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Editorial on the Research Topic

Personalized medicine and infectious disease management

The importance of personalized medicine in the healthcare management of several

diseases is well-documented. Still, very little is known about the role of genetics

in susceptibility or resistance to infectious diseases (1). Following the emergence of

SARS-CoV-2, it became prominent that the genetic background of the patient influences

the disease prognosis and treatment. Therefore, multiple genetic databases were established

to study precision medicine for COVID-19 (2). This Research Topic gathered different

contributions demonstrating the impact of genetic determinants in infectious diseases

prognosis and clinical outcome. Ten articles were published in this editorial topic, including

five research articles, three reviews, and two case studies.

The first article is titled “Transient receptor potential vanilloid subtype 1: potential role

in infection, susceptibility, symptoms and treatment of COVID-19” (Liviero et al.). This

review article focused on the role of the TRPV-1 channel in the pattern of COVID-19

clinical manifestation, susceptibility, pathogenesis, and therapeutic interventions. TRPV-

1 is a receptor involved in immune response, and thus, might be involved in the

susceptibility/resistance to SARS-CoV-2 infection. Liviero et al. demonstrated that

investigating SNPs of the TRPV-1 gene will raise new therapeutic ways that could help the

establishment of effective immune responses resulting in a better clinical outcome.

The other study by Saad et al. focused on the role of ACE 1 in the risk and outcome of

SARS-CoV-2 infection. Indeed, the study reported a positive correlation between ACE1 I and

the risk of acquiring COVID-19 as well as between the ACE1-D allele and its negative impact

following SARS-CoV-2 infection. Thus, the authors suggested that genotyping for ACE1 I/D

polymorphism could be useful for better management of the disease. Nevertheless, further

evaluation studies are required for validation in different ethnic groups (Saad et al.).

Along the same topic, a study by Ahmed et al. discussed the interaction mechanism

of the N501Y mutant recorded in some SARS-CoV-2 variants for ACE2. The authors

demonstrated an enhanced affinity of the N501Y mutant S1-RBD with ACE2 compared

to the wild phenotype interactions. Such findings might have implications for developing

anti-viral drugs against SARS-CoV-2 infection (Ahmed et al.).
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On the other hand, Angulo-Aguado et al. investigated the

impact of LZTFL1 rs11385942 polymorphism on COVID-19

severity in the Colombian population. They investigated the

association of three polymorphisms (ACE rs 4646994, ACE2rs

2285666, and LZTFL1 rs11385942) with COVID-19 short-

and long-term outcomes. The study highlighted a positive

association between LZTFL1 rs11385942 and COVID-19 severity

and the role of nongenetic factors such as clinical signs.

They also provided an integrative web-based application as a

predictive tool for severity risk assessment. Such tools may be

impactful for the management of COVID-19 cases. However,

the implementation of this integrative application may pose

challenges in areas with limited web accessibility. Further

validations for this study are necessary in pre-clinical settings and

with a larger cohort to strengthen its findings (Angulo-Aguado

et al.).

In a case report study, Schaefer and Bittmann reported on

“Individualized pulsed electromagnetic field therapy in a Long

COVID patient using the Adaptive Force (AF) as biomarker”.

This novel diagnostic approach resulted in positive outcomes

for one severely affected patient with long COVID-19. They

stated that AF reflects the ability of the neuromuscular system

to adjust adequately to external powers in an isometric-holding

manner. They also reported that the long COVID-19 symptoms

did not return after 6 months. Therefore, this case report

indicates that this method should be a valuable diagnostic

assay for post-COVID-19 illness. Nonetheless, this study was

done on only one patient and did not consider genetic

polymorphism as a player in response to the treatment (Schaefer

and Bittmann).

Immunogenomic is a growing field that combines immunology

and genetics to understand how the immune system responds

to infection and vaccination. In a review article, Smatti et al.

discussed whether host genetics implicate in the response to

COVID-19 vaccination, noting that several studies shed light

on the contribution of genetic factors in modaling immune

responses after vaccination against measles, hepatitis B, rubella,

Influenza, and smallpox. In general, genetic variants in genes

related to immune response as well as virus replication may

shape the individual response to the vaccination. The review

highlited the impact of GWAS and other genomic studies to vaccine

reponse and adverse understanding. In summary, identifying

genetic markers related to the outcome of SARS-CoV-2 infection

or response to vaccination may guide healthcare providers in

selecting the appropriate treatment, and probably the most

reliable vaccine for an individual or an ethnic group (Smatti

et al.).

In another comprehensive review, Atallah and Mansour

demonstrated the impact of host response-based molecular

diagnostics on the clinical management of viral and

bacterial infections. They proposed that host-based response

diagnostics could be used as a supplement but not a

replacement for commonly used pathogen-based diagnostics.

Ultimately, accurate and rapid disease diagnosis will be

translated into reduced healthcare burden, lesser adverse

effects, reduction in the misuse of antibiotics, improvement

of public health measures to a better management of

infectious diseases and positive patient outcomes (Atallah

and Mansour).

Away from acute infections, Chronic Hepatitis B (CHB)

continues to be a significant global health challenge due to high

morbidity and mortality, in absence of reliable treatments. In

their study, Shang et al. investigated the association and clinical

relevance of ALDH2 polymorphisms for HBV susceptibility and

persistence in a Chinese population. Indeed, it was previously

demonstrated ALDH2 contributes in the way of a variety of

liver diseases. Genotyping over 1000 participants, they analyzed

the role of rs671 and rs1229984 in HBV infection. Compared

to healthy controls, rs671-AA genotype frequency was higher

in the HBV-infected individuals, especially in the chronic

hepatitis B (CHB) group, demonstrating a significant positive

association. They also demonstrated that individuals with CHB

who harbor the ALDH2 rs671-AA genotype are at higher risk

of developing persistent HBV infection and thus, presenting

higher HBV load compared with those with GG/GA genotype.

These data suggest the possible harmful role of rs671-AA

variant in HBV infection, persistence, and chronicity (Shang

et al.).

Testing for specific microbes in the central nervous system

(CNS) infectious diseases is often tedious and insensitive.

Consequently, the delay in identifying the etiological agents and

corresponding treatment in patients with CNS infections leads

to worse management and outcomes. Chen et al. reported a

case study on herpes simplex encephalitis (HSE). In their case,

dual mNGS analysis and multiplex PCR (mPCR) were used

to identify and semi-quantify the herpes simplex virus (HSV-

1). Utilization of combined mNGS and mPCR methods enabled

early diagnosis of the infection and disease management using

effective treatment. Furthermore, quantifying the viral load along

the treatment process can help for better case management (Chen

et al.).

Gu et al. reported preliminary findings on the combined

effect of low-dose trimethoprim-sulfamethoxazole (TMP/SMX)

and clindamycin on severe pneumocystis pneumonia (PCP)

following renal transplantation. Including 20 patients in their

study, the authors claimed that the use of this combined treatment

on PCP patients was more effective than the single use of

TMP/SMX alone. They also demonstrated the safety of such

treatment, especially in patients that are intolerant to the standard

dose of TMP/SMX. However, Further molecular investigation

was required to confirm the improved patient outcome (Gu

et al.).

Finally, personalized or precision medicine is a growing

approach to improve patient care by applying the right intervention

at the right time. According to the GWAS Catalog statistics (OCT

2020), out of 4,761 publications, only eighty-six were related to

infectious diseases (ID) (1.8%). Further, only 2,496 associations

were ID-related (1.1%) out of 213,519 total associations. With

the emergence of SARS-CoV2, most studies have been focused

on COVID-19, which was also reflected in this special topic.

However, with the significant progress and achievements in this

field, we anticipate that other ID, particularly those linked to

complex diseases like cancer and neurodegenerative conditions,

will be investigated.
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The ultimate aim of this Research Topic was to shed light on

the importance of genetics and personalizedmedicine in improving

ID management and treatment. Several topics were discussed

to highlight the importance of genetic testing in understanding

disease susceptibility, prognosis, treatment, as well as drug and

vaccine utilization.
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Transient Receptor Potential
Vanilloid Subtype 1: Potential Role in
Infection, Susceptibility, Symptoms
and Treatment of COVID-19
Filippo Liviero, Manuela Campisi, Paola Mason and Sofia Pavanello*

Occupational Medicine, Department of Cardiac, Thoracic, Vascular Sciences and Public Health, University Hospital of Padua,

Padova, Italy

The battle against the new coronavirus that continues to kill millions of people will be

still long. Novel strategies are demanded to control infection, mitigate symptoms and

treatment of COVID-19. This is even more imperative given the long sequels that the

disease has on the health of the infected. The discovery that S protein includes two

ankyrin binding motifs (S-ARBMs) and that the transient receptor potential vanilloid

subtype 1 (TRPV-1) cation channels contain these ankyrin repeat domains (TRPs-ARDs)

suggest that TRPV-1, the most studied member of the TRPV channel family, can play

a role in binding SARS-CoV-2. This hypothesis is strengthened by studies showing that

other respiratory viruses bind the TRPV-1 on sensory nerves and epithelial cells in the

airways. Furthermore, the pathophysiology in COVID-19 patients is similar to the effects

generated by TRPV-1 stimulation. Lastly, treatment with agonists that down-regulate or

inactivate TRPV-1 can have a beneficial action on impaired lung functions and clearance

of infection. In this review, we explore the role of the TRPV-1 channel in the infection,

susceptibility, pathogenesis, and treatment of COVID-19, with the aim of looking at

novel strategies to control infection and mitigate symptoms, and trying to translate this

knowledge into new preventive and therapeutic interventions.

Keywords: TRPV-1, SARS-CoV-2, COVID-19, SNPs, pollution, inflammation, therapy

INTRODUCTION

COVID-19, a new human respiratory disease that continues to kill millions of people, is
a worldwide public health challenge. Its infectious agent, SARS-CoV-2, diverges from other
coronaviruses in some structural characteristics that render this virus more pathogenic and
transmissible. Of the four structural proteins, the spike protein (S) plays the fundamental role
in cell receptor recognition and subsequent entry of the virus. The discovery that S protein
encompasses two ankyrin binding motifs (S-ARBMs) and some transient receptor potential (TRP)
cation channels present the same ankyrin repeat domains (TRPs-ARDs) (1), it may be postulated
that the transient receptor potential vanilloid subtype 1 (TRPV-1), the most studied member of the
TRPV channel family, can play a role in binding SARS-CoV-2. This hypothesis is strengthened by
studies revealing that other respiratory viruses bind the TRPV-1 on sensory nerves and epithelial
cells in the airways (2). Furthermore, the pathophysiology in COVID-19 patients is similar to the
effects generated by TRPV-1 stimulation (3). Finally, treatment with agonists that down-regulate
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or inactivate TRPV-1 may have a beneficial effect on impaired
lung function (3–5), and clearance of infection (6). In this
review, we explore the role of TRPV-1 channel in the
infection, susceptibility, pathogenesis, and treatment of SARS-
CoV-2 infection.

TRPV-1

TRPV-1 is a nonselective cationic ligand-gated channel with
high permeability to Ca2+, extensively expressed on neuronal
and non-neuronal cell membranes, including immune cells and
type C sensory nerve fibers of air route (upper and lower lung
tract and parenchyma), where they act as molecular sensors to
differentiate temperature, noxious substances, and pain. This
was a revolutionary discovery which earned David Julius the
victory of the 2021 Physiology/Medicine Nobel Prize. TRPV-1
participates (through the generation of Ca2+ dependent signals)
in mechanisms that contribute to the defense of the airways
such as cough and mucociliary clearance (7, 8). The activation
of TRPV-1 mainly allows extracellular Ca2+ entrances into
neuronal cells, with release of neurotransmitters, the excitability
of the membrane and contraction of airway smooth muscle
(9). It is also considered a “pathological receptor” that plays
an important role in the transduction of noxious stimuli and
in the maintenance of inflammatory conditions (10). In fact,
TRPV-1 is involved in various inflammatory conditions, such
as in inflammatory bowel disease (IBD), cutaneous neurogenic
inflammation, brain inflammation, allergic asthma, colitis,
arthritis, hypersensitivity, chronic obstructive pulmonary disease
(COPD), and autoimmune diseases (11).

