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ARTICLE INFO ABSTRACT

Keywords: Coronavirus Disease 2019 (COVID-19) is caused by the novel coronavirus, Severe Acute Respiratory Syndrome
COVID-19 Coronavirus-2 (SARS-CoV-2) - the culprit of an ongoing pandemic responsible for the loss of over 3 million lives
S’,“‘RS'C]‘:V'Z worldwide within a year and a half. While the majority of SARS-CoV-2 infected people develop no or mild
Biomar er symptoms, some become severely ill and may die from COVID-19-related complications. In this review, we
Coronavirus . . . e

Frailty compile and comment on a number of biomarkers that have been identified and are expected to enhance the

detection, protection and treatment of individuals at high risk of developing severe illnesses, as well as enable the
monitoring of COVID-19 prognosis and responsiveness to therapeutic interventions. Consistent with the
emerging notion that the majority of COVID-19 deaths occur in older and frail individuals, we researched the
scientific literature and report the identification of a subset of COVID-19 biomarkers indicative of increased
vulnerability to developing severe COVID-19 in older and frail patients. Mechanistically, increased frailty results
from reduced disease tolerance, a phenomenon aggravated by ageing and comorbidities. While biomarkers of
ageing and frailty may predict COVID-19 severity, biomarkers of disease tolerance may predict resistance to
COVID-19 with socio-economic factors such as access to adequate health care remaining as major non-

Disease tolerance

biomolecular influencers of COVID-19 outcomes.

1. Introduction

In December of 2019, a cluster of patients were admitted to hospital
in Wuhan, China showing symptoms including fever, cough, and
shortness of breath, which were initially diagnosed as pneumonia
caused by an unknown pathogen (Udugama et al., 2020). On Dec 26th,
2019, next generation sequencing (NGS) revealed preliminary sequence
data indicating that this was the result of a SARS-related coronavirus
(Udugama et al., 2020). This was determined not to be SARS-CoV-1 or
MERS-CoV and was instead confirmed to be a novel coronavirus; the
genome sequence of which was released to the public on Jan 10th, 2020,
added to the GenBank sequence records, and used to design PCR primers
allowing for RT-PCR-based testing of SARS-CoV-2 infection (L. F. Wang
et al.,, 2020). The SARS-CoV-2 diagnostic panel from the Centre for
Disease Control and Prevention includes three primer-probe mixes:
2019-nCoV_Nland 2019-nCoV_N2 which target the SARS-CoV-2 virus
nucleocapsid (N) gene; and RP which targets human RNase P gene for
human nucleic acid detection, allowing for specific identification of
SARS-CoV-2 RNA in nasopharyngeal swab samples by RT-PCR (Centers
for Disease & Prevention; Zhang and Guo, 2020).

In addition to RT-PCR, chest CT scans can be used as an auxiliary
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method to diagnose SARS-CoV-2 (X. Li et al., 2020). CT scans in
conjunction with highly sensitive RT-PCR testing allows for increased
sensitivity when diagnosing COVID-19 cases. SARS-CoV-2 can also be
detected using emerging clustered regularly interspaced short palin-
dromic repeats (CRISPR) based diagnostic methods, such as the Sherlock
Biosciences kit that has received FDA Emergency Use Authorization
(Sherlock, 2020; Zhang and Guo, 2020). The Sherlock Biosciences kit
involves programming a Cas (CRISPR-associated) protein with the spe-
cific high-sensitivity enzymatic reporter unlocking (SHERLOCK)
method, to identify SARS-CoV-2 RNA in patient nasal, nasopharyngeal,
oropharyngeal, and bronchoalveolar lavage samples (Sherlock).

While the above-described approaches can detect SARS-CoV-2
presence in an individual, predicting disease prognosis remains chal-
lenging, which hampers the ability of health care systems to concentrate
resources on those individuals at highest risk if developing severe ill-
nesses. Here, we researched the scientific literature for reports on mo-
lecular biomarkers capable of informing on COVID-19 susceptibility,
severity, or prognosis. The National Institutes of Health Biomarkers
Definitions Working Group has described a biomarker as “a character-
istic that is objectively measured and evaluated as an indicator of
normal biological processes, pathogenic processes, or pharmacologic
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responses to a therapeutic intervention” ('Biomarkers and surrogate
endpoints: Preferred definitions and conceptual framework," 2001).
Candidate biomarkers expressed in response to innate immune re-
sponses such as inflammation may be useful but non-specific as they
tend to be observed in many types of diseases. Many molecular bio-
markers in clinical use are serum proteins, in part, because serum
specimens are easy to obtain while their analysis by unbiased proteomic
approaches can inform about the stage of a disease as well as identify
potential targets for therapeutic intervention (Messner et al., 2020). The
combined application of serum biomarkers with technologies such as
genome sequencing, PCR technology, or CRISPR gene editing can be
utilized to characterize disease prognosis in patients with COVID-19 and
can ultimately play a role in alleviating the ongoing pandemic.

The pathophysiological mechanisms and manifestations of COVID-
19 are strongly influenced by ageing (defined as the diminishing of
physiological integrity over time) and frailty (an indicator of biological
age rather than chronological age) (Polidori et al., 2021). The re-
lationships between COVID-19 severity, ageing, and frailty are poorly
understood and worthy of investigation. The majority of COVID-19
deaths occur in older individuals, with one large scale study finding
79 years of age to be the median age of patients who have died due to
COVID-19 (Onder et al., 2020). Ageing can be defined as the diminishing
of physiological integrity over time, which leads to defective functioning
as well as an increased susceptibility to disease and eventual death in a
patient (Lopez-Otin et al., 2013; World Health, 2018). Various biomol-
ecular markers, such as those of inflammation, exhibit increased levels
with ageing and may also indicate increased risk of developing severe
COVID-19. Frailty has been associated with an accelerated loss of ho-
meostasis and, while typically exhibited at advanced ages, the absence
of frailty at an older age may indicate a younger biological age (Polidori
et al., 2021). Whether frailty may predict an individuals’ COVID-19
prognosis is not known and merits to be determined (Polidori et al.,
2021). The interaction between COVID-19 severity and frailty likely
goes far beyond the complexity of the aging process and of the viral
infection themselves. Factors like organ reserve, energy imbalance,
malnutrition, previous frailty condition, comorbidities, access to
healthcare services and psychosocial conditions can influence trajec-
tories massively. Another important factor to consider when discussing
how an individual will be impacted by COVID-19 related illnesses could
be their innate disease tolerance (Ayres, 2020; Hardy and
Fernandez-Patron, 2021; Medzhitov et al., 2012). Disease tolerance can
be described as a host’s defense method to limit tissue damage or reduce
immunopathology caused by various pathogens; this may include
diverting negative effects or perturbations to physiological functions
resulting from a host’s immune response, such as inflammatory damage
or metabolic changes (Ayres, 2020; Hardy and Fernandez-Patron, 2021;
Martins et al., 2019; Medzhitov et al., 2012; Schneider and Ayres, 2008).
Furthermore, a patient’s clinical history, including past diagnoses and
lifestyle choices, can impact and limit the effectiveness of tolerance
mechanisms and thus disease tolerance of the patient as well as the
effectiveness of therapies designed to enhance such tolerance (Hardy
and Fernandez-Patron, 2021). As we age, disease tolerance declines,
which likely reflects a deteriorated immunity (Medzhitov et al., 2012).
Tolerance may become impaired with age due to declining of tissue
maintenance and capacity to repair damaged cells (Medzhitov et al.,
2012). Instances of frailty may reflect a significant decline in disease
tolerance (Medzhitov et al., 2012) which could predispose to severe
COVID-19 illnesses (Ayres, 2020). Coronaviruses in the past have
mediated epigenetic changes, which may accelerate the rate that the
immune system ageing, and this dysregulation may be a cause of ageing
in itself (Mueller et al., 2020).

