-2 and cellular transformation. The SARS-CoV
non-structural protein 3 (Nsp3) has been implicated in the degrada-
tion of the tumor suppressor protein p53.1331 Additionally, the SARS-
CoV endoribonuclease Nsp15 interacts with the retinoblastoma tumor
suppressor protein (pRb), promoting its degradation via the ubiquitin-
proteasome pathway.[34] Furthermore, an interaction between the
S2 subunit of SARS-CoV-2 and the p53 and BRCA1/2 proteins has
been demonstrated in silico.!3%) The loss of these cellular caretak-
ers and gatekeepers can lead to genomic instability and aberrant cell
growth.[36-38]

Bouhaddou et al. have recently mapped changes in the phospho-
rylation status of host and viral proteins upon SARS-CoV-2 infection.
They found phosphorylation alterations in 12% of interacting host
proteins and identified the responsible kinases, some of which
regulate cell shape and p38/MAPK pathway activation.[3?] Interest-
ingly, multinucleate giant cells have been observed in the milieu of
SARS-CoV-2-infected cells.!*?] Although most of these infected cells
undergo apoptosis, a subset of cells may survive post-viral clearance;
nevertheless, it remains unclear whether the phosphorylation status
of host proteins is restored to its original state or if this aberrant
phosphorylation eventually leads to tumorigenesis.

Cancer development is rarely a result of an isolated event; it is a
consequence of mutagenic events accumulated over a long period of
time. It is fathomable that in tandem with other carcinogenic events,
COVID-19 may predispose the body to cancer development and accel-
erate cancer progression.

ARE RACIAL DISPARITIES TO BE EXPECTED IN
COVID-19 SEQUELAE?

African Americans (AAs) are disproportionately affected by COVID-
19, likely due to interacting biological, environmental, and social
factors.[41] Immunogenetic differences also exist among populations,
affecting the immune cell repertoire and resulting in racial differences
in immune profiles. For instance, variations in serum cytokine levels
between AAs and European Americans (EAs) have been observed. AAs
are significantly more likely to carry genetic variants of proinflam-
matory cytokines.[4243] Furthermore, aggravatingly, they often bear
genotypes (including variants of IL-1, IL-6, IL-10, and TNF-a) known
to tamp down the anti-inflammatory responses.[42] Consistently, var-
jous inflammatory diseases are more common among AAs.[44! These
immunogenetic differences may also explain why AAs have a higher
risk of developing lung cancer than EAs.[45]

AAs have been subject to marginalization and discrimination,
resulting in socio-economic and health disparities. The engendered
stress causes the release of inflammatory mediators (e.g., CRP, IL-6,

NF-xB, TNF-a) via the activation of the sympathetic nervous system
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and the hypothalamic-pituitary-adrenal axis.4¢] Continuous social
and environmental stresses induce chronic inflammation that is at
the root of most disease etiologies. Importantly, a higher prevalence
of low-grade inflammation has been shown in young AAs subjected
to racial discrimination compared to those who identified positively
with their racial identities.[4”] Environmental and social factors may
also modulate epigenetic modifications (DNA methylation, histone
modifications, and alterations in the expression of non-coding RNAs),
thereby affecting disease susceptibility.[4¢] Considering the higher
levels of proinflammatory cytokines in AAs, a pronounced impact of
COVID-19 is comprehensible. It remains unclear, however, whether
AAs are more susceptible to COVID-19 sequelae, including cancer.
Given that chronic, low-grade inflammation is common in COVID-
19 patients, we hypothesize that COVID-19, especially long COVID-
19, increases the risk of cancer. The immunogenetic differences among
AAs and EAs may contribute to racial disparities in the oncogenic
effects of COVID-19. Ongoing experiments in our laboratory, along-
side longitudinal clinical and community follow-up studies, have been
set in motion to assess COVID-19-evoked cancer risk, particularly in a

race-dependent manner.

LABORATORY AND COMMUNITY TESTBEDS

Proof-of-concept experiments are underway in our laboratory to
assess the race-dependent cytokine profiles in SARS-CoV-2-infected
race-annotated (AA and EA) primary epithelial and cancerous cell lines
by employing cytokine arrays. Morphological alterations and changes
in the levels of cancer-related proteins (e.g., p53, pRB, BRCA1/2, NF-
xB) upon SARS-CoV-2 infection will be compared between AA- and
EA-derived cells. These findings will unveil any race-dependent direct
oncogenic effects of SARS-CoV-2. Moreover, these experiments will
provide insight into the potential impact of COVID-19 on cancer pro-
gression in patients with concurrent malignancies and identify poten-
tial racial disparities.

The effect of COVID-19 on cancer outcomes, disease progression,
metastasis, and relapse will be evaluated in longitudinal observational
studies of cancer patients who were diagnosed with COVID-19. Strati-
fied analyses will be performed to assess the prognostic significance of
COVID-19 in cancer patients.

To assess the long-term race-dependent effects of COVID-19 on
cancer susceptibility through epidemiological studies, we will reach out
to the AA community via faith-based organizations and social media.
We have developed a 20-min comprehensive online survey to evalu-
ate various health, socio-economic and disease (e.g., disease course,
duration, symptoms, comorbidities) parameters of long COVID in the
AA community in Georgia State. Depending on early results, a large-
scale survey will be conducted. AAs are severely under-represented
in citizen science and mutual support groups on social media and pri-
vate sites. We are working on reaching out to members of these groups
and creating a safe and interactive space to engage effectively with the

community and assess COVID-19 sequelae in long-haulers.

FINAL THOUGHTS

Given the rapidly expanding number of SARS-CoV-2-infected indi-
viduals worldwide, assessing the COVID-19 sequelae through well-
thought-out, long-term clinical studies is crucial. Reinfection cases
have already been reported, yet the impact of reinfection on the seque-
lae is unknown. The health and financial burdens imposed by COVID-
19 have left the world reeling. Long COVID threatens to further impair
physical and mental well-being, thereby weakening the already frag-
ile healthcare systems and increasing medical liabilities. It is conceiv-
able that, though not being a traditional oncovirus that integrates into
the host genome, SARS-CoV-2 establishes an oncogenic environment
by instigating the host’s immunity. Thus, great attention needs to be
allotted towards understanding and quelling the immune dissonance

within.
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