TRPV-1 works as a multisensory receptor for damage signals
and following exposure to inhaled particles, such as allergens,
cigarette smoke, air pollutants and virus too. Inflammation of
the airways is supported by the transfer of the signal from
neuronal fibers TRPV-1-positive to immune cells (12, 13).
TRPV-1 can also be triggered by exogenous mediators such
as capsaicin (CPS), resiniferatoxin, temperature (higher than
40◦C), acidic conditions (e.g., citric acid), and endogenous
mediators, including bioactive lipids, mainly produced during
inflammation (e.g., prostaglandins E2 (PGE2), thromboxanes,
and leukotrienes, three classes of arachidonic acid derivatives).
Furthermore, activation of TRPV-1 boosts the release of various
pro-inflammatory molecules, including neuropeptides substance
P (sP) and cytokines such as interleukin 6 (IL-6), the same
involved in the pathophysiological events affecting the COVID-
19. All the above hints envisage the involvement of TRPV-1 in
COVID-19 infection (3).

Abbreviations: IL-6, Interleukin 6; IL-2, Interleukin 2; IL-7, Interleukin 7;

IL-10, Interleukin 10; GSCF, Granulocyte colony-stimulating factor; IP-10,

Interferon È-induced protein; MCP1, Monocyte chemoattractant protein-1;

MIP1A, Macrophage inflammatory protein-1α; TNFα, Tumor Necrosis Factor α;

TRPV-1, Transient receptor potential vanilloid subtype 1; CPS, Capsaicin; DEP,

Diesel exhaust particulate; ECG, Electrocardiogram; HRV, Heart rate variability;

PGE2, Prostaglandin E2; BK, Bradykin; HRV, Human rhinovirus; RSV, Respiratory

syncytial virus; MV, Measles virus; HCV, Hepatitis C virus; HSV-2, Herpes simplex

virus type 2; HSV-1, Herpes simplex virus type 1; VZV, Varicella-zoster virus.

TRPV-1 IN VIRAL INFECTIONS

TRPV-1 expression is significantly activated by several viral
infections, including those through the respiratory route, i.e.,
human respiratory rhinovirus (HRV) and syncytial virus (RSV),
or even through other routes i.e., measles virus (MV), hepatitis
C virus (HCV), herpes simplex virus type 2 (HSV-2), herpes
simplex virus type 1 (HSV-1), and varicella-zoster virus (VZV)
(14, 15). This therefore suggested that TRPV-1 plays a central
role in host-pathogen contacts including the binding, entry and
replication of the virus. Recently, the involvement of TRPV-1
during Chikungunya virus (CHIKV) infection was studied in
host macrophages (16).

Furthermore, likewise COVID-19, CHIKV is a single-
stranded RNA virus, and generates symptoms, fever,
including high fever, nausea, vomiting, headache, rashes,
polyarthralgia, and myalgia (17–19), comparable to that of
COVID-19. Results showed that TRPV-1 was upregulated
by CHIKV infection. The involvement of TRPV-1 in
CHIKV was confirmed by using specific modulators the
5’-iodoresiniferatoxin (5’-IRTX, a TRPV-1 antagonist) and
resiniferatoxin (RTX, a TRPV-1 agonist). The results indicate
that TRPV-1 inhibition leads to a reduction in CHIKV infection,
whereas TRPV-1 activation significantly enhances CHIKV
infection (16). Furthermore, Sanjai Kumar and co-workers
demonstrated that CHIKV infection regulated Ca2+ influx
through TRPV-1 resulting in a higher production of pro-
inflammatory TNF and IL-6 the same during COVID-19
infection. These findings, therefore, suggest the involvement
of TRPV-1 in other viral infections, including COVID-19
(Figure 1).

INFLAMMATION IN SARS-COV-2
INFECTION AND POTENTIAL ROLE OF
TRPV-1

SARS-CoV-2 induces an alveolar-interstitial inflammation with
a high risk of acute pulmonary edema or acute respiratory
distress syndrome. The clinical signs of COVID-19 are consistent
with those observed in viral pneumonia (20). These pulmonary
changes are likely responsible for both systemic and localized
immune responses leading to a hyperinflammatory state.
The mortality rate in patients with SARS-CoV-2 infections
is related to virally driven “cytokine storm” that results
from a severe immune reaction in the lungs as measured
by high levels of inflammatory markers (c-reactive protein,
serum ferritin) and cytokine levels (IL-6, IL-2, IL-7, IL-10,
GSCF, IP10, MCP1, MIP1A, and TNFα) in the plasma (21).
Underlying physiological events leading to mortality have been
hypothesized to be closely linked to the TRPV-1 expressing
neuronal system in the lungs. The respiratory tract (higher and
lower) is densely populated by sensory afferents originating
from neurons in the nodose (vagal) ganglia (VG) and dorsal
root ganglia (DRG). Many of the neurons in these ganglia
express high levels of the TRPV-1 ion channel. The crosstalk
between TRPV-1 positive nerve fibers and immune cells is
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FIGURE 1 | (A) TRPV-1 is extensively expressed on neuronal and non neuronal cell membranes, including immune cells and type C sensory nerve fibers of the

airways (upper and lower respiratory tract and lung parenchyma). (B) TRPV-1 has been found to be significantly upregulated in numerous viral infections, similarly

SARS-CoV-2 is proposed to upregulate the expression of the channel on neuronal and non neuronal cell membranes of infected patients. Adapted from (9).

critical in mediating inflammation of the airways following
exposure to either inhaled allergens or viral infection (12,
22). A recent study has demonstrated that respiratory viral

infections (by rhinovirus, respiratory syncytial virus or measles

virus) can upregulate TRPV-1 receptors by channel specific

mechanisms (2). This upregulation can drive an inflammatory

cascade in the lungs leading to airways hyperactivity and

is dependent on the viral load and duration of infection.

Interestingly, treatment with TRPV-1 antagonist in this study

significantly inhibited TRPV-1 upregulation post viral infection.

The interaction of SARS-CoV-2 virus with TRPV-1 receptors
has not yet been investigated but given the respiratory

pathophysiology in COVID-19 cases, may exhibit similar

mechanisms that can result in sensitizing TRPV-1 receptors

resulting in hyper-inflamed lungs and associated complications.
Indeed activation of TRPV-1 enhances the release of several pro-

inflammatory molecules, including sP, and cytokines such as

IL-6. Moreover, pro-inflammatory substances have reported to

be upregulated in COVID-19 cases and reflect the severity of the
disease (23).

SUSCEPTIBILITY TO COVID-19 INFECTION

Pollution
Two big studies conducted in France examined the incidence
of myocardial infarction (MI) admission during the COVID-
19 pandemic, in particular the periods before and after the
lockdown in France (24, 25). The first study conducted in 22
centers in France identified a significant decline of admission
for MI (including ST-segment and non-ST segment raise MI)
during COVID-19 national lockdown. Both studies reported
30% (24) and 20% (25) drop of MI, the latter observed in two
region of France (“Hauts-de-France” and “Pays de-la-Loire”). The
authors concluded that the reduction in hospital admissions was
influenced by the decrease in air pollution, a well-known trigger
of acute MI (26).

Numerous epidemiological studies have consistently
highlighted associations between mortality and morbidity
due to cardiopulmonary diseases and increased air pollutants
(27, 28). These relationships, which are more reliable for
particulate matter (PM) and are often observed within hours
of PM concentration peaks in urban air, suggest that very fast
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events should take place (29, 30). A number of authors have
suggested neurological mechanisms to explain such short-term
toxicity of PM (27, 31–36) with TRPV-1 localized on vagal
bronchopulmonary C-fibers endings in the lung, as primarily
responsible for eliciting centrally mediated reflexes (37).

In vitro and in vivo studies showed that TRP channels
are activated by air contaminants. We recently demonstrated
that air pollutants, such as DEP, directly interact with TRPV-
1 and cause channel opening (38). Furthermore, the inhalation
of environmental (39) and diesel exhaust particulate (DEP)
(36) stimulate TRPV-1 causing changes in cardiac rhythm,
electrocardiogram (ECG) morphology, and decreased heart rate
variability (HRV). These results may be explained considering an
imbalance of autonomic heart control (in favor of sympathetic
activity), with centrally-mediated reflexes, via the afferent
unmyelinated C-fibers, which are in turn activated by PM. In
line with this hypothesis, a reduced HRV was observed in
susceptible individuals after short-term exposures to PM (40).
Furthermore, in patients taking ß-blockers, which regulated
the sympathetic activity, HRV reduction by PM exposure was
not detected (41). Our recent data (38) indicate that signals
from airways sensory nerves (i.e., DEP which directly activate
TRPV-1 and also endogenous mediators such as prostaglandin
E2 (PGE2) and bradykinin (BK) which are considered to
be indirect sensitizers of the channel), when they joined
the central nervous system (CNS) can affect the autonomic
impulse to the heart (Figure 2). All this evidence postulates
a proof of concept that explains the indication that peaks
of pollutants are associated with short-term cardiovascular
adverse events in susceptible subjects, as for example COVID-
19 patients.

Interconnection Between ACE2, TMPRSS2
and TRPV-1
That TRPV-1 interacts with other receptors is not new
(42). TRPV-1 may interact with Angiotensin-converting
enzyme 2 (ACE2) and transmembrane protease-serine 2
(TMPRSS2) through the activation of cyclooxygenase 2
(COX-2) and kininogen pathways (Figure 3). ACE2 and
TMPRSS2 are broadly documented as key cellular receptors
of SARS-CoV-2 to conquer target cells (43). In particular,
SARS-CoV-2 spike protein is processed by TMPRSS2 which
favors its binding to ACE2, expressed on epithelial lung
cells (44).

In the COX-2 pathway, TRPV-1 sensitization may be achieved
when SARS-CoV-2, by interacting with neuroinflammatory cells,
increases levels of PGE2, a potent inflammatory mediator that
is generated by the effect of COX-2 on arachidonic acid. High
PGE2 levels lead to prostaglandin receptors 1 (EP1) and 3 (EP3)
stimulation and subsequent TRPV-1 sensitization. The EP1 and
EP3 are regarded as stimulatory receptors as their activation leads
to stimulation of the cell concerned, such as contraction in the
smooth muscle cell or activation of the neuron. ACE2 that is a
negative regulator of the classical angiotensin-converting enzyme
(ACE) in the renin-angiotensin system (RAS) was discovered to
be dysregulated (decreased levels of ACE and increased levels of

ACE2 in the lung cells) in patients presenting severe symptoms
of COVID-19 (45). In addition, a significant increase of bioactive
lipid levels modulating lung inflammation of severe COVID-19
patients, compared to healthy controls, has been reported (46).
The Authors highlighted in COVID-19 patients, a predominance
of cyclooxygenase metabolites, in particular significant levels
of PGE2, and also increased levels of leukotrienes, compared
to controls (46). These products of inflammation are able to
activate TRPV-1.

In the kininogen pathway SARS-CoV-2, by interacting
with neuroinflammatory cells, increases levels of BK, which
is produced from an inactive pre-protein kininogen through
activation by the serine protease kallikrein. High BK levels lead to
BK receptors stimulation and subsequent TRPV-1 sensitization
on bronchopulmonary C-fibers. There are two types of receptors
for BK in the body, the BKB1 receptor which is inducible and
is expressed by the presence of inflammation and tissue damage
(47), and the BKB2 receptor which is present constitutively (48).
Both BKB1 and BKB2 receptors exert their effect by coupling to
G proteins and activating phospholipase C or A2. The activation
of phospholipase C leads to the sensitization of TRPV-1 through
protein kinase C (49, 50). Furthermore, the upregulation of
ACE2, in patients with severe symptoms of COVID-19 (45),
increases Angiotensin 1–9 levels that in turn rise the levels of BK
in the cells (referred to as a “Bradykinin Storm”), comporting
a dysregulated BK signaling in COVID-19 patients (51) with
further TRPV-1 sensitization.

Furthermore, we demonstrated that the air pollutant, DEP,
directly interacts with TRPV-1 contributing to channel opening
(38). Therefore, inhalation exposures to high levels of pollution
during SARS-CoV-2 infection could worsen the outcome of
COVID-19 in affected patients, directly modulating the activity
of TRPV-1.