In this review, we compile a list of biomarkers of SARS-CoV-1 and
SARS-CoV-2 associated illness and discuss how some of these bio-
markers have led to therapeutic interventions to treat COVID-19.
Although the biomolecular fingerprint discussed is only one of many
layers contributing to a patient’s potential risk of developing severe
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COVID-19, these markers (Table 1) could be used to create an intelligent
biomarkers system for characterization of COVID-19 patients and to
enhance the capacity of the health system for proper allocation of re-
sources on those individuals at highest risk of developing severe disease.
We identify which of these biomarkers overlap with those of ageing and
frailty as well as their impacts on disease tolerance, which may make
them predictors of COVID-19 severity and death from COVID-19 com-
plications, both of which have disproportionally occurred in older in-
dividuals. Moreover, we explore the relationship between disease
tolerance and frailty through presenting recent evidence indicative of
disease tolerance as a robust predictor of frailty and COVID-19 trajec-
tory. Finally, we alert that biomolecular markers of aging and frailty
alone might not be sufficient to predict COVID-19 trajectory as other
factors that cannot be described as biomolecular units including
malnutrition, previous frailty condition, comorbidities, access to
healthcare services and psychosocial conditions as well as an in-
dividual’s innate mechanisms of disease tolerance have an increasingly
evident influence on the development and progression of COVID-19.

2. The first identified biomarkers of SARS

COVID-19 cases and deaths have vastly outnumbered those reports
for previous human coronavirus diseases, notably the SARS and MERS
pandemics, which proved to be more deadly but significantly less
virulent. SARS is caused by the SARS-CoV-1 coronavirus and provoked
the 2002-2003 outbreaks in mainland China, Hong Kong, Singapore,
Taiwan, and Toronto (Yip et al., 2005). The SARS pandemic saw at least
8098 infected patients and was responsible for 774 deaths according to
the World Health Organization (World Health, 2003). One of the moti-
vations for conducting this literature review was to clarify whether
biomarkers of past coronavirus diseases such as SARS can serve as sur-
rogate biomarkers of severe or lethal COVID-19 or provide a comple-
ment to emerging COVID-19 specific biomarkers. To this end we first
searched PubMed and Medline-deposited papers for biomarkers of SARS
using search terms in supplementary Table 1.

2.1. Truncated forms of- aj-antitrypsin (TF-a;-AT)

A 2004 study identified elevated truncated forms of alpha 1-antitryp-
sin (TF-a;-AT) as useful biomarkers for SARS severity (Ren et al., 2004).
In this study, proteins were separated from serum samples using
2-dimensional electrophoresis, selected via MALDI-TOF MS, and iden-
tified by searching protein databases. The authors identified serum
a-antitrypsin, complement C4 protein, and serum amyloid A, of which
az-antitrypsin and complement C4 proteins were truncated. Of the
identified proteins, TF-a;-AT was found to be the most specific at
differentiating between SARS patients and non-SARS patients, reaching
a specificity of 92.8% across all controls (Ren et al., 2004).

The three isoforms of N-terminal truncated o-antitrpysin were
found at very low or undetectable levels in serum samples collected from
healthy and non-SARS pneumonia patients, whereas TF-a;-AT levels
were increased by 4.5-fold in SARS patients (Ren et al., 2004). Following
one week of treatment with corticosteroids and ribavirin, TF-o;-AT
decreased in SARS patient sera, signifying that TF-a;-AT can serve as a
useful biomarker for monitoring the effectiveness of treatment in SARS
patients (Ren et al., 2004).

Serum oy -antitrypsin, which is found in bronchoalveolar lavage fluid
of the lungs and has been observed to reduce fibrosis and lung injury,
was found at low concentrations in SARS patients compared to non-
SARS pneumonia patients (Ren et al., 2004). This may indicate lung
failure in SARS patients. a;-antitrypsin has been studied as a potential
biomarker for other instances, including advanced non-small cell lung
cancer with epidermal growth factor receptor tyrosine kinase inhibitors
therapies (Zhao et al.,, 2013), and as a large component of
GlycA-associated risk for future morbidity and mortality from various
causes (Ritchie et al., 2019) in addition to SARS, so TF-a;-AT cannot be
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Table 1
Biomarkers identified for illnesses caused by SARS-CoV-1 and SARS-CoV-2.
Biomarker Increase or Coronavirus  Marker Indication Reference
Decrease
Truncated Forms of o;- Increase SARS-CoV-1 Lung failure or injury (Ren et al., 2004)
antitryspin
Serum amyloid A Increase SARS-CoV-1 Pneumonia extent (Yip et al., 2005)
Platelet factor 4 and Decrease and SARS-CoV-1 ARDS development, need for (Poon and Lo, 2012)
p-thromboglobulin Increase supplemental oxygen
C-reactive protein Increase SARS-CoV-2 Inflammatory status (Chen N and et al., 2020; Dugué et al., 2021; Guan Wj, 2020; Salminen
et al., 2012; Wagner et al., 2016; F. Wang et al., 2020)
Interleukin-6 Increase SARS-CoV-2 Inflammatory status, cytokine (Chen X, 2020; Guan Wj, 2020; Wagner et al., 2016; F. Wang et al.,
storm formation 2020)
Lactate Dehydrogenase Increase SARS-CoV-2 Lung tissue damage, sepsis (Cardoso et al., 2018; Chen N and et al., 2020; Galiatsatos, 2020;
Guan Wj, 2020; Wang D and et al., 2020)
Procalcitonin Increase SARS-CoV-2 Secondary bacterial infection (Chen N and et al., 2020; Guan Wj, 2020; Henry and Lippi, 2020;
Wang D and et al., 2020; Yang et al., 2018)
Serum Amyloid A/Lymphocyte Increase/ SARS-CoV-2 Inflammatory status, (H. Li et al., 2020; Tang et al., 2020)
Decrease lymphocytopenia
Acute phase proteins Increase and SARS-CoV-2 Increased cytokine concentration (Messner et al., 2020; Shen et al., 2020)
decrease
Complement system proteins Increase SARS-CoV-2 Pathogen presence (Messner et al., 2020; Shen et al., 2020)
Galectin 3-binding protein Increase SARS-CoV-2 IL-6 expression (Messner et al., 2020)
Monocyte differentiating Increase SARS-CoV-2 LPS recognition (Messner et al., 2020)
protein CD14
p and y-1 actin Increase SARS-CoV-2 Severity (Messner et al., 2020)
a-1B-glycoportein Increase SARS-CoV-2 Severity (Messner et al., 2020)
Gelsolin Decrease SARS-CoV-2 Inflammation status (Messner et al., 2020)
Apolipoproteins Decrease SARS-CoV-2 Macrophage dysregulation (Goldstein et al., 2020; Messner et al., 2020; Shen et al., 2020)
Pro-platelet basic protein and Decrease SARS-CoV-2 Thrombocytopenia (Shen et al., 2020)
platelet factor 4
Cortisol Increase SARS-CoV-2 Potential acute death (Marcos-Pérez et al., 2019; Tan et al., 2020)
Vitamin D Decrease SARS-CoV-2 Acute respiratory tract infection (Meltzer et al., 2020; Pabst et al., 2015)

considered a high precision biomarker of SARS.