Susceptibility of Elder People to
SARS-CoV-2
Studies on knockout (TRPV-1–/–) mice or using a
pharmacological block with TRPV-1 antagonist (capsazepine)
or agonist such (resiniferatoxin) have revealed that TRPV-1
presents an anti-inflammatory function and a decreased systemic
inflammatory response, by reducing the production of TNFα,
on a systemic inflammatory animal model on which a “cytokine
storm” was induced. The anti-inflammatory activity gave
however way to a pro-inflammatory activity in elderly rats. In
particular, TRPV-1 expression was found to be upregulated in
the lungs of rats, in relation to not only the progress of pathology
but also with age, revealing a primarily anti-inflammatory role
of TRPV-1 in young and a pro-inflammatory function in the
elderly (52).

The pro-inflammatory role of TRPV-1 in the elderly might
contribute to aggravate the incidence of COVID-19 fatality
associated with older patients, especially people over 65-years-
old. This, along with an overall deterioration of immune function
and the higher rate of comorbidity, making the elderly more
susceptive to infections, could help to clarify the progression and
unbalanced impact of COVID-19 in the elderly.
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FIGURE 2 | Simplified depiction of how exposure to air pollutants is proposed to sensitize the sensory to autonomic reflex arc and alter subsequent responses.

Inhaled component of air pollution (i.e., DEP), directly sensitizes TRPV-1 (green pathway) located on vagal bronchopulmonary C-fibers endings. Activation of airways

sensory nerves (yellow pathway) stimulates neurons in the midbrain (NTS) and, through a neuromodulation process in the CNS, causes the efferent motor responses

(red and violet pathways) to the heart (autonomic imbalance) and to respiratory muscles (cough). Adapted from (141).

SYMPTOMS

The most common symptoms of COVID-19 are fever,
cough, dyspnea, altered sense of taste/smell, palpitations.
Less common symptoms include: myalgia and arthralgia, fatigue,
rhinorrhea/nasal congestion, chest tightness, chest pain and
hemoptysis, gastrointestinal symptoms, sore throat, headache,
dizziness, neurological symptoms, ocular symptoms, audio-
vestibular symptoms, cutaneous symptoms (53). While in severe
cases patients with COVID-19 at admission in the hospital the
most common symptoms are fever, cough, and/or shortness
of breath, in mild or moderate disease are headache, loss of
smell, nasal obstruction with cough. Overall, the prevalence of
symptoms was highest in people aged 30–60 years; the most
common atypical presentation in older adults was confusion.
Most of these symptoms are associated with pathways controlled
by TRPV-1.

Cough
Cough is the major COVID-19 symptom (54), not necessarily
associated with severity. The cough reflex is initiated by
activation of TRPV-1 receptors on vagal bronchopulmonary
C-fibers endings which are mainly involved in airways reflex
responses and primarily responsible for “detecting” inhaled
toxicants’ presence. In effect, TRPV-1 represents a portal of entry
to respiratory tract irritation and reflex responses induced by

inhaled oxidant agents (55, 56), particulate air pollution (39),
and cigarette smoking (57). Moreover, patients suffering from
chronic cough exhibit increased levels of TRPV-1 positive cells
in the airways. Interestingly, TRPV-1 upregulation in neuronal
cell cultures, infected by rhinoviruses, may explain cases of cough
hypersensitivity syndrome following airway viral infections
(post-viral vagal neuropathy), regardless of inflammation (58).
Prevalence of post-COVID-19 cough varied widely between
studies (59–61). However, there’s a growing opinion that vagal
neuroinflammation caused by the virus is closely connected to
the development and persistence of COVID-19 cough (62).

A way to quantification cough and evaluate the effect of
pharmacological intervention in cough investigation is the cough
challenge (63). Inhalation cough challenge, the most commonly
employed method to assess cough reflex sensitivity, implicates
the inhalation of tussive agents and the subsequent counting of
the induced coughs number (64). CPS mainly acts on TRPV-
1, thus the CPS cough challenge has been applied to investigate
TRPV-1 function in vivomeasuring cough response (63). During
an upper respiratory infection, a temporary increase in cough
sensitivity to inhaled CPS has been demonstrated, moreover CPS
sensitivity has been positively associated with the cough severity
score (65). Our group recently demonstrated that cough reflex
induced by CPS can be modulated by inhalation of endogenous
mediators of TRPV-1, PGE2, and BK, in healthy subjects (38).
The upregulation and subsequent modulation of TRPV-1 by
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FIGURE 3 | Interconnection between ACE2, TMPRSS2, and TRPV-1 in SARS-CoV-2 infection. SARS-CoV-2 uses the ACE2 receptor for entry into lung epithelial cells

and the host cell serine protease TMPRSS2 for priming the S protein. ACE2 and TMPRSS2 may interact with TRPV-1 through the activation of COX-2 and kininogen

pathways. - COX-2 pathway (green pathway). TRPV-1 sensitization is due to the interaction between TRPV-1 and EP receptors (i.e., EP1 and EP3) stimulated by the

increase of PGE2 levels in the lungs of affected COVID-19 patients. SARS-CoV-2 interaction with neuroinflammatory cells increases levels of PGE2 a potent

inflammatory mediator that is generated by COX-2 conversion of arachidonic acid.- kininogen pathway (red pathway). TRPV-1 sensitization is due to the interaction

between TRPV-1 and BK receptors (i.e,. BKB1 and BKB2) stimulated by the increase of BK levels in the lungs. SARS-CoV-2 interaction with neuroinflammatory cells

increases levels of BK, referred to as a “Bradykinin Storm.” BK is produced from an inactive pre-protein kininogen through activation by the serine protease kallikrein.

The upregulation of ACE2 in patients with severe symptoms of COVID-19 increases Angiotensin 1–9 levels that in turn raise the levels of BK. High levels of PM in air

pollution, such as DEP, directly interact with TRPV-1 (gray arrow) by modulating its activity and increasing its sensitization. This interaction could worsen the outcome

of COVID-19 disease in affected patients. Adapted from (42).

lung inflammation products, i.e., PGE2, and BK, during and
following airways viral infections, including COVID-19, may
explain hypersensitivity of the cough reflex during the period of
illness and after COVID-19 (post-viral vagal neuropathy).

Persistent Fatigue
TRPV-1 is involved in persistent fatigue, a common symptom
following SARS-CoV-2 infection (66). Particularly interesting is
that TRPV-1 ligands, i.e., CPS and n-tert-butylecyclohexanol, are
able to alleviate chronic fatigue syndrome’s (CFS) symptoms. The
inhibition of TRPV-1 channel and the subsequent modulation of
pain perception, neuroendocrine function, oxidative stress, and
immune function, are believed to be involved in these beneficial
effects. N-tert-butylcyclohexanol, an antagonist of the TRPV-
1 channel, is more effective in reducing CFS symptoms than
CPS (67).

From Palpitation to Heart Attack
One of the major complications among COVID-19 patients
includes cardiac arrhythmias. The commonest arrhythmia is
sinus tachycardia which is usually associated with palpitations
causing discomfort to patients. One case of COVID-19 with
clinical features of autonomic dysfunction in the form of sinus
arrhythmia, postural hypotension, intermittent profuse sweating,

constipation, erectile dysfunction, and squeezing sensation in the
chest, was recently described (68). Another case of a 58-year-old
COVID-19 patient with a significant decrease in heart rate and a
paradoxical decline in HRV investigated at 24 h ECGmonitoring
(69) was published. Only one study evaluated the presence of
cardiac autonomic dysfunction in hospital COVID-19 patients
(70) founding an increased parasympathetic activity in COVID-
19 patients compared to healthy controls as demonstrated by
the increase in time domain variables of HRV. Unlike the time
domain variables, authors found that frequency domains of
HRV, specifically the Low Frequency and High Frequency ratio
(LF/HF) (traditionally considered a marker of sympathovagal
balance in the cardiovascular system), weren’t different between
the COVID-19 subjects and the healthy subjects. A case of
postural tachycardia syndrome was described several months
after confirmed SARS-CoV-2 infection (71). Anecdotal cases
of autonomic dysfunction (i.e., palpitations, fatigue, dizziness,
diarrhea, recurrent presyncope episodes) following viral SARS-
CoV-2 infection are emerging (72). Furthermore, a 58% increase
of out-of-hospital cardiac arrest in COVID-19 cases out of a total
of 9,806 reported in some provinces of Lombardy, the Italian
region most affected by SARS-CoV-2 was identified during the
first 40 days of the first wave of the outbreak (February 21st
through March 31st, 2020), compared with those that occurred
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during the same period in 2019. The cumulative incidence of
out-of-hospital cardiac arrest in 2020 was strongly associated
with the cumulative incidence of COVID-19 and the increase
in the number of cases of out-of-hospital cardiac arrest followed
the time course of the COVID-19 outbreak (73). Another study
conducted in Emilia Romagna region (one of the most severely
hit areas of Italy), during the first wave of the COVID-19
pandemic observed an increase in the out-of-hospital cardiac
mortality (74). Furthermore, a study conducted in Wuhan,
China, reports that cardiac damage also occurs in about 20% of
COVID-19 hospitalized patients (75).

TRPV-1 is among the TRP channels involved in the activation
of airway sensory nerves causing variability in the autonomic
efferent pathways that are resolved centrally at the level of
the mid-brain. This causes cardiovascular function changes i.e.,
alterations of cardiac rhythm and of ECG morphology (36, 39).
HRV spectral analysis is a valuable tool for the assessment of
cardiovascular autonomic function and to check out fluctuations
in autonomic tone. Changes in cardiac autonomic activity are
thought to be a common pathway leading to increased morbidity
and mortality from various disorders, including cardiovascular
disease. Indeed, data from literature sustain the assumption
that decreased HRV precedes the evolvement of a number of
cardiovascular disease risk factors (76). Plethora of evidence are
available in the literature demonstrating autonomic dysfunction
in other infectious diseases (77–91).

Recently our group (38) identified a mechanism, which is
operative in vivo in healthy subjects, by which sensitization of
airways sensory TRPV-1 channels by inhalation of endogenous
mediators of the channel PGE2 and BK dysregulates autonomic
cardiac rhythm increasing sympathetic heart activity. We have
demonstrated that an increase in sympathetic activity can be
generated by stimuli that are also able to sensitize airways
TRPV-1. This brings a proof of concept that signals from vagal
bronchopulmonary C-fibers, once they are integrated at the CNS
level, can modify autonomic drive to the heart, as was previously
demonstrated in animal models.

Therefore, the increase in cardiac arrest that emerged during
the COVID-19 pandemic, could be closely related to a potential
autonomic dysfunction of cardiac rhythm regulation, caused by
TRPV-1 sensitization.

Gastrointestinal Symptoms
Smell and Taste Disorders
Smell and taste disorders are very common in COVID-19 (92–
96). The nasal cavity expresss high levels of TRPV-1 trigeminal
receptors so that the intranasal trigeminal system is considered
the third chemical sense with olfaction and gustation (97).
TRPV-1 is among the TRP channels mainly involved in the
transduction of noxious sensation and is activated by pungent
odorous substances (97). TRP channels are also involved in the
process of gustation (98). Indeed associations have been observed
between TRPV-1 genetic variant rs8065080 (C>T, Val585Ile)
polymorphism, the same we analyzed in our previous work (99),
in modulation salt taste perception (100). The CPS agonist of
TRPV-1 is also implicated in the modulation of smell and taste
with sensory (olfactory) and sensitive (trigeminal) perceptions

coming together (101). In addition, most aroma compounds have
sensitive peculiarities linked to nasal hyper-reactivity to strong
aroma (sometimes identified as “hyperosmia” by patients who
present sino-nasal inflammation).

Nasal obstruction alone is relatively frequent in COVID-19.
In two studies, nasal obstruction was often reported, but not
associated with olfactory dysfunction (102, 103). In rhinitis, the
nasal itch is related to TRPV-1 (104). Mucus hypersecretion
and inflammation are also associated with TRPV-1 sensitization
(2, 105). CPS was found to be a choice as therapy for non-allergic
rhinitis (106, 107).

Anorexia
Loss of appetite is frequent and could be severe in COVID-19
(108). TRPV-1 is also involved in appetite through control of
appetite hormone levels or stimulation of gastrointestinal vagal
afferent signaling (109).

Nausea, Vomiting, and/or Diarrhea
Nausea, vomiting, and/or diarrhea are rather frequent symptoms
of COVID-19 (108). TRPV-1 activation leads to nerve fibers’
release of substances such as tachykinins that increase gastric
motility and stimulate gastric emptying (110). CPS can promote
gastroesophageal and abdominal pain, pyrosis, bloating, and/or
dyspepsia through TRPV-1 (111–113).

Pain
Myalgia, back pain, widespread hyperalgesia, and headache are
often concomitant with COVID-19 infection (96, 114). TRPV-1
is implicated in acute and chronic pain and migraine (115, 116).

GENETIC SUSCEPTIBILITY TO
SARS-COV-2 INFECTION AND SYMPTOMS

Genetic factors could explain the variability in COVID-19
symptoms. Single nucleotide polymorphisms (SNPs) in the
TRPV-1 gene modulate the functional asset of the channel and
contribute to different responsiveness to the agonist CPS in vitro
(56). Our group recently demonstrated that multiple TRPV-1
polymorphisms explain the variability in cough test sensitivity
to CPS in healthy subjects (99). In particular, four combined
SNPs: I315M (rs222747); I585V (rs8065080); T469I (rs224534);
P91S (rs222749) confer the major CPS sensitivity in vivo. Then,
the presence of a minimum of two polymorphisms, the 91S
combined with 315M or with 585I, was sufficient to produce a
significant effect at the CPS concentration causing 2 coughs. The
cough response to the modulation of TRPV-1 by endogenous
mediators PGE2 and BK, considered to be indirect sensitizers of
the channel, was instead irrespective of the presence of TRPV-
1 SNPs. That air pollutants, such as DEP, directly interact with
TRPV-1 and cause channel opening (38) suggests that genetics
variants also are relevant in the interaction between pollutants
and TRPV-1 activation too. This fact, in our opinion, could
in part explain epidemiological data which highlight higher
COVID-19 mortality in most polluted countries. In summary,
TRPV-1 genetic variants and their modulation by air pollutants
may play a central role in infection and effects of COVID-19.
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THERAPY/TREATMENT

Based on the above, there is the possibility that TRPV-
1 has a relevant role in the infection, susceptibility, and
symptoms of COVID-19. This encourages looking at therapeutic
agents to down-regulate COVID-19 symptoms and responses
TRPV-1-associated, including inflammatory response and cough.
Identifying a drug that could down-regulate or inactivate TRPV-
1 might therefore provide a protective environment to struggle
with SARS-CoV-2 infection and COVID-19 disease.

According to recent data, the inhibition of afferent activity,
above all the removal of TRPV-1+ afferent fibers from the
lung and airways, could exert a beneficial action on the
compromised lung function and clearance of infection (3).
Moreover, inactivation of the TRPV-1+ innervation could also
lead to better prevention or treatment of ventilator-associated
lung injury. Furthermore, several active ingredients of spices
including pungent (capsaicinoids) CPS, from red pepper (117),
resiniferatoxin, from tropical Euphorbia plants (118), allicin,
from onion and garlic (119) and non-pungent (capsinoids)
including piperine (black pepper) (120, 121), gingerol and
zingerone (ginger) (122), cinnamaldehyde, curcumin (123),
eugenol (clove), and camphor, are all TRPV-1 agonists. TRPV-1
is also activated by allyl isothiocyanate (AITC), the organosulfur
compound present in horseradish, mustard, and wasabi (124).
While the first exposure to TRPV-1 activators may induce
acute pain, repeated treatment promotes a refractory state of
TRPV-1, named as desensitization. This causes the inhibition
of receptor function and stops pain perception, underlying
a unique form of analgesia (125). This finding was firstly
described for CPS and application of CPS as topical ointments
has been applied in clinical use to alleviate chronic painful
conditions for decades. The acute desensitization of TRVP-1
occurs within few seconds (∼20) after the first administration
of vanilloids to the cell. Many signaling pathways including
calmodulin, calcineurin, or the decrease of phosphatidylinositol
4,5-bisphosphate, are involved in TRPV-1 desensitization.
Oxidative stress reduces phosphatidylinositol 4,5-bisphosphate,
and receptor desensitization could be reached at lower doses of
agonists in SARS-Cov-2 infection (5). Tachyphylaxis, defined as a
reduction in the response after frequent applications of agonists,
is another type of desensitization of TRPV-1 by CPS (126).

Patients affected by COVID-19 have been studied in order
to evaluate their response to these spices. Consecutive cough-
induced challenges were carried out on one of the patients
during the recovery phase. The effect of TRPV-1 agonists
disappeared in 1–4 h. The duration of this influence increased
to around 10 h when small doses of TRPV-1 agonists were
added to low-dose broccoli. Paracetamolmetabolites,N-acetyl-p-
benzoquinone imine, and p-benzoquinone, are TRPV-1 agonists
and increased the duration of action of the TRPV-1-broccoli
combinations to over 14 h. The results of the challenges suggest
a quick short-lasting TRPV-1 desensitization (5, 127). No
data until now are available on the treatment of COVID-19
patients with resiniferatoxin (RTX), a known potent agonist
of TRPV-1 and active pharmaceutical ingredient that has
the potential to be a highly peculiar factor for long-term

inactivation of TRPV-1 fibers. Furthermore, COVID-19 patients
with mild, moderate, and severe symptoms who received
curcumin/piperine treatment promptly recovered from initial
symptoms (fever, cough, sore throat, and breathlessness) and
exhibited better ability to maintain oxygen saturation above
94% and better clinical outcomes (128). In silico drug discovery
suggested that curcumin plays as SARS-CoV-2 main protease
inhibitor (129). Lastly, some other natural compounds, that
are well-known ligands for TRPV-1, may inhibit SARS-CoV-
2 as well as lessen some symptoms of COVID-19. Recognized
examples are represented by quercetin (130), resveratrol (131),
spermidine/spermine (132), naringenin (133), and baicalin. In
a prospective, randomized, controlled, and open-label study,
a daily dose of 1,000mg of quercetin was given for 30
days to 152 outpatients affected by COVID-19 to study its
adjuvant role in treating the initial symptoms and in preventing
the severe effects of the disease. Quercetin was effective in
ameliorating COVID-19 early symptoms as well as preventing
the severity of the disease (134). Spermidine and spermine,
powerful TRPV-1 ligands, have been found to inhibit SARS-
CoV-2 infection possibly by promoting viral degradation in
the endolysosomes (135). Naringenin, that diminishes TRPV-
1 activation channel producing analgesic effect (133), inhibited
human coronaviruses infection (136), suggesting that this
inhibition can be mediated by TRPV-1. As a final point, baicalin
exhibited strong antiviral activities and was recognized as the
first non-covalent, non-peptidomimetic inhibitor of SARS-CoV-
2 (137). Notably, previous reports showed that baicalin induced
down-regulation of TRPV-1 mRNA expression levels in DRG
neurons (138). Taken together, evidence gathered from the
literature suggests that TRPV-1 can be really considered as target
for handling this disease.

FUTURE CLINICAL APPLICATION

To make our hypothesis clearer and more translational in
the clinical setting we envisage future applications that we
briefly describe.

Identify Individuals at Risk of Developing
Disease
The analysis of the polymorphic site of the TRPV-1 for
deciphering COVID-19 susceptibility could be the key to identify
the more vulnerable individuals and those at higher risk for
severe disease. As suggested in our previous work (99), the
combination of I585, 91S, and 315M modifies the functional
properties of the channel and induces an increase in TRPV-1
protein expression due to the multiplied DNA copy number.
Furthermore, the corresponding TRPV-1 I585 mutation is
associated with a higher risk of wheeze and cough in children
with asthma. Since most COVID-19 symptoms are associated
with pathways controlled by TRPV-1, we, therefore, expect that
the people with 585I, 91S, and 315M will be more susceptible to
adverse effects of COVID-19 infection.

Within the epidemiological area, the identification of TRPV-
1 genetic polymorphisms could have important implication

Frontiers in Medicine | www.frontiersin.org 8 November 2021 | Volume 8 | Article 7538191415

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liviero et al. TRPV1 and COVID-19

in SARS-CoV-2 susceptibility, infection and spread. TRPV-1
genetic variants by increasing the functional properties of the
channel could render people more susceptible to virus access into
the cell.

A Tailored Desensitization Treatment
Capsaicin is a common experimental trigger of cough through
TRPV-1 activation. However, one-month treatment with oral
capsaicin was found to improve cough through a putative
desensitization mechanism (139). A recent study (5) reports
that administration of a low dose of oral capsaicin (10 and
30mg of red pepper in capsules) provokes a rapid decrease
in induced cough (1–2min) and nasal obstruction in a single
COVID-19 patient, with ultra-rapid clinical effects, suggesting
TRPV-1 channel desensitization as the main mechanism. The
duration of the effect was around 2 h with 10mg and 3 h with
30mg. However, even if the TRPV-1 desensitization does not last
long, the repeated treatments (applications) with oral capsaicin
or other TRPV-1 agonists (tachyphylaxis) seems able to reduce
permanently the symptoms of cough and nasal obstruction that
are prevalent in COVID-19 disease.

Along the same lines, a recent publication shows a strong
correlation between grams of spice supply pro-capita per day and
a decrease in the total number of COVID-19 cases per million
population. This suggests that spice consumption, in particular
ginger, curcumin, allicin in garlic, which are all TRPV-1 agonists,
play a role in fighting COVID-19 (140).

Alternatively, as proposed by Nahama (3) the therapeutic
approaches targeting TRPV-1 containing nerve fibers in the
lungs, by use of an ultra-potent TRPV1 agonist could modulate
the inflammatory and immune signal activity, leading to reduced
mortality and better overall outcomes in COVID-19 disease. The
potential use of resiniferatoxin, currently in clinical trials for
cancer and osteoarthritis pain, as a possible ablating agent of
TRPV-1 positive pulmonary pathways in patients with advanced
COVID-19 disease, was recommended.

Despite the preliminary evidence and the proposed
hypotheses on the therapeutic role of TRPV-1 agonists,
future studies are however warranted to test the efficacy and
tolerability of these treatments targeting TRPV-1 on patients
with COVID-19 disease. Furthermore, research through the use
of tailored doses and timing of administration, should confirm
these data and mechanisms in order to develop medications,

patch tests (capsaicin), nasal sprays, or food supplements based
on TRPV-1 desensitization for the treatment of COVID-19
and its main symptoms, including not only cough but also
pain and tachycardia. These studies should be corroborated by
the genetic characterization of patients with COVID-19 by six
nonsynonymous functional polymorphisms of TRPV-1 (K2N
rs9894618, P91S rs222749, I315M rs222747, T469I rs224534,
T505A rs17633288, and I585V rs8065080), that determine a
substantial difference in capsaicin sensitivity with levels of SNP-
based responsiveness ranging from 2 to 6. Based on our previous
study we hypothesized that the most responsive individuals will
need a lower dose of agonist (capsaicin) to induce the same effect
than fairly ones. This would help to design tailored strategies for
SARS-CoV-2 infection too.

CONCLUSION

The battle against the new coronavirus will be still long, so
know the mechanisms of TRPV-1, a receptor involved in lung
defense mechanisms, inflammation, and immunomodulation
might be relevant in the susceptibility to SARS-CoV-2 infection.
Novel target polymorphic TRPV-1 receptor could be the
key factor in COVID-19 susceptibility to design not only
preventive but also therapeutic strategies in SARS-CoV-2
infections. Exploring the role of multiple SNPs of the TRPV-
1 gene in the sensitivity to lung and heart dysfunction in
SARS-CoV-2 infection will open new therapeutic approaches
targeting TRPV-1 that could modulate the inflammatory and
immune signal activity leading to a better overall outcome.
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Background: Individuals infected with the COVID-19 virus present with different

symptoms of varying severity. In addition, not all individuals are infected despite exposure.

Risk factors such as age, sex, and comorbidities play a major role in this variability;

however, genetics may also be important in driving the differences in the incidence

and prognosis of the disease. An Insertion/Deletion (I/D) polymorphism in the ACE1

gene (rs1799752) may explain these genetic differences. The aims of this study were to

determine the potential role of ACE1 I/D genetic polymorphism in the risk of contracting

COVID-19 as well as predicting the severity of COVID-19 infection.