2.2. Serum Amyloid A (SAA)

Serum Amyloid A (SAA) concentration correlates with the extent of
pneumonia in SARS patients (Yip et al., 2005). Increased serum amyloid
A production in the liver enhances patient inflammatory responses by
inducing chemotaxis of monocytes and polymorphonuclear neutrophils
(Badolato et al., 1995; H. Li et al., 2020). SAA is an acute phase protein
formed primarily in liver cells by cytokines including interleukins 6
(IL-6) and 1f (IL-1p) as well as tumor necrosis factor-a (H. Li et al.,
2020). To determine peaks that were differentially expressed substan-
tially in SARS patients vs. non-SARS patients (including those with in-
fections caused by influenza A virus, influenza B virus, respiratory
adenovirus, respiratory syncytial virus, hepatitis B virus, tuberculosis,
various other bacteria, as well as healthy individuals functioning as a
negative control) protein chip array profiling analysis was used (Yip
et al., 2005). The authors found that SAA increased considerably in sera
of SARS patients and also gradually decreased over the course of treat-
ment with ribavirin and systemic steroids and could, therefore, be uti-
lized to assess patients’ responses to treatment. To mark the extent of
pneumonia, patients were evaluated using serial chest x-ray opacity (Yip
et al., 2005). SAA concentrations were found to peak earlier than
radiographical scores in this study and thus may be used as an earlier
marker for disease activity (Yip et al., 2005). However, using SAA as a
SARS-CoV-1 biomarker has been the subject of controversies (Pang and
Lo, 2006). A team of researchers compared sera samples of SARS pa-
tients to non-SARS patients who presented similar symptoms as the
SARS patients and were suspected cases during the outbreak (before
later testing negative for the SARS-CoV-1 antibody) (Pang and Lo,
2006). The authors argued that previous studies analyzing SAA as a
SARS biomarker, such as the one mentioned above, used insufficient
non-SARS patients to draw comparisons from. They found that the SAA
peaks from SELDI analysis of sera were not identified as SARS-specific
features; ELISA analysis confirmed that SAA concentrations were
elevated in both SARS and non-SARS patients (Pang and Lo, 2006). SAA

concentration may reflect the severity of an illness, rather than the cause
of the illness itself. Thus, SAA itself may be insufficient at differentiating
SARS from non-SARS patients, but in conjunction with other markers,
SAA could substantiate a specific SARS diagnosis classification model
(Pang and Lo, 2006).

2.3. Platelet factor 4 and f-thromboglobulin

A 2012 study detailed the correlation of decreased serum platelet
factor 4 and increased serum fp-thromboglobulin levels with poor SARS
prognosis after comparing 39 SARS patients to 39 non-SARS patients
showing symptoms similar to SARS who later tested negative for the
SARS-CoV-1 antibody (Poon and Lo, 2012). SELDI ProteinChip tech-
nology was used to gather serum proteomic profiling data, and initially
identified 20 candidate biomarkers for SARS detection; these were then
narrowed down to 4 proteomic features considered to be statistically
relevant prognostic biomarkers for intensive care unit admission or
supplemental oxygen administration later on (Poon and Lo, 2012). The
researchers determined two of these features to be platelet factor 4 and
B-thromboglobulin (-TG). Serum platelet factor 4 levels were found to
be distinctively lower in SARS patients compared to non-SARS patients
whereas p-thromboglobulin was found to be distinctively higher; like-
wise, decreased platelet factor 4 and increased p-thromboglobulin were
also observed in SARS patients who required supplemental oxygen
administration when compared to those who did not (Poon and Lo,
2012).

Platelet factor 4 and p-thromboglobulin are both CXC chemokines
and play roles in immune response regulation (Poon and Lo, 2012). The
authors have identified elevated (-thromboglobulin and decreased
platelet factor 4 in SARS patients in a ratio that has not been previously
observed for any other disease (Poon and Lo, 2012). Platelet factor 4 and
B-thromboglobulin in serum may serve as high precision predictors of
poor SARS prognosis and are correlated with an increased need for
supplemental oxygen in later stages of treatment (Poon and Lo, 2012).
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3. Biomarkers of ageing and frailty may predict COVID-19
severity

Bats may be a reservoir host of SARS-CoV-2, which was eventually
transmitted to an unknown intermediate host, before reaching humans
(Andersen Kg, 2020). COVID-19 illnesses caused by SARS-CoV-2 have
been seen to be more harmful to humans than seasonal flues caused by
other coronaviruses, although the mortality rate of COVID-19 is lower
than that of SARS or MERS (Terpos et al., 2020). A meta-analysis pub-
lished in April of 2020 identified the mortality rate of COVID-19 to be
much lower than that of SARS and MERS (35% and 13%, respectively) as
the mortality rate of COVID-19, at the time, was 5.6% - although the
authors acknowledge that the true rate is almost certainly lower than
this (Pormohammad et al., 2020). Perhaps the most shocking thing
about the current COVID-19 pandemic is how quickly and vastly it has
spread. Since its emergence, COVID-19 has reached 235 countries and
territories, infected over 234,000,000 people, and resulted in over 4800,
000 deaths (World Health).

The lungs are the most affected organ, but the heart, liver, and brain
can also be compromised (Tang et al., 2020). This is another reason why
older individuals may be more severely affected by COVID-19 infection,
as age-associated changes to the lungs occur; however, there is vari-
ability across individuals and the rate of these changes (Polidori, 2020).

A challenge that has been seen in the past, by testing for the SARS-
CoV-1 antibody, is that antibody concentration increases in late stages
of the disease, and thus is an inefficient marker for measuring the
severity of the disease (Yip et al., 2005). This challenge is being seen, yet
again, with COVID-19 as antibody testing can only be used to confirm a
past infection. For these reasons, molecular biomarkers that indicate the
severity of COVID-19 may be essential to effectively allocate resources
necessary to treat patients who are most susceptible to COVID-19 ill-
nesses (I. Huang et al., 2020).

Most COVID-19 cases are asymptomatic or show only mild influenza-
like symptoms; however, some cases display severe pneumonia, organ
failure, acute respiratory distress syndrome, or death (I. Huang et al.,
2020). Moreover, it is unknown, at this point, what the likelihood is of a
recovered COVID-19 patient being faced with a reinfection is (Zhang
and Guo, 2020). Various potential biomarkers of COVID-19 infections
have been proposed as outlined below and contribute in part to the
many complex factors determining the likelihood of an individual to
develop severe COVID-19 illness.