Methods: Three-hundred and eighty-seven non-related Lebanese subjects, 155

controls and 232 cases, who presented to the American University of Beirut Medical

Center (AUBMC) for COVID-19 PCR testing were recruited. Clinical data were collected

via filling a questionnaire and accessing the medical records. Peripheral blood was

withdrawn for DNA isolation, and genotyping performed with standard PCR followed

by band visualization on agarose gel.

Results: In our study population, previously described risk factors such as gender,

age, and comorbidities were associated with increase in disease susceptibility and

severity. ACE1 I was the least common allele, and there was a positive association

between ACE1 I and the risk of contracting the COVID-19 disease. More specifically,

the frequency of II genotype was significantly higher among cases when compared

to controls (P = 0.035) with individuals with the II genotype having greater risk

for contracting the COVID-19 disease: OR = 2.074, P = 0.048 in the multivariate

analysis. As for disease severity, the DD genotype and D allele were associated

with increased risk for developing severe symptoms (OR = 2.845, P = 0.026 and

OR = 2.359, P = 0.014, respectively), and the DD genotype with necessitating

hospitalization (OR = 2.307, P = 0.042). In parallel, D allele carriers showed

a significantly increased risk for developing hypoxia: OR = 4.374, P = 0.045.
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Conclusion: We found a positive association between ACE1 I and the risk of contracting

the COVID-19 disease, and between ACE1 D and a worse outcome of the COVID-19

infection. Therefore, genotyping for ACE1 I/D polymorphism could be used to assess risk

and predict severity for better prognosis and management of the disease.

Keywords: ACE1, COVID, risk, severity, genetic polymorphism

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is a positive-sense single-stranded RNA virus that is
responsible for the globally transmissible coronavirus disease
of 2019 (COVID-19) (1). It has been observed across infected
populations worldwide that symptoms are displayed with
dissimilar presentations of varying severity. In addition, not all
individuals are infected despite a history of exposure, including
multiple direct exposures, to COVID-19. Several factors have
been described in the literature for their potential role in the
risk of contracting COVID-19 as well as that of developing
complications. These include age, sex, blood group, smoking
history, comorbidities, obesity, and intake of ACE inhibitors
(ACEI) or angiotensin receptor blockers (ARBs) (2–8). In
addition to these risk factors, genetics may play a contributing
role in COVID-19 infection (9). With inconclusive data, few
studies have highlighted the roles of transmembrane protease
serine 2 (TMPRSS2), angiotensin converting enzyme 1 (ACE1),
and ACE2 gene variants in the susceptibility and severity of
SARS-CoV-2 infection (10–12).

TMPRSS2 expression facilitates the entry of the virus into
host cells through ACE2 (13). Both ACE1 and ACE2 are
endogenous proteins involved in the renin-angiotensin system
(RAS), which regulates the homeostasis of blood pressure and
fluid electrolyte balance (14). In lung vascular endothelium,
ACE1 converts Angiotensin I into Angiotensin II that promotes
vasoconstriction, inflammation, and thrombosis (14). ACE2
converts Angiotensin II into Angiotensin 1–7 that acts inversely
to Angiotensin II and hence promotes vasodilation (14). When
SARS-CoV-2 enters human cells by binding its spike (S) protein
toACE2, lower levels of thismembrane receptor become available
for the suppression of Angiotensin II (15). Consequently, the
balance of the RAS can be distorted in favor of vasoconstriction,
inflammation, and thrombosis, potentially complicating the
outcome of COVID-19 infection (14, 15).

An Insertion/Deletion (I/D) polymorphism in the ACE1 gene
(rs1799752) may explain the differences in genetic susceptibilities
across variable geographic populations. The ACE1 D/D genotype
correlates with a higher activity of the ACE1 enzyme, hence
increasing the levels of Angiotensin II with secondary lowering
of ACE2 expression (16). Despite some negative results (17),
few studies showed the DD genotype to be associated with a
significantly higher risk for COVID-19 morbidity and mortality
(18, 19). Moreover, a higher I/D-allele frequency ratio has
been associated with higher recovery rates despite an increase
in infectivity (20). A comprehensive review done in 2021
regarding the association between ACE1 (I/D) polymorphism

and COVID-19 symptoms is referenced for the reader (21).
The data are less conclusive concerning the association between
ACE1 (I/D) genetic polymorphism and risk of contracting the
disease. For instance, an initial analysis by Delanghe et al. (22)
of disease spread in 25 European countries with ACE1 historical
genetic data showed a significant association between COVID-
19 cases and higher frequency of the ACE1 I allele (22). In
contrast, Yamamoto et al. (23) observed that the Europeans have
a higher probability of being infected by SARS-CoV-2 compared
to Asian populations who have a higher frequency of the
ACE1 II genotype. Importantly, the negative correlation between
COVID-19 incidence and ACE1 II genotype was weakened when
they added data from the Middle East, stating that the Middle
East should be considered an important factor for future studies
(23). This is especially the case since, and as per Saab et al. (24),
theMiddle Eastern population such as the Lebanese, have a lower
frequency of the ACE1 I allele when compared to the D allele.

The aims of this study were to determine the potential role
of ACE1 I/D genetic polymorphism in the risk of contracting
COVID-19 as well as predicting the severity of COVID-19
infection. We hypothesized that the ACE1 I allele is associated
with an increased risk of contracting the SARS-CoV-2 virus,
while the ACE1 D allele is associated with a worse prognosis
depicted as increased severity of signs, symptoms, and sequelae
following COVID-19 infection.

METHODS

Human Subjects
This study was approved by the Institutional Review Board (IRB)
of the American University of Beirut (AUB). Three-hundred
and eighty-seven Lebanese adult subjects were recruited given
they had presented to the AUB Medical Center (AUBMC)
for COVID-19 PCR testing (irrespective of result), COVID-
19 hospitalization, or post-COVID-19 persistent symptoms.
The recruitment process entailed a one-time participation
that included informed consent process, data collection,
and peripheral blood withdrawal for DNA isolation and
ACE1 genotyping.

Data Collection
Data for this study were obtained via a questionnaire and access
through medical records on the electronic heath information
system EPIC. Information collected included demographics,
comorbidities, medications intake, date of PCR testing, and
COVID-19 disease presentation, management, and progression
for each participant.
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ACE1 I/D Genotyping
Peripheral blood was collected in EDTA containing tubes,
processed into aliquots and stored at −80◦C. DNA was then
isolated using FlexiGene R© DNA Kit by QIAGEN R© (Germany)
as per the manufacturer’s guidelines. Isolated DNA was read
using the DS-11 Spectrophotometer (DeNovix R©, USA) for
quantification and purity assessment and stored at −20◦C.
Genotyping for ACE1 insertion/deletion polymorphism was
carried out by polymerase chain reaction (PCR) followed by
gel visualization with primers and experimental conditions as
previously described (25). Individuals homozygous for the D
allele and I allele were identified by a single 190 bp fragment and
a single 490 bp fragment, respectively. Heterozygous individuals
were identified by the presence of both fragments.

Statistical Analysis
The collected data were transcribed onto Microsoft Excel then
exported to SPSS R© (IBM, USA) for description and analysis. A P
< 0.05 was considered statistically significant.

The ACE1 polymorphism was analyzed using four separate
associations: one for the alleles (I vs. D), and the remaining three
for the genotypes (II vs. DI vs. DD, D-carriers, and I-carriers).
The D-carrier association was (II vs. DI + DD), and that of
the I-carrier was (DD vs. DI + II). The genotype frequencies in
controls were checked for Hardy Weinberg Equilibrium (HWE)
using chi-square test.

Baseline characteristics included in the analysis were age,
body mass index (BMI), sex, blood group (containing A or not),
smoking (never, ever), comorbidities, and intake of ACEI or
ARBs. Comorbidities were classified as follows: dyslipidemia,
hypertension, diabetes, heart disease (coronary artery disease or
heart failure), kidney disease (chronic kidney disease or end-
stage renal disease), lung disease (chronic obstructive pulmonary
disease or interstitial lung disease or asthma), cerebrovascular
disease (stroke or carotid stenosis), coagulation disorders
(hemophilia or von Willebrand disease), and cancer.

For the association of ACE1 (I/D) polymorphism with
contracting COVID-19 disease, participants infected with
COVID-19 (cases) were compared to those who were not
(controls). For the association of ACE1 (I/D) polymorphism
with severity and outcome of COVID-19 infection, three
comparisons were carried out: mild vs. moderate vs. severe
disease, hospitalized vs. non-hospitalized, and hypoxic (SpO2

<94%) vs. non-hypoxic (SpO2 ≥94%) upon hospitalization.
Disease severity was classified according to the WHO clinical
progression scale into three stages: stage I (mild), stage II
(moderate), and stage III (severe) (26). Mild presentation
included any combination of the following: fever and/or chills,
cough, shortness of breath, sore throat, congestion and/or
rhinorrhea, fatigue, myalgias, headache, nausea and/or vomiting,
diarrhea, anosmia, and ageusia. The moderate disease stage
included symptomatic patients who were hospitalized with
evident radiographic lung inflammation and a blood oxygen
saturation (SpO2) ≥94% with minimal or no oxygen therapy
required (26). Severe disease included critically ill patients
with marked lung infiltrates on Chest X-Ray or CT scan
and hypoxia (SpO2 <94%) who required hospitalization with

essential oxygen therapy by either nasal cannula, face mask, non-
invasive ventilation (NIV), and/or mechanical ventilation with
intubation (26).

Association analyses were carried out using Fisher’s Exact test
for categorical variables and independent sample t-test or one-
way ANOVA with post-hoc Bonferroni for continuous variables
as applicable. Binary or multinomial logistic regressions were
used for the associations with ACE1 (I/D) polymorphism at both
the univariate and multivariate level since these are the main
focus of the study. Multivariate regression entailed adjustment
for all statistically significant covariates at the univariate level.
Results are presented as number (percentage) N (%), mean ±

standard deviation (SD) at the univariate level, and odds ratios
(OR) (adjusted and unadjusted) with 95% confidence intervals.

Additional analysis was performed to explore previously
reported association(s) of the ACE1 polymorphism
with comorbidities.

RESULTS

Three-hundred and eighty-seven non-related Lebanese subjects,
155 controls and 232 cases, who presented to AUBMC for
COVID-19 PCR testing were recruited and included in this study.
The three genotypes were in HWE (P= 0.281). ACE1 I allele was
the least common with a frequency of 31.0% and a II genotype
frequency of 7.8% in controls (Table 1). These numbers are in
line with the literature stating that the I allele is least common in
Caucasians and Middle Easterners, and most common in Asians
[Supplementary Table 1; (24, 27)].

Disease Susceptibility
When comparing baseline characteristics to predict disease
susceptibility in cases vs. controls (Table 1), the cases were both
older and of higher BMI. There was a larger proportion of
males in the infected group compared to that of the uninfected
group. Hypertension, diabetes, heart disease, and cancer were
all significant comorbid predictors for COVID-19 susceptibility.
Moreover, there was a greater proportion of participants taking
ACEI/ARBs among the case group when compared to controls
(Table 1).

Compared to ACE1 D, the frequency of the II genotype was
significantly higher among individuals infected with COVID-
19 (14.2 vs. 7.8%; P = 0.035; Table 1). After adjusting for
age, BMI, sex, hypertension, diabetes, heart disease, cancer,
and ACEI/ARBs intake, binary logistic regression showed that,
compared to D allele carriers, individuals with the II genotype
were at increased risk for contracting the virus (OR= 2.074; P =

0.048; Supplementary Table 2 and Figure 1).

Disease Severity
Among the 232 cases, 223 were symptomatic: 136 (61.0%) had
mild symptoms, 26 (11.7%) had moderate symptoms and 61
(27.3%) had severe symptoms. The mean ± SD of symptoms’
duration was 10.14± 8.56 days.

As show in Table 2, compared to cases with mild infection,
those with moderate and severe infection were older and of
higher BMI. There were larger proportions of males among
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TABLE 1 | Association between baseline characteristics and ACE1 polymorphism in COVID-19 positive cases vs. COVID-19 negative controls.

Controls

N = 155

Cases

N = 232

P-Valuea

Age (years) Mean ± SD 37.14 ± 11.48 43.75 ± 15.85 <0.001

BMIb (kg/m2 ) Mean ± SD 25.79 ± 4.14 27.82 ± 5.51 <0.001

Sex Female N (%) 86 (55.5) 106 (45.7) 0.037

Male N (%) 69 (44.5) 126 (54.3)

Blood group A+ Yes N (%) 75 (48.4) 118 (50.9) 0.354

No N (%) 80 (51.6) 114 (49.1)

Smoking Ever N (%) 63 (40.6) 98 (42.2) 0.418

Never N (%) 92 (59.4) 134 (57.8)

Dyslipidemia Yes N (%) 19 (12.3) 40 (17.2) 0.116

No N (%) 136 (87.7) 192 (82.8)

Hypertension Yes N (%) 11 (7.1) 46 (19.8) <0.001

No N (%) 144 (92.9) 186 (80.2)

Diabetes Yes N (%) 4 (2.6) 29 (12.5) <0.001

No N (%) 151 (97.4) 203 (87.5)

Heart diseasec Yes N (%) 2 (1.3) 15 (6.5) <0.001

No N (%) 153 (98.7) 217 (93.5)

Kidney diseased Yes N (%) 1 (0.6) 8 (3.4) 0.068

No N (%) 154 (99.4) 224 (96.6)

Lung diseasee Yes N (%) 5 (3.2) 13 (5.6) 0.202

No N (%) 150 (96.8) 219 (94.4)

Cerebrovascular

diseasef
Yes N (%) 0 (0.0) 2 (0.9) 0.359

No N (%) 155 (100) 230 (99.1)

Coagulation

disordersg
Yes N (%) 1 (0.6) 4 (1.7) 0.335

No N (%) 154 (99.4) 228 (98.3)

Cancer Yes N (%) 3 (1.9) 21 (9.1) 0.003

No N (%) 152 (98.1) 211 (90.9)

ACEIh/ARBi intake Yes N (%) 9 (5.8) 27 (11.6) 0.037

No N (%) 146 (94.2) 205 (88.4)

ACE genotype II N (%) 12 (7.8) 33 (14.2) 0.141

DI N (%) 72 (46.4) 104 (44.8)

DD N (%) 71 (45.8) 95 (41.0)

II N (%) 12 (7.8) 33 (14.2) 0.035

DI + DD N (%) 143 (92.3) 199 (85.8)

DI + II N (%) 84 (54.2) 137 (59.1) 0.200

DD N (%) 71 (45.8) 95 (41.0)

ACE allele I N (%) 96 (31.0) 170 (36.6) 0.060

D N (%) 71 (69.0) 95 (63.4)

aP-values defined using independent t-test for continuous variables and Fisher exact for categorical variables.
bBody mass index.
cCoronary artery disease; heart failure.
dChronic kidney disease, end-stage renal disease.
eChronic obstructive pulmonary disease, interstitial lung disease, asthma.
fStroke, carotid stenosis.
gHemophilia, von Willebrand disease.
hAngiotensin converting enzyme inhibitor.
iAngiotensin receptor blocker.

The statistically significant P values are in bold.

moderate and severe cases compared tomild cases. Dyslipidemia,
hypertension, diabetes, heart disease, kidney disease, coagulation
disorders, and cancer were significant comorbid predictors for

moderate and severe disease vs. mild disease. There was also a
larger proportion of ACEI/ARBs intake among moderate and
severe cases when compared to controls (Table 2).
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FIGURE 1 | Forest plot showing adjusted odds ratios ± 95% confidence intervals of ACE1 polymorphism for contracting SARS-CoV-2. Multivariate analysis included

variables that were statistically significant in the association analysis shown in Table 1; *P < 0.05. 1D allele carriers. 2 I allele carriers.

ACE1 I/D genotype and allele frequencies were not
significantly associated with disease severity although there
was a trend of higher DD genotype and D allele frequencies in
cases with severe symptoms of COVID-19 disease (Table 2).
After adjusting for age, BMI, sex, significant comorbidities, and
ACEI/ARBs intake, multinomial logistic regression showed that
symptomatic cases with the DD genotype had a higher risk
of developing severe disease following SARS-CoV-2 infection
(OR = 5.751; P = 0.038) when compared to symptomatic
II individuals. In addition, and compared to symptomatic I
carriers, symptomatic cases with the DD genotype were more
likely to develop severe disease following infection (OR = 2.845;
P = 0.026). Similarly, the D allele was significantly associated
with more severe disease presentation (OR =2.359; P = 0.014:
Supplementary Table 3 and Figure 2).

Hospitalization
Among the 232 cases, 144 (62.1%) were non-hospitalized while
88 (37.9%) were hospitalized. The mean ± SD of length of stay
was 13.45± 13.73 days.

It is shown in Table 3 that hospitalized patients were older
and of higher BMI. There was a significantly larger proportion
of hospitalized males compared to non-hospitalized males.
Dyslipidemia, hypertension, diabetes, heart disease, kidney
disease, coagulation disorders, and cancer were significant
comorbid predictors for hospitalization. Additionally, there was a
larger proportion of ACEI/ARBs intake among hospitalized cases
(Table 3).

ACE1 I/D genotype and allele frequencies were not
significantly associated with hospitalization although there
was a trend of higher DD genotype and D allele frequencies
in hospitalized cases with COVID-19 disease (Table 3). After

adjusting for age, BMI, sex, significant comorbidities, and
ACEI/ARBs intake, binary logistic regression showed that,
compared to I carriers, individuals with the DD genotype were at
higher risk for hospitalization following infection (OR = 2.307;
P = 0.042; Supplementary Table 4 and Figure 3).

Hypoxia
Among the 88 hospitalized patients, 26 (29.5%) were not hypoxic
as opposed to 62 (70.5%) that were.

As shown in Table 4, hypoxic patients only had significantly
higher BMI when compared to admitted patients without
hypoxia. There was a slightly larger proportion of hypoxic
males compared to non-hypoxic males, but this result was
not statistically significant. There were no significant comorbid
predictors for developing hypoxia; nevertheless, there was an
increasing trend for dyslipidemia, hypertension, diabetes, and
ACEI/ARBs intake among hypoxic patients (Table 4).

ACE1 I/D genotype and allele frequencies were not
significantly associated with hypoxia although there was a
trend of higher DD genotype and D allele frequencies in
hypoxic hospitalized cases with COVID-19 disease (Table 4).
After adjusting for BMI, binary logistic regression showed
that, compared to the II genotype, D allele carriers were at an
increased risk for developing hypoxia following infection (OR =

4.374; P = 0.045; Supplementary Table 5 and Figure 4).

DISCUSSION

Ever since the outbreak, people realized that the SARS-CoV-2
virus hits every individual differently with varying symptoms
and severity. There has been a plethora of articles from
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TABLE 2 | Association between baseline characteristics and ACE1 polymorphism with disease severity1 in symptomatic COVID-19 cases.

Mild

N = 138

Moderate

N = 26

Severe

N = 61

P-Value2

Age (years) Mean ± SD 36.51 ± 11.06a,b 54.00 ± 15.03 56.98 ± 15.33 <0.001

BMI3 (kg/m2 ) Mean ± SD 26.55 ± 4.87b 27.85 ± 4.56c 31.05 ± 6.18 <0.001

Sex Female N (%) 75 (55.1) 7 (26.9) 18 (29.5) 0.001

Male N (%) 61 (44.9) 19 (73.1) 43 (70.5)

Blood group A+ Yes N (%) 70 (51.5) 11 (42.3) 32 (52.5) 0.682

No N (%) 66 (48.5) 15 (57.7) 29 (47.5)

Smoking Ever N (%) 57 (41.9) 11 (42.3) 25 (41.0) 1.000

Never N (%) 79 (58.1) 15 (57.7) 36 (59.0)

Dyslipidemia Yes N (%) 14 (10.3) 6 (23.1) 20 (32.8) 0.001

No N (%) 122 (89.7) 20 (76.9) 41 (67.2)

Hypertension Yes N (%) 10 (7.4) 8 (30.8) 28 (45.9) <0.001

No N (%) 126 (92.6) 18 (69.2) 33 (54.1)

Diabetes Yes N (%) 5 (3.7) 6 (23.1) 18 (29.5) <0.001

No N (%) 131 (96.3) 20 (76.9) 43 (70.5)

Heart disease4 Yes N (%) 1 (0.7) 4 (15.4) 10 (16.4) <0.001

No N (%) 135 (99.3) 22 (84.6) 51 (83.6)

Kidney disease5 Yes N (%) 1 (0.7) 3 (11.5) 4 (6.6) 0.003

No N (%) 135 (99.3) 23 (88.5) 57 (93.4)

Lung disease6 Yes N (%) 7 (5.1) 3 (11.5) 3 (4.9) 0.367

No N (%) 129 (94.9) 23 (88.5) 58 (95.1)

Cerebrovascular

disease7
Yes N (%) 0 (0.0) 1 (3.8) 1 (1.6) 0.077

No N (%) 136 (100.0) 25 (96.2) 60 (98.4)

Coagulation

disorders8
Yes N (%) 0 (0.0) 0 (0.0) 4 (6.6) 0.010

No N (%) 136 (100.0) 26 (100.0) 57 (93.4)

Cancer Yes N (%) 1 (0.7) 9 (34.6) 11 (18.0) <0.001

No N (%) 135 (99.3) 17 (65.4) 50 (82.0)

ACEI9/ARB10

intake

Yes N (%) 9 (6.6) 4 (15.4) 14 (23.0) 0.005

No N (%) 127 (93.4) 22 (86.4) 47 (77.0)

ACE genotype II N (%) 23 (16.9) 5 (19.2) 5 (8.2) 0.348

DI N (%) 62 (45.6) 12 (46.2) 26 (42.6)

DD N (%) 51 (37.5) 9 (34.6) 30 (49.2)

II N (%) 23 (16.9) 5 (19.2) 5 (8.2) 0.200

DI + DD N (%) 113 (83.1) 21 (80.8) 56 (91.8)

DI + II N (%) 85 (62.5) 17 (65.4) 31 (50.8) 0.259

DD N (%) 51 (37.5) 9 (34.6) 30 (49.2)

ACE allele I N (%) 108 (39.7) 22 (42.3) 36 (29.5) 0.15

D N (%) 164 (60.3) 30 (57.7) 86 (70.5)

1Rated as mild, moderate, or severe according to the WHO clinical progression scale for COVID-19.
2P-values defined using one-way ANOVA with post-hoc Bonferroni for continuous variables and Fisher exact for categorical variables.
aP < 0.05 for Mild vs. Moderate with post-hoc Bonferroni.
bP < 0.05 for Mild vs. Severe with post-hoc Bonferroni.
cP < 0.05 for Moderate vs. Severe with post-hoc Bonferroni.
3Body mass index.
4Coronary artery disease; heart failure.
5Chronic kidney disease, end-stage renal disease.
6Chronic obstructive pulmonary disease, interstitial lung disease, asthma.
7Stroke, carotid stenosis.
8Hemophilia, von Willebrand disease.
9Angiotensin converting enzyme inhibitor.
10Angiotensin receptor blocker.

The statistically significant P values are in bold.
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FIGURE 2 | Forest plot showing odds ratios ± 95% confidence intervals of ACE1 polymorphism for developing severea disease in symptomatic COVID-19 cases.

Multivariate analysis included variables that were statistically significant in the association analysis shown in Table 2; *P < 0.05. aRated as mild, moderate, or severe

according to WHO clinical progression scale for COVID-19 with mild disease as Reference. 1D allele carriers. 2 I allele carriers.

different populations and ethnicities discussing the factors that
are considered to be risk factors for both symptoms and
severity of the COVID-19 disease, but with only few related
to genetics. This study is the first to evaluate these factors in
Lebanese Arabs. We show that almost all previously reported
factors and comorbidities also predict disease susceptibility and
severity in the Lebanese population. We also show a positive
correlation between ACE1 I and the risk of contracting the
COVID-19 disease, and between ACE1 D and worse COVID-
19 infection. These results suggest that genotyping for ACE1 I/D
polymorphism could be used to assess risk and predict severity
for better prognosis and management of the disease. This is
especially important for Middle Easterners in general and the
Lebanese in particular who, and similarly to the results of the
current study, have a higher frequency of the ACE1 D allele when
compared to the I allele (24, 25).