3.1. C-reactive protein

C-reactive protein is an acute phase inflammatory protein that is
typically detected only at very low levels; however, it can dramatically
escalate as a part of acute inflammatory responses, which may be
indicative of bacterial or viral infections (Liu et al., 2020). As C-reactive
protein can increase in response to inflammation, it can also increase
with age (Dugué et al., 2021) “Inflammaging” is the phenomenon of
chronic activation of the innate immune system, resulting in inflam-
mation, that occurs alongside ageing (Franceschi et al., 2018). More
specifically, this can refer to the increase in inflammatory markers such
as C-reactive protein, interleukin-6, interleukin-1p, and tumor necrosis
factor-a with age (Wagner et al., 2016; Zuo et al., 2019) and may be
caused by (i) a build-up of pro-inflammatory tissue damage, (ii) ageing
cells tendency to secrete pro-inflammatory cytokines, and (iii) the fail-
ure to clear pathogens effectively (Salminen et al., 2012; Wagner et al.,
2016). Elevated serum C-reactive protein levels are affiliated with
increasing age and, in the case of COVID-19 patients may indicate poor
prognosis and increased risk of mortality among older individuals
(Dugué et al., 2021), based on thirteen studies (I. Huang et al., 2020).

One study published in February of 2020 described clinical charac-
teristics from 1099 confirmed COVID-19 patients throughout mainland
China; 926 of these patients were deemed nonsevere, while the
remaining 173 were categorized as severe (Guan Wj, 2020). Most

Ageing Research Reviews 73 (2022) 101513

patients were reported to have elevated C-reactive protein levels
(60.7%) and especially so in severe cases (81.5%), where elevated
C-reactive protein is defined as equal to or greater than 10 mg/L.
Elevated C-reactive protein was also seen in 91.1% of cases that resulted
in a composite primary end point — which the authors defined as a need
for intensive care unit admission, mechanical ventilation, or death
(Guan Wj, 2020). A much smaller scale study of 60 COVID-19 patients
admitted to the Zhongnan Hospital of Wuhan University, using the same
parameters, found that C-reactive protein was abnormal in 72% of pa-
tients and ranged from 9 to 67 mg/L (F. Wang et al., 2020). Another
study in Wuhan, China recording clinical characteristics of 99 COVID-19
patients demonstrated similarly elevated C-reactive protein levels as the
previously mentioned studies, showing an increase in 63/73 (or 86%)
patients; however, this study used a different operational definition for
elevated C-reactive protein, defined as equal to or greater than 5.0 mg/L
(Chen N and et al., 2020).

Serum C-reactive protein was used to track COVID-19 patient
improvement following treatment with tocilizumab; this study saw C-
reactive protein levels decreased dramatically over the course of treat-
ment, indicating that C-reactive protein levels could be utilized to
monitor patients’ response to treatment (Conrozier T, 2020). Serum
C-reactive protein levels may enable monitoring of COVID-19 progres-
sion, being representative of patients’ inflammatory status. However,
C-reactive protein is released in many inflammatory responses; on its
own, it cannot be a high precision biomarker of COVID-19.

3.2. Interleukin-6

Interleukin-6 is a, pleiotropic, proinflammatory cytokine found in
stromal and immune cells and is the primary trigger for cytokine storms
formation (Montesarchio et al., 2020). Cytokine storms are caused by
sustained cytokine and chemokine responses as a part of a hyperactive
innate immune response (Sinha P, 2020), which undermines organ
function and augments systemic vascular permeability (Chen X, 2020;
Liu et al., 2020). One study has found that 82% of fatal COVID-19 cases
that experience a cytokine storm occur in individuals over age 60
(Paranjpe et al., 2020). Elevated IL-6 may result in acute lung injury as
well as acute respiratory distress syndrome (ARDS) (Henry and Lippi,
2020). Much like C-reactive protein, IL-6 levels increase with age being
an integral part of inflammaging (Wagner et al., 2016). Establishing
whether or not baseline inflammaging increases the predisposition to
the COVID-19 induced cytokine storm merits further investigation.

IL-6 levels may serve as a biomarker of poor COVID-19 prognosis, as
indicated by a study of sera collected from 48 confirmed COVID-19
patients who were further classified as 21 moderate cases, 10 severe
cases, and 17 critically ill cases (Chen X, 2020). It was observed that IL-6
levels were dramatically escalated in all deaths within the study, as well
as sharply raised in critically ill patients - nearly 10 times higher than
that of patients with severe cases (Chen X, 2020). The examination of 60
COVID-19 patients hospitalized in Wuhan, China found IL-6 ranged from
6 to 29 pg/mL in patients compared to a defined normal range of 0-7
pg/mL, with 70% of patients exceeding this range (F. Wang et al., 2020).
Another study in Wuhan, using the same normal range, displayed an
average of 7.9 pg/mL from 99 patients of varying severities, 52% of
which were considered to have elevated IL-6 levelS (Chen X, 2020).

IL-6 is a marker of inflammation in many circumstances; hence, it is
not COVID-19-specific and would need to be considered along with
other marker proteins, and perhaps RT-PCR, to be considered a
biomarker of COVID-19 illnesses in particular.

3.3. Lactate dehydrogenase

The study of 1099 patients previously described detected elevated
lactate dehydrogenase in 37.2% of patients, 58.1% of severe cases, as
well as 70.5% of cases with a primary composite end point (ICU
admission, mechanical ventilation, or death); here, elevated lactate
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dehydrogenase was described as equal to or greater than 250 U/L (Guan
Wj, 2020). A study of 99 COVID-19 patients similarly saw increased
lactate dehydrogenase in 76% of patients, with an average of 336 U/L,
based on the same operational definition (Chen N and et al., 2020).
Another study described clinical characteristics of 138 patients with
COVID-19 hospitalized in Wuhan, China (Wang D and et al., 2020). This
study found median lactate dehydrogenase levels to be 261 U/L in all
patients and 435 U/L in patients requiring intensive care — those levels
are higher than the normal range of serum lactate dehydrogenase
(125-243 U/L) (Wang D and et al., 2020). Knowing this, elevated lactate
dehydrogenase may be indicative of a poor COVID-19 prognosis. Lactate
dehydrogenase is released in response to tissue damage; hence, a high
serum concentration of lactate dehydrogenase could indicate lung
damage in COVID-19 (Henry, 2020) or sepsis which is one of the most
severe complications of COVID-19 (Galiatsatos, 2020). However, lactate
dehydrogenase on its own is not a specific biomarker of COVID-19 and
again needs to be used in combination with other markers in order to
specifically track COVID-19 severity.

Similar to the markers mentioned above, elevated lactate dehydro-
genase may indicate ageing, frailty, and could be utilized to identify
those elderly individuals most prone to developing severe disease and
death (Cardoso et al., 2018).

3.4. Procalcitonin

Procalcitonin is a glycoprotein precursor of calcitonin and is typi-
cally present at very low or undetectable amounts in serum (Liu et al.,
2020). Elevated procalcitonin can be used to differentiate bacterial in-
fections from viral infections, as procalcitonin is raised in response to
bacterial infections yet usually remains low in viral infections (Liu et al.,
2020). Therefore, elevated procalcitonin in severe cases of COVID-19
may indicate a concomitant bacterial infection. Furthermore, procalci-
tonin has also been studied as a possible marker of ageing and frailty.
One retrospective study of 435 patients analyzing the ability of pro-
calcitonin to predict frailty compared to IL-6 and C-reactive protein
found that procalcitonin (but not IL-6 or C-reactive protein) was asso-
ciated with frailty in elderly patients without infection (Yang et al.,
2018). This may make procalcitonin even more indicative of patients
who will suffer from severe COVID-19 cases. A meta-analysis of 16
studies identified elevated procalcitonin in severe and lethal COVID-19
cases (I. Huang et al., 2020).