Demographics, Health Related Behaviors,
and Comorbidities
Most of the associated demographics, health-related behaviors,
and comorbidities can be explained at the physiological level.
For instance for age, ACE2 receptor, being the key factor in the
entry of the virus, is more highly expressed in well-differentiated
ciliated epithelial cells found in adults (2). Moreover, the
immunity of an older individual is weaker than the immunity
of children due to immunosenescence and the presence of
central memory T cells rather than naïve T cells (2). Our
results agree with the literature since the mean age (in years)
is significantly higher in the infected cases when compared to

the non-infected controls, and it is significantly higher with
disease severity. Concerning sex, ACE2 being an X-linked gene
can be considered as a disadvantage for infected males, since
lower ACE2 expression may correlate with lesser conversion of
Angiotensin II into Angiotensin 1–7 (28). Moreover, testosterone
suppresses the immune system in males, which affects the T cell
responses (29). These findings are compatible with our results
that show that the majority of cases and those with worse
outcome are males. In our study, the mean BMI (kg/m2) was
also significantly higher in the infected cases and associated
with more severe disease. This can be explained by the fact
that the adipose tissue expresses ACE2 receptors as much
as the pulmonary tissues (7). Accordingly, obese individuals
have higher levels of circulating ACE2 with secondarily higher
disease susceptibility and adverse outcome (30). As for blood
group, data are still non-conclusive. For example, it has been
shown that carriage of blood group A was associated with
a higher rate of COVID-19 infection when compared to
blood group O (31). However, it is felt that individuals with
blood group A also have more underlying comorbidities (29),
which could be the reason behind the significance seen in
infected patients. In our study, blood group did not show
any significant difference with neither risk nor severity of
the disease.

Concerning health-related behavior, smoking is one of the
most common risk factor for many diseases. That is why smoking
is expected to further complicate the symptoms of COVID-
19. Smoking is shown to increase the gene expression of ACE2
in the lungs (4). Moreover, nicotine upregulates the activity
of renin and ACE1 thus activating ACE/Angiotensin II/AT1R
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TABLE 3 | Association between baseline characteristics and ACE1 polymorphism with hospitalized vs. non-hospitalized COVID-19 cases.

Not hospitalized

N = 144

Hospitalized

N = 88

P-Valuea

Age (years) Mean ± SD 36.49 ± 11.28 55.64 ± 15.09 <0.001

BMIb (kg/m2 ) Mean ± SD 26.50 ± 4.81 29.98 ± 5.92 <0.001

Sex Female N (%) 79 (54.9) 27 (30.7) <0.001

Male N (%) 65 (45.1) 61 (69.3)

Blood group A+ Yes N (%) 75 (52.1) 43 (48.9) 0.367

No N (%) 69 (47.9) 45 (51.1)

Smoking Ever N (%) 62 (43.1) 36 (40.9) 0.428

Never N (%) 82 (56.9) 52 (59.1)

Dyslipidemia Yes N (%) 15 (10.4) 25 (28.4) <0.001

No N (%) 129 (89.6) 63 (71.6)

Hypertension Yes N (%) 10 (6.9) 36 (40.9) <0.001

No N (%) 134 (93.1) 52 (59.1)

Diabetes Yes N (%) 4 (2.8) 25 (28.4) <0.001

No N (%) 140 (97.2) 63 (71.6)

Heart diseasec Yes N (%) 1 (0.7) 14 (15.9) <0.001

No N (%) 143 (99.3) 74 (84.1)

Kidney diseased Yes N (%) 1 (0.7) 7 (8.0) 0.005

No N (%) 143 (99.3) 81 (92.0)

Lung diseasee Yes N (%) 7 (4.9) 6 (6.8) 0.362

No N (%) 137 (95.1) 82 (93.2)

Cerebrovascular

diseasef
Yes N (%) 0 (0.0) 2 (2.3) 0.143

No N (%) 144 (100) 86 (97.7)

Coagulation

disordersg
Yes N (%) 0 (0.0) 4 (4.5) 0.020

No N (%) 144 (100) 84 (95.5)

Cancer Yes N (%) 1 (0.7) 20 (22.7) <0.001

No N (%) 143 (99.3) 64 (77.3)

ACEIh/ARBi Yes N (%) 9 (6.3) 18 (20.5) 0.001

No N (%) 135 (93.8) 70 (79.5)

ACE genotype II N (%) 22 (15.3) 11 (12.5) 0.555

DI N (%) 67 (46.5) 37 (42.0)

DD N (%) 55 (38.2) 40 (45.5)

II N (%) 22 (15.3) 11 (12.5) 0.351

DI + DD N (%) 122 (84.7) 77 (87.5)

DI + II N (%) 89 (61.8) 48 (54.5) 0.170

DD N (%) 55 (38.2) 40 (45.5)

ACE allele I N (%) 111 (38.5) 59 (33.5) 0.161

D N (%) 177 (61.5) 117 (66.5)

aP-values defined using independent t-test for continuous variables and Fisher exact for categorical variables.
bBody mass index.
cCoronary artery disease; heart failure.
dChronic kidney disease, end-stage renal disease.
eChronic obstructive pulmonary disease, interstitial lung disease, asthma.
fStroke, carotid stenosis.
gHemophilia, von Willebrand disease.
hAngiotensin converting enzyme inhibitor.
iAngiotensin receptor blocker.

The statistically significant P values are in bold.

pathway, and decreases the activity of AT2R by downregulating
the activity of ACE2 (32). A systematic review has shown that
current smokers had a lower risk for developing severe outcome

when compared to former smokers (33). However, a preliminary
meta-analysis on five studies in China, and similarly to our
results, has shown that active smoking is not significantly related
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FIGURE 3 | Forest plot showing adjusted odds ratios ± 95% confidence intervals of ACE1 polymorphism for hospitalization for COVID-19. Multivariate analysis

included variables that were statistically significant in the association analysis shown in Table 3; *P < 0.05. 1D allele carriers, 2 I allele carriers.

FIGURE 4 | Forest plot showing adjusted odds ratios ± 95% confidence intervals of ACE1 polymorphism for developing hypoxia in hospitalized COVID-19 cases.

Multivariate analysis adjusted for BMI; *P < 0.05. 1D allele carriers. 2 I allele carriers.

to the severity of COVID-19 (34). Further data are needed to
resolve this controversy.

To date, it is still unclear whether ACEI and/or ARBs
should be kept in patients who contract COVID-19. There are

currently two contradicting hypotheses in the literature that RAS
inhibition could be both harmful and protective (8). In our study,
ACEI/ARBs were significantlymore frequently taken in the worse
disease outcome group. However, it is possible that these results
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TABLE 4 | Association between baseline characteristics and ACE1 polymorphism with hypoxic vs. non-hypoxic hospitalized COVID-19 cases.

Not hypoxic

N = 26

Hypoxic

N = 62

P-Valuea

Age (years) Mean ± SD 52.08 ± 14.38 57.13 ± 15.24 0.146

BMIb (kg/m2 ) Mean ± SD 27.27 ± 4.35 31.12 ± 6.15 0.001

Sex Female N (%) 9 (34.6) 18 (29.0) 0.391

Male N (%) 17 (65.4) 44 (71.0)

Blood group A+ Yes N (%) 11 (42.3) 32 (51.6) 0.287

No N (%) 15 (57.7) 30 (48.4)

Smoking Ever N (%) 11 (42.3) 25 (40.3) 0.523

Never N (%) 15 (57.7) 37 (59.7)

Dyslipidemia Yes N (%) 4 (15.4) 21 (33.9) 0.064

No N (%) 22 (84.6) 41 (66.1)

Hypertension Yes N (%) 7 (26.9) 29 (46.8) 0.067

No N (%) 19 (73.1) 33 (53.2)

Diabetes Yes N (%) 6 (23.1) 19 (30.6) 0.328

No N (%) 20 (76.9) 43 (69.4)

Heart diseasec Yes N (%) 5 (15.4) 10 (16.1) 0.603

No N (%) 22 (84.6) 52 (83.9)

Kidney diseased Yes N (%) 3 (11.5) 4 (6.5) 0.339

No N (%) 23 (88.5) 58 (93.5)

Lung diseasee Yes N (%) 3 (11.5) 3 (4.8) 0.242

No N (%) 23 (88.5) 59 (95.2)

Cerebrovascular

diseasef
Yes N (%) 0 (0.0) 2 (3.2) 0.494

No N (%) 26 (100.0) 60 (96.8)

Coagulation

disordersg
Yes N (%) 0 (0.0) 4 (6.5) 0.239

No N (%) 26 (100.0) 58 (93.5)

Cancer Yes N (%) 9 (34.6) 11 (17.7) 0.077

No N (%) 17 (65.4) 51 (82.3)

ACEIh/ARBi Yes N (%) 3 (11.5) 15 (24.2) 0.145

No N (%) 23 (88.5) 47 (75.8)

ACE genotype II N (%) 6 (23.1) 5 (8.1) 0.171

DI N (%) 10 (38.5) 27 (43.5)

DD N (%) 10 (38.5) 30 (48.4)

II N (%) 6 (23.1) 5 (8.1) 0.060

DI + DD N (%) 20 (76.9) 57 (91.9)

DI + II N (%) 16 (61.5) 32 (51.6) 0.269

DD N (%) 10 (38.5) 30 (48.4)

ACE allele I N (%) 22 (42.3) 37 (29.8) 0.078

D N (%) 30 (57.7) 87 (70.2)

aP-values defined using independent t-test for continuous variables and Fisher exact for categorical variables.
bBody mass index.
cCoronary artery disease; heart failure.
dChronic kidney disease, end-stage renal disease.
eChronic obstructive pulmonary disease, interstitial lung disease, asthma.
fStroke, carotid stenosis.
gHemophilia, von Willebrand disease.
hAngiotensin converting enzyme inhibitor.
iAngiotensin receptor blocker.

The statistically significant P values are in bold.

relate to the fact that this group of subjects has underlying
comorbidities that necessitate ACEI/ARBs treatment. As a matter
of fact, people with underlying comorbidities such as diabetes,

hypertension (HTN), cardiovascular diseases (CVD), chronic
kidney diseases (CKD), lung diseases (COPD and asthma),
cerebral vascular disease, and coagulation disorders are at a
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higher risk of worse COVID-19 severity and outcome (35–
37). Our results clearly show that comorbidities are risk factors
for contracting the virus and developing a worse COVID-19
disease outcome.

ACE1 I/D Genetic Polymorphism
In relation to disease susceptibility, available data, most of which
are literature and database searches, are at times contradictory
(21). For example on one hand, Yamamoto et al. (23) showed
that countries with higher frequency of the ACE1 I allele had
less susceptibility to COVID-19. On the other hand, Delanghe
et al. (22) showed that a high frequency of ACE1 I allele
increases the prevalence of COVID-19 cases. Nevertheless, when
Yamamoto et al. (23) specifically looked at Middle Eastern
populations, they found a weaker association with the D allele,
hence the need for further investigations. To our knowledge,
we are the first to evaluate such an association in patients.
We confirmed Delanghe et al.’s (22) simulations by showing
that the frequency of II was significantly highest in infected
cases when compared to controls coupled with a significantly
higher risk of contracting the COVID-19 disease after adjusting
for confounders.

As for disease outcome, ACE1 DD genotype leads to higher
activity of ACE1 enzyme thus lowering ACE2 causing an increase
in the amount of angiotensin II left active. Although lower levels
of ACE2 could mean that there is less chance for SARS-CoV-
2 to bind and enter the host cell, high levels of angiotensin II
would act through AT1R and further cause cardiovascular and
lung pathologies (16). As a matter of fact, Gomez et al. (16)
found that ACE1 DD genotype was more frequent in severe
COVID-19 cases, suggesting that there is an association between
ACE1 DD genotype and the severity of COVID-19. Furthermore,
ACE1 DD genotype has been correlated with respiratory failure
(12) and increased death rate (38) in patients infected with
COVID-19. In addition, an ecologic meta-regression showed
that there is a link between ACE1 I/D polymorphism and
the recovery rate of COVID-19 whereby faster recovery was
correlated with higher frequency ratio of the I/D allele (20).
Our results are in agreement with the literature. Notably,
it could be argued that the latter association is due to the
known associations of the ACE1 D allele with cardiovascular
comorbidities. In our cohort of infected cases however, we
found no significant associations with any of the comorbidities
(Supplementary Table 6).