Procalcitonin levels in 1099 patients were equal to or greater than
0.5 ng/mL (Guan Wj, 2020). Interestingly, procalcitonin was present in
only 5.5% of all cases, but 13.7% of severe cases, and 24% of cases with a
composite primary end point. Similar to this study, procalcitonin levels
were not significantly raised in another similar, but smaller, study -
showing only 6% of cases had elevated procalcitonin - where the normal
range was classified as 0.0-5.0 ng/mL (Chen N and et al., 2020).

While it is apparent that procalcitonin is not overwhelmingly present
in all COVID-19 cases, it is increasingly present in severe COVID-19. One
study found 35.5% of hospitalized patients, and 75% of those in inten-
sive care units, had elevated procalcitonin in their study of hospitalized
patients, with median values of 49 ng/mL and 27 ng/mL respectively
(Wang D and et al., 2020). Additionally, a meta-analysis found that
procalcitonin levels only differed by 0.2 ng/mL between non-severe and
severe cases; however, there was an increased risk of severe COVID-19
infection — by nearly 5-fold — in patients with increased procalcitonin
(Henry and Lippi, 2020). Because of this, it can be concluded that pro-
calcitonin should be monitored as a marker of secondary bacterial
infection, as this is frequently found in non-survivors, and is an impor-
tant marker that presents a clear way to distinguish patients likely to
develop very severe or critical disease from those likely to develop mild
conditions.
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3.5. Serum Amyloid A / Lymphocyte count

As in SARS patients, serum amyloid A levels have been investigated
in COVID-19 patients. One study has proposed that serum amyloid A
concentration and lymphocyte counts are sensitive indicators of COVID-
19 severity and may be used to monitor inflammation conditions in
COVID-19 infected patients (H. Li et al., 2020). 132 COVID-19 patients
were monitored for compelling changes of blood serum amyloid A and
lymphocyte counts, the authors found that serum amyloid A increased,
while lymphocyte decreased, as the disease advanced from mild to se-
vere and were of greater significance to disease classification than other
factors studied. Similarly, serum amyloid A levels fell, and lymphocyte
counts raised as patients’ clinical conditions improved, indicating that
they may be used to monitor improvement as well (H. Li et al., 2020).

Similar to SARS infections, cytokines such as interleukin-1p, IL-6,
and tumor necrosis factor-a, are more prominent in critically ill
COVID-19 patients compared to milder patients, and promote elevated
serum amyloid A production, which may be indicative of COVID-19
severity (H. Li et al., 2020). The ratio of serum amyloid A to lympho-
cyte counts was established to be more sensitive than of serum amyloid
A or lymphocyte counts used on their own at indicating inflammation in
COVID-19 patients. However, another study identified that a low
lymphocyte count in itself may be an indicator of COVID-19 diagnosis;
as decreased lymphocyte count, including B cells, T cells, and natural
killer cells, may allow uncontrolled and increasingly harmful infections
to occur (Tang et al., 2020). Low T cell counts, in particular, have been
seen in COVID-19 infected patients, and may be a direct result of the
cytokine storm (Tavakolpour et al., 2020). These decreased lymphocyte
counts have the potential to accelerate to lymphopenia and are clear
indicators of the weakening in a patients’ ability to combat a viral
infection (Tang et al., 2020). Because of this, lymphocyte count on its
own is representative of the severity of the illness in patients and may
correlate with COVID-19 severity.

3.6. Complement system and acute phase proteins

Mass spectrometry-based protein identification and quantitation has
revealed sets of serum proteins that may serve as biomarkers of COVID-
19. One such study profiled sera from 28 severe COVID-19 cases, 25 non-
severe cases, 25 non-COVID-19 patients presenting similar symptoms as
COVID-19 patients, and 28 healthy individuals (Shen et al., 2020). These
researchers built a random forest machine learning model, to identify
numerous serum proteins that were differentially expressed in
COVID-19 patients, compared to non-COVID-19 patients (Shen et al.,
2020). Another study following the SARS-CoV-2 outbreak in Germany,
studied 31 SARS-CoV-2 infected patients for candidate biomarkers, and
validated their claims using 17 additional COVID-19 patients and 15
healthy individuals (Messner et al., 2020). Both of these studies found
many of the same markers, including complement factors, inflammation
modulators, and pro-inflammatory factors upstream and downstream of
IL-6 (Messner et al., 2020; Shen et al., 2020).

The complement system is essential to eliminate pathogens in the
early phase of an acute infection, such as COVID-19, and involves many
acute phase proteins being released by the liver in response to increased
cytokine concentration — particularly IL-6 (Gabay and Kushner, 1999).
Among the acute phase proteins found to be upregulated and suggested
to be useful markers of poor COVID-19 prognosis in the study by Shen
and Coauthors were serum amyloid A1, serum amyloid A2, C-reactive
protein, alpha-1l-antichymotrypsin, and serum amyloid P-component
(Shen et al., 2020). Messner and coauthors also observed increased
levels of serum amyloid A, serum amyloid A2, and C-reactive protein in
their study, along with other increased acute phase proteins including
Z-dependent protease inhibitor, inter-o-trypsin inhibitor heavy chains 3
and 4, haptoglobin, leucine-rich a-2-glycoprotein 1, lipopolysaccharide
binding protein, as well as decreased albumin and transferrin (Messner
et al., 2020).
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Paradoxically, transferrin levels were found to be increased in
COVID-19 patients, in a different study aiming to identify gene products
contributing to coagulopathy related to COVID-19, which investigated
the Genotype-Tissue Expression database to study the expression of
genes associated with “blood coagulation” (McLaughlin et al., 2020). In
this latter study, transferrin was upregulated in SARS-CoV-2 infected
individuals, increased with age, and was higher in males than females
(McLaughlin et al., 2020). Transferrin levels were also found to rise with
disease progression in this study (McLaughlin et al., 2020). Transferrin
itself is a procoagulant and an iron-carrier molecule, and its elevation
may be indicative of iron-deficient anemia development in COVID-19
patients (McLaughlin et al., 2020). Moreover, a study of 65 older in-
dividuals showed that transferrin increases with frailty as found using a
non-targeted glycoproteomic method (Darvin et al., 2013). Elevated
transferrin may identify COVID-19 patients who are more frail and likely
to experience severe illness.

Among the complement system proteins elevated in COVID-19 pa-
tients are complement 6, complement factor B, properdin, complement
complement 1r, complement complement 1 s, complement C8 « chain,
complement factor H, and complement factor I - all of which play roles
in regulating the complement pathway and may be markers of increased
COVID-19 severity (Messner et al., 2020; Shen et al., 2020).

Among the serum proteins upregulated by COVID-19 are mediators
of the IL-6 signaling including galectin 3-binding protein (which pro-
motes IL-6 expression) and monocyte differentiated antigen CD14
(which is downstream of IL-6 and is involved in LPS recognition)
(Messner et al., 2020). Also elevated were § and y-1 actin, which nor-
mally play roles in cell shape and movement, and o-1B-glycoprotein,
which is of an unknown function, all of which are associated with
increased severity (Messner et al., 2020). Lastly, decreased gelsolin, an
actin modulating protein, may also be associated with inflammation and
poor prognosis in COVID-19 patients (Messner et al., 2020).

3.7. Apolipoproteins

Apolipoproteins are known to play roles in disrupting the
commencement of the innate immune response (Cho and Seong, 2009).
Shen and coauthors found apolipoprotein Al, apolipoprotein A2,
apolipoprotein H, apolipoprotein D, apolipoprotein L1 and apolipopro-
tein M were also found to be downregulated in COVID-19 patients (Shen
et al.,, 2020). The decreased levels of apolipoprotein Al as well as
apolipoprotein C1 were confirmed by a separate study (Messner et al.,
2020).

Serum amyloid A, which as discussed previously, is increased under
inflammation circumstances, is responsible for lowering apolipoprotein
Al levels in high density lipoprotein particles (Sorokin et al., 2020).
Apolipoprotein Al, and apolipoprotein M, are associated with
high-density lipoprotein particles and interact with lipid rafts on cell
membranes that have immune cell receptors, which aid in regulating
immune responses (Sorokin et al., 2020). Declining apolipoprotein A1l
seems to be associated with the transition from mild to severe COVID-19
illness and may signify dysregulation of the immune response.

Apolipoprotein E levels may influence COVID-19 infection suscep-
tibility (Goldstein et al., 2020). Apolipoprotein E has three possible
isoforms, and the authors propose that presence of an apoE4 allele may
predispose an individual to an increased risk of developing severe
COVID-19 illnesses, finding it to be associated with an augmented innate
immune response resulting in cytokine storm formation and acute res-
piratory distress syndrome development (Goldstein et al., 2020). Thus,
downregulation of apolipoproteins may indicate progressing COVID-19
disease.

3.8. Pro-platelet

Suppressed platelet degranulation was observed in COVID-19 pa-
tients, in association with an inflammatory response with potential to
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damage blood vessel walls (Shen et al., 2020). This degranulation may
be provoked by SARS-CoV-2 entry via the ACE-2 receptor releasing
angiotensin II (Biancardi et al., 2017; Kuchi Bhotla et al., 2020) resulting
in downregulation of pro-platelet basic protein and platelet factor 4,
which were also associated with poor COVID-19 prognosis (Shen et al.,
2020) (and SARS, when found in combination increased f-thrombo-
globulin, as discussed earlier).

Pro-platelet basic protein and platelet factor 4 can also be linked to
thrombocytopenia (low platelet count) in cases with severe, or even
lethal, COVID-19 and usually indicates organ malfunction and intra-
vascular coagulation (Lippi 2020; Shen et al., 2020). One meta-analysis
found that patients exhibiting thrombocytopenia had a three-fold
increased risk of developing severe COVID-19 (Lippi 2020). Due to
these potentially fatal side effects, pro-platelet basic protein and platelet
factor 4 should be used as biomarkers of poor COVID-19 prognosis and
potential thrombocytopenia in patients.

3.9. Cortisol

Another study found elevated cortisol, which plays a key role in the
body’s stress response, to be associated with a higher chance of death by
COVID-19 (Tan et al., 2020). The researchers conducted a cohort study
on acute cortisol concentrations in 535 patients admitted to various
hospitals in London, UK; 403 of which were diagnosed with or had
strong clinical and radiological suspected cases of COVID-19, while the
remaining 132 were suspected to have COVID-19 but tested negative
and did not have strong clinical or radiological suspicion (Tan et al.,
2020). Furthermore, these patients did not have pre-existing conditions
that could account for raised cortisol levels (Tan et al., 2020). The re-
searchers found that elevated cortisol, as well as C-reactive protein,
creatinine, and neutrophil-to-leukocyte ratio were predictors of poten-
tial acute death - with cortisol out-performing the other markers in this
regard (Tan et al., 2020). This can indicate that cortisol may be useful as
a predictor of COVID-19 illnesses severity. In their study, COVID-19
patients were shown to have significantly higher acute cortisol stress
responses than patients who were not suspected or confirmed cases of
COVID-19 (Tan et al., 2020). The researchers found that COVID-19
patients with baseline cortisol concentrations of 744 nmol/L or less
displayed a median survival rate of 36 days, compared to those with
cortisol concentrations greater than this value had a survival rate me-
dian of only 15 days, with cortisol concentrations observed in this study
peaking at 3241nmol/L (Tan et al., 2020). Furthermore, it was identified
that cortisol concentration doubling correlates to a 42% increase in the
risk of mortality within this study (Tan et al., 2020). Moreover,
increased cortisol may also be indicative of increased frailty. One study
determined the amounts of cortisol in 252 older adults (who were at
least 65 years of age) of varying frailty statuses and found that there was
significantly increasing cortisol concentrations in more frail patients
(Marcos-Pérez et al., 2019). Hence, elevated cortisol (itself a marker of
stress and possibly frailty) may indicate potentially fatal COVID-19.

3.10. Vitamin D

Decreased vitamin D levels correlate with acute respiratory tract
infections in COVID-19 patients (Mercola et al., 2020). Sufficient levels
of Vitamin D correlate with reduced risk; presumably by restricting viral
replication as well as raising the concentration of ACE2 and reducing
pro-inflammatory cytokines (Mercola et al., 2020). Vitamin D generally
has anti-inflammatory effects on immune cells and promotes them to
produce antimicrobial peptides, including cathelicidins (Beard et al.,
2011; Dimitrov and White, 2016). Cathelicidin can carry out antiviral
effects by disrupting SARS-CoV-2 envelope proteins (Barlow et al., 2014;
Kara et al., 2020). One of the causes for vitamin deficiency is darker skin
pigmentation and may be in part why COVID-19 is disproportionately
affecting people of color (Mercola et al., 2020). If vitamin D deficiency
raises the risk of COVID-19, then those with vitamin D deficiencies may
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be more likely to test positive for COVID-19 than those without (Meltzer
et al., 2020), this claim derives from a retroactive study looking at pa-
tients who were tested for COVID-19 and had vitamin D levels recorded
within a year prior to testing (Meltzer et al., 2020). In this study, Vitamin
D deficiency was determined based on most recent 25-hydroxycholecal-
ciferol < 20 ng/mL or 1,25-dihydroxycholecalciferol < 18 pg/mL
measurements before testing for COVID-19 (Meltzer et al., 2020).
Vitamin D levels were combined with any treatment received to deter-
mine patient vitamin D statuses when tested for COVID-19 (Meltzer
et al., 2020). The authors found that 18% of vitamin D deficient patients
had positive COVID-19 testing results compared to 11% of patients who
were not Vitamin D deficient (Meltzer et al., 2020). Thus, insufficient
vitamin D levels have been proposed to increase the risk of COVID-19
(Meltzer et al., 2020).

Low levels of vitamin-D have also been proposed as a biomarker of
frailty. One large study 940 adults (who were at least 65 years of age)
found that participants with serum amounts of vitamin D below 15 ng/
mL were less often frail than those who had vitamin D exceeding this
amount (Pabst et al., 2015). Hence, COVID-19 patients with low levels of
vitamin D are more likely to be frail and at an increased risk of a poor
COVID-19 prognosis.

3.11. Inflammaging as a likely contributor to frailty and COVID-19
susceptibility

Ageing is accompanied by low-grade unresolved sterile inflamma-
tion, a process coined inflammaging. Inflammaging involves the
persistent physiological activation of innate immune responses as well
as metabolic remodeling of immune cells, which can be damaging as
well as being a catalyst of ageing thus creating a vicious circle that is
likely to increase frailty. While many markers of COVID-19 are discussed
above, the ones that are most key to identifying patients risk of devel-
oping severe COVID-19, particularly older patients, include the in-
flammatory markers, lactate dehydrogenase, procalcitonin, cortisol, and
vitamin D. These could be used in a clinical setting to identify patients
with the highest risk of developing severe and possibly fatal COVID-19.
Inflammatory markers, such as C-reactive protein and IL-6, are involved
in inflammaging and should be closely monitored in old COVID-19 pa-
tients. Could elevated levels of C-reactive protein and IL-6 indicate an
increased probability of cytokine storms, poor prognosis and multi-
system inflammation? This would not be surprising as the immune
system response to COVID-19 is very dependent on production of IL-6;
furthermore, in the elderly, elevated IL-6 may indicate presence of sig-
nificant inflammaging (Dugueé et al., 2021; I. Huang et al., 2020).
Elevated lactate dehydrogenase can indicate ageing and frailty (Cardoso
etal., 2018) as well as being indicative of COVID-19 potential lung tissue
damage. Procalcitonin predicts frailty even more than C-reactive protein
or IL-6 in elderly patients with no infection present (Yang et al., 2018),
and has been associated with secondary bacterial infection in COVID-19
patients. Most importantly, procalcitonin has been particularly present
in patients who face very severe COVID-19 illness and those who have
not survived, making procalcitonin even more indicative of patients who
will suffer from severe cases of COVID-19. Similarly, elevated cortisol
has been associated with frailty (Marcos-Pérez et al., 2019) and a higher
chance of death by COVID-19 (Tan et al., 2020), making it a key
biomarker to monitor in COVID-19 patients. Lastly, low levels of
vitamin-D, another proposed biomarker of frailty, is correlated with yet
another symptom of severe COVID-19 (acute respiratory tract in-
fections) (Mercola et al., 2020), making it another key indicator of se-
vere COVID-19 risk. Overall, it appears that the levels of inflammaging
markers along with those of lactate dehydrogenase, procalcitonin,
cortisol, and vitamin D may be useful in predicting who will develop
severe and potentially fatal COVID-19, based on their indication of
general inflammation status as well as the most severe symptoms of
COVID-19. Moreover, these markers overlap with those which indicate
ageing and frailty and should be closely monitored in patients,
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particularly those of advanced ages.

4. Clinical translation of this research: integrating the
mechanisms of viral infectivity with biomolecular markers of
ageing, frailty, disease tolerance and non-biomolecular factors to
assess the susceptibility to severe COVID-19

4.1. Mechanisms of viral infectivity

Hundreds of viruses are known to infect humans through attaching to
target cell receptors (Dimitrov, 2004) and the novel SARS-CoV-2 virus is
no exception. Following exposure to the SARS-CoV-2 virus, various
biomolecular mechanisms of viral infectivity are elicited which impact
the magnitude of antiviral immune response as well as viral replication,
thus influencing disease severity. SARS-CoV-2 can enter target cells by
direct fusion of the viral envelope with the host cell membrane as well as
by endocytosis with subsequent membrane fusion (Zhang et al., 2021).
SARS-CoV-2 cell membrane receptors include angiotensin-converting
enzyme 2 (ACE2), CD147 (cluster of differentiation 147 —a trans-
membrane glycoprotein of the immunoglobulin superfamily also known
as basigin or EMMPRIN) (K. Wang et al., 2020) CD26 (cluster of dif-
ferentiation 26 -membrane-anchored glycoprotein with dipeptidyl
peptidase activity on its ectodmain) via trimeric spike protein) (Tay
et al., 2020). High ACE2 expression may not only promote infection of
cells by SARS-CoV-2 but may also be associated with cell-intrinsic
characteristics predisposing to the development of a more severe dis-
ease phenotype upon infection (Lavorgna et al., 2021). Spike is a class I
viral fusion protein, which requires proteolytic cleavage for activation of
the fusion potential. The protein is cleaved by TMPRSS-2, TMPRSS-4,
furin, trypsin, cathepsins, or human airway trypsin-like protease,
depending on the cell type. Availability of these proteases on target cells
determines whether viral cell entry occurs through the host cell mem-
brane or via endocytosis (Zhang et al., 2021). The spike protein itself is
comprised of two subunits (S1 and S2) which share an extracellular
domain, while the S1 subunit comprises a receptor binding domain,
through which SARS-CoV-2 attaches to ACE2 during infection (Tay
et al., 2020). This mechanism is the basis of many vaccine preparations
designed to induce the production of host neutralizing antibodies
against the receptor binding domain of spike (Tai et al., 2020; Yang
et al., 2020). However, an ever-increasing number of SARS-CoV-2 var-
iants carry mutations in the receptor binding domain with the potential
to diminish the neutralization of SARS-CoV-2 by antibodies-based im-
mune responses (Baum et al., 2020; Q. Li et al., 2020). In addition to the
spike protein, ACE2 expression patterns and therefore viral entry po-
tential, are susceptible to epigenetic pressure - a phenomenon involving
DNA methylation and histone modifications, whose cumulative effects
over the course of a lifetime can profoundly alter ACE2 expression as we
age (Rath et al., 2021). This genetic variability of SARS-CoV-2 is likely to
disproportionately increase the risk of developing severe disease in older
and frail infected, vaccinated, or re-infected individuals.

4.2. Why would older age and frailty disproportionately predispose to
severe COVID-19 illness?

The answer to this question may be that in ageing and frailty there
may be a reduction in ‘disease tolerance’ - the host’s defense mecha-
nisms to limit tissue damage or reduce immunopathology induced by the
infection with a pathogen (Ayres, 2020; Hardy and Fernandez-Patron,
2021; Medzhitov et al.,, 2012). Disease tolerance declines with
increased age, and as a result of deteriorated immunity (Medzhitov
et al., 2012) and may differentially affect older or frail individuals
infected by SARS-CoV-2. For example, a recent study found that
significantly different molecular and cellular responses are mounted in
response to SARS-CoV-2 infection by symptomatic patients, compared to
asymptomatic patients (Chan et al., 2021) The study, which involved
178 symptomatic patients (age range: 39.4 + 12.5 years) and 48
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asymptomatic patients (48.2 + 15.9), was not designed to test aging or
frailty; however, it identified potentially new biomarkers predictive of
disease trajectory which may be differentially expressed in older and
frail individuals (Chan et al., 2021). The authors found that symptomatic
patients had higher counts of mature neutrophils and lower proportion
of CD169 + expressing monocytes in the peripheral blood tolerance
(Chan et al., 2021). Their systemic levels of pro-inflammatory cytokines
were increased while their virus-specific Th17 cells levels were lower
—despite their neutralizing antibody profile against SARS-CoV-2. Most
interestingly, asymptomatic COVID-19 patients had higher systemic
levels of growth factors that are associated with cellular repair (Chan
et al., 2021). In contrast to the patients who developed symptoms, the
asymptomatic patients were found to mount less pro-inflammatory and
more protective immune responses against SARS-CoV-2 indicative of a
superior disease tolerance (Chan et al., 2021). Moreover, ACE2 expres-
sion in the lung has been found to positively correlate with age among
middle-aged and older adults but does not seem to be associated with sex
or race (e.g., Asian individuals do not differ from other populations for
ACE2 expression and do not harbor unique genetic polymorphisms in
the ACE2 locus) (Asselta et al., 2020; Chen et al., 2020; Q. Li et al.,
2020). This latter observation has been proposed to explain why the
elderly are more susceptible to SARS-CoV-2 (Chen N and et al., 2020; C.
Huang et al., 2020; L. F. Wang et al., 2020).

4.3. Non-biomolecular factors may increase the susceptibility to severe
COVID-19 in parallel with ageing

The evidence show that clinical history, lifestyle, and socio-economic
factors can have a strong influence on disease trajectory, not just in
COVID-19 patients (Hassan et al., 2021; Takahashi et al., 2018).

Together with the pandemic proportions of COVID-19, there are
many non-communicable conditions have also reached worldwide
pandemic proportions, such as hypertension, obesity, diabetes, neuro-
degeneration as well as highly inflammatory conditions such as cancer
and immunosuppression, which predominantly affect older individuals
and may interact to increase susceptibility to severe COVID-19 (Bambra,
2016; Bambra et al., 2020; England, 2018; Guo et al., 2019) likely
through impairing disease tolerance mechanisms, with a resultant in-
crease in frailty.

For example, hypertension (sustained high blood pressure) is a major
risk factor for vascular, cardiac, cerebral and renal events as well as
increases the risk of developing a severe COVID-19, with one meta-
analysis finding hypertension may cause an up to 2.5-fold increased
risk of severe COVID-19, particularly in patients who are older (G. Lippi
et al., 2020b). As the burden of hypertension increases with ageing, so
does the risk of death in older COVID-19 patients (G. Lippi et al., 2020b)
due to vascular, cardiac, cerebral, renal complications (Tehrani et al.,
2021). Hypertension is a risk factor for neurodegeneration and a com-
mon comorbidity of Alzheimer’s disease (Kim et al., 2017). In the
elderly, cognitive impairment (e.g., Alzheimer’s disease) appears to be
one of the most common comorbidities that negatively impacts
COVID-19 prognosis (Martins et al., 2019; Wu et al., 2020; Xia et al.,
2021). Alzheimer’s patients often have increased levels of inflammatory
cytokines such as IL-6, which as discussed above is elevated in COVID-19
patients with hyperinflammation (Kim et al., 2017) and may serve as a
clinical marker of reduced disease tolerance (Chan et al., 2021).

Beyond the above-mentioned comorbidities, as with many disease
conditions COVID-19 trajectory is negatively influenced by socio-
economic and psychosocial factors. Lack of access to adequate health-
care service predominantly affects people in underdeveloped countries
and in underserved communities of developed nations and is certain to
have a disproportionate impact in older and frail individuals. Malnu-
trition primarily affects the underserved communities of the world and
has been previously linked to increased predisposition to severe viral
pneumonia and, more recently, to the SARS-CoV-2 pneumonia with a
prevalence of 42% in COVID-19 patients hospitalized in non-intensive
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medical units and 67% in those placed in intensive care (Bedock et al.,
2020; Short et al., 2018).

Psychosocial issues (work-related stress, family problems, sexual
abuse, violence, depression, anxiety) predispose to severe COVID-19,
even if there are no pre-existing medical comorbidities (Bambra et al.,
2020; Segerstrom and Miller, 2004). For example, social isolation,
which has become a part of many people’s daily life throughout the
pandemic, is a risk factor for psychosocial stress, morbidity, and mor-
tality (Mattos Dos Santos, 2020). Social isolation can translate into
suppression of the immune system and an increased general suscepti-
bility to infectious diseases, including COVID-19 (Dhabhar et al., 2020;
Takahashi et al., 2018) (Segerstrom and Miller, 2004). Persistent stress
due to social isolation can exacerbate aggression traits and depression
traits which have been mechanistically linked to reduced disease toler-
ance indicators such as increased levels of inflammatory cytokines,
immune suppression, slow healing with delayed clearing of infection
(Takahashi et al., 2018).

Interestingly, a recent study has identified a simple virus-free model,
based on publicly available transcriptional data from human cell lines,
which can recapitulate features of the clinically relevant infections
leading the authors to suggest that "in patients with severe COVID-19, a
baseline ground could be already present and, as a consequence, the
viral infection might simply exacerbate a variety of latent (or inherent)
pre-existing conditions, representing therefore a tipping point at which
they become clinically significant" (Lavorgna et al., 2021). In the light of
our previous analysis, we suggest that advanced age, increased frailty,
and reduced disease tolerance are likely factors to determine COVID-19
severity through providing a suitable "baseline ground’ for exacerbated
viral infection, with socio-economic and psycho-social conditions being
strong influencers of COVID-19 trajectory, particularly in older in-
dividuals (Fig. 1).

5. Conclusion

We have compiled and discussed a spectrum of candidate biomarkers
of the illnesses associated with COVID-19, ageing and frailty. Most of
them are induced under general circumstances, such as inflammation or
tissue damage. However, some have also been studied as markers of
ageing and frailty. The expression of biomarkers common to COVID-19,
ageing and frailty, such as elevated C-reactive protein, interleukin-6,
lactate dehydrogenase, procalcitonin, transferrin, cortisol, as well as
low vitamin D levels, might identify those individuals who will have
poor COVID-19 prognoses, as COVID-19 deaths have occurred dispro-
portionately in old and frail patients. These biomarkers, each individu-
ally and the fingerprint as whole, alone are not a sufficient risk
evaluation of COVID-19 in patients, however they do provide one aspect
within an individual that can be studied to in part predict and charac-
terize how severely a patient will be impacted by a COVID-19 diagnosis,
which could enhance the capacity of the health system for proper allo-
cation of resources for those patients with the highest risk of developing
severe disease or possible death. While our literature research indicates
that biomarkers of aging and frailty may predict severe COVID-19 ill-
nesses, emerging research suggests that biomarkers of disease tolerance
may predict resistance to COVID-19. Having measurements of both
types of biomarkers (ageing/frailty and tolerance) could be a great tool
in the hands of clinicians as they try to predict the trajectories of their
COVID-19 patients.
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Fig. 1. Biomarkers of ageing and frailty may predict COVID-19 severity as both conditions are associated with reduced disease tolerance - the host’s defense
mechanisms to limit tissue damage or reduce immunopathology induced by the infection with a pathogen. While these biomolecular markers inform about the
baseline ground for exacerbated viral infection, inflammaging and pre-existing comorbidities, which are common at advanced ages, as well as socio-economic
conditions that affect people in underdeveloped nations and underserved communities of developed nations appear to be strong influencers of COVID-19 trajec-

tory - particularly in older and frail individuals.
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