Limitations
This study has few limitations. First, the sample size is limited
to a single country and institution, and is relatively small. Of
note that we did not estimate needed sample size at study
initiation because of lack of such data at the time and the study
being exploratory. Nevertheless, our sample size for the severity
outcome is very similar to two recent investigations, one with
Spanish Caucasians (16) and another with Indians (39). Second,
the study entailed multiple testing, the adjustment of which could
lead to loss of statistical significance. In fact for the severity
outcome whereby we assessed three independent outcomes, it

may be relevant to set the significance level at 0.016 (0.05/3).
With such adjustment, only the association between the D allele
and disease severity remains statistically significant (OR =2.359;
P = 0.014). Notably, disease severity was classified as mild,
moderate, and severe as per the WHO progression scale scoring
system (26), a scoring system that is based on a constellation
of assessment tools for severity following infection that includes
hospitalization status, oxygen saturation, and need for oxygen
therapy. With a larger representative sample, it is possible
to have independently increased risks for both hospitalization
and hypoxia with the D allele after accounting for multiple
testing (P < 0.016). Additional data from other institutions
and populations may address these two limitations with the
opportunity to perform a meta-analysis. Third, the study only
evaluated the ACE1 I/D polymorphism and did not look at
other possible SNPs in ACE1. Moreover, it would be relevant
to look at ACE2 and TMPRSS2 variants, as these two genes
are important factors in the entry of SARS-CoV-2 (40). Finally,
the role of ACEI/ARBs in COVID-19 disease is still unresolved
and it would be interesting to evaluate whether there is any
interaction between ACE polymorphisms and these drugs in the
SARS-COV2 setting (41).

CONCLUSION

To our knowledge, we are the first to evaluate the association
of ACE1 genetic polymorphism with COVID-19 disease
susceptibility and outcome in a Middle Eastern Arab population
such as the Lebanese. Despite its limitations, results of this study
suggest that genotyping for ACE1 I/D polymorphism could be
used to elicit the disease risk and severity for better prognosis and
management. Further studies are needed to evaluate additional
genetic variants in different ethnicities and populations.
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Host-based diagnostics are a rapidly evolving field that may serve as an alternative to

traditional pathogen-based diagnostics for infectious diseases. Understanding the exact

mechanisms underlying a host-immune response and deriving specific host-response

signatures, biomarkers and gene transcripts will potentially achieve improved diagnostics

that will ultimately translate to better patient outcomes. Several studies have focused

on novel techniques and assays focused on immunodiagnostics. In this review, we will

highlight recent publications on the current use of host-based diagnostics alone or in

combination with traditional microbiological assays and their potential future implications

on the diagnosis and prognostic accuracy for the patient with infectious complications.

Finally, we will address the cost-effectiveness implications from a healthcare and public

health perspective.

Keywords: infections, host-response, biomarkers, proteomics, transcriptomics, RT-PCR

INTRODUCTION

The complexity of the human immune response in the setting of disease has made it difficult to
assign the contribution from the underlying pathologic process in the background of the host
immune response. The difficulty in such determination frequently leads to misdiagnoses, antibiotic
misuse leading to antimicrobial resistance (AMR), increased healthcare expenses and direct adverse
effects affecting the health of patients.

The clinical manifestations of pathogen-specific disease vary across a wide spectrum of
symptoms including fever, myalgias, respiratory symptoms, weakness and altered mental status
among many others. In fact, pathogen-based diagnostic testing has been the traditional and a
convenient method for the identification of the causative pathogen linked with specific clinical
manifestations, such as fever. This process is usually performed using traditional based culture
systems, immunoassays, and molecular-based testing. Pathogen detection can usually be achieved
by polymerase chain reaction (PCR) that can amplify the nucleic acid of pathogens directly from
blood culture. However, a limitation to PCR is the necessity for a minimum pathogen burden in
the bloodstream, which in turn results in several false-negative outcomes. Another limitation is the
time constraint on laboratory staff performing repeat pathogen-based diagnostics in an attempt to
improve sensitivity and detection.

The purpose of the immune system is to recognize and eliminate invading pathogens making
a host response-based immunodiagnostic an attractive adjunct to pathogen-based diagnostics
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with the potential for improved diagnostics accuracy and
efficiency. These techniques represent a step closer toward
precision and personalized medicine capable of providing the
best treatmentmatched for the specific patient in a timelymanner
(1). As such, the “omics” platforms have proliferated around
host immunodiagnostics and several promising molecular
host biomarkers show potential in the rapid diagnosis in
critical diseases (2). Unlike pathogen-based testing, host
immunodiagnostics present the capability of differentiating
non-infectious immune triggers including sterile inflammatory
processes, autoimmune diseases, or malignancy.

These techniques involve platform assays such as RT-PCR,
RNA sequencing and others to test for specific host gene
expression signatures and transcripts as well as metabolic and
protein biomarkers directly related to susceptibility and response
to infection. These technological advances have made it possible
to integrate multiple biomarkers into single predictive models,
and thus there is progress in the integration of genomics,
transcriptomics, and proteomics with recent expansion into
epigenomics, lipidomics, and metabolomics (3). While these
approaches have the prospect of a more precise identification of
an infectious trigger based on the host immune response, none
to date have undergone clinical trial testing or achieved approval
for clinical application.

Here, we review the current state of novel host response-based
diagnostic testing on the identification of the causative processes
underlying an activated immune response, on the influence on
patient outcome, on reduction of healthcare cost, and on the
possibility of redefining the standard of care for specific clinical
presentations. This article will shed light on possible benefits of
using host-based diagnostics from a public health perspective
regarding pandemics and endemics, and finally, we examine
techniques of integrating both, host-based and pathogen-based
diagnostics for improving clinical outcomes.

METHODS

Publications on host immune response and role of immune
based diagnostics were collected from the PubMed database.
MeSH terms included host response, immune based diagnostics,
transcriptomics, proteomics, infection, and sepsis were used to
conduct this search. The articles were reviewed by the authors.
Articles were limited to English language only and results were
filtered by date of publication to include all articles published
from 2015 through 2021.

Abbreviations: AMR, Antimicrobial resistance; AUROC, Area under the receiver

operating characteristic curve; CAP, Community acquired pneumonia; PSI,

Pneumonia severity index; RSV, Respiratory syncytial virus; RT-PCR, Real time

polymerase chain reaction; LRTI, Lower respiratory tract infection; CRP, C-

Reactive protein; FAM89A, Family With Sequence Similarity 89 Member A;

IFI44L, Interferon Induced Protein 44 Like; mNGS,Metagenomics next generation

sequencing; Tb, Tuberculosis; ED, Emergency Department; WHO, World Health

Organization; NPV, Negative predictive value; PPV, Positive predictive value; PCT,

Procalcitonin; IMKX-BWN-1, Inflammatix-bacterial-viral-non-infected-version

1; NAAT, Nucleic acid amplification test; RT-LAMP, Reverse transcription loop-

mediated isothermal amplification; NTS, Nose and throat swabs; IP-10, Interferon-

Inducible Protein 10; BCA-1, B-Cell attracting chemokine; OASL, Oligoadenylate

synthetases-like; NP, Nasopharyngeal samples.

RESULTS

Host-Based Diagnostics for Identifying the
Infectious Etiology
The initial management of suspected infection is pathogen
identification, which subsequently dictates the treatment
approach. In this section, we will review the use of host-based
diagnostics in determining and identifying the infectious
etiology. MeSH terms yielded 12 studies.

The host response to bacterial vs. viral test was examined.
The study compared transcriptional analysis to a host immune
biomarker, procalcitonin (PCT), which rises in the setting of
bacterial but not viral infection (4). Results of the BioFire
FilmArray system using RT-PCR to measure 45 transcript
signatures were compared to standard PCT, yielded accurate
discrimination between bacterial and viral infections superior
to PCT performance. Six hundred twenty-three subjects with
suspected respiratory infection or sepsis had blood testing for
transcriptional profiling. The results provided 80.1% accuracy for
bacterial infection and 86.8% accuracy for viral infection with
a mean turnaround time of ∼45min compared to an accuracy
of 68.7% for PCT alone (5). In addition to accurately detecting
infectious processes, the BioFire FilmArray correctly identified
ill patients without infection (no positive microbiology) with an
86% accuracy (6).

Several studies focused on using detection of host mRNA
signatures to differentiate infectious from non-infectious
processes in patients with acute infections and sepsis. The
InSepTM test (Inflammatix, Burlingame, CA, formerly known
as HostDxTM Sepsis) is a 29-host mRNA blood-based test
that allows for rapid diagnosis of acute infections and sepsis
using machine-learning algorithms. The patterns interpreted
using InSep allows for differentiation of acute host response to
bacterial vs. viral infections as well as prognosticating disease
severity using whole blood. Following whole blood RNA
extraction from patients with suspected sepsis in the emergency
department, amplifying and quantitating the 29-mRNAs; these
transcriptional signatures are then fed into machine learning
algorithms to produce measurable scores. The 3 measurable
scores (scale from 0 to 40) assess the likelihood of bacterial
infection, the likelihood of viral infection, and the infection
severity prediction score. However, one limitation is that some
of the information presented was in some cases preliminary or
hypothetical. An attractive feature of the InSep test is a rapid
turnaround time of <30 min.

The 29 mRNAs that the InSep test consists of are classified
into 3 separate, validated subpanels: a 7-mRNA “Bacterial-
Viral Metascore,” an 11-mRNA “Stanford Mortality Score” and
an 11-mRNA “Sepsis Metascore.” The 7-gene “Bacterial-Viral
Metascore” subpanel consists of 4 genes (HK3, TNIP1, GPAA1,
and CTSB) that have shown to be significantly higher in bacterial
infections, and 3 genes (IFI27, JUP, and LAX1) shown to be
higher in viral infections. The “Sepsis Metascore” subpanel on
another hand, consists of a sepsis-specific transcripts including
CEACAM1, C3AR1, GNA15, and HLA-DPB1 which have
previously been linked to sepsis. Furthermore, neutrophil-related
antimicrobial proteins genes such as DEFA4, CTSG, MPO, and
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BPI constitute the “Stanford Mortality Score” subpanel, along
with additional genes related to energy metabolism and hypoxia
(TRIB1, HIF1A, and NDUFV2).

Given the breadth of signatures included in the InSep
platform, the potential exists to differentiate detection of bacterial
or viral infection. The authors propose that application of RNA
transcriptional analysis early in the presentation of a patient
with a suspected infection reduces the ordering of multiple
unnecessary diagnostics (7). The InSep assay showed a specificity
of 98% and a sensitivity of 94% for detecting bacterial infections,
and a specificity of 93% and a sensitivity of 96% for viral
infections (8).

A similar platform using 29 host mRNA signatures analysis,
a neural network classifier: Inflammatix-Bacterial-Viral-Non-
infected-Version 1 (IMX-BWN-1) shows similar discriminatory
results. The IMX-BVN-1 was used to assess patients with
presumed infection and sepsis through the combination of
mRNA host-response profiling combined with a machine
learning algorithm. IMX-BWN-1 showed excellence diagnostic
accuracy for bacterial and viral infection differentiation with
a sensitivity of 97% and a specificity of 99%. The area under
the curve (AUROC) for IMX-BWN-1 for identifying bacterial
infections and viral infections was 0.87 and 0.86, respectively. The
combination of mRNA expression analysis and machine learning
proved superior to classic infection biomarkers such as PCT with
an AUROC of 0.83 for bacterial infections and 0.27 for viral
infections, and C-reactive protein (CRP) with an AUROC of 0.7
for bacterial infections and 0.38 for viral infections (9, 10).

In another pooled analysis of 1,057 samples from 20 cohorts,
a set of 7 genes was derived for discriminating bacterial and viral
infections. The 20 cohorts that were included either bacterial or
viral infections, but not both. These cohorts represent a wide
variety of clinical conditions, including a range of infection
types (gram-positive, gram-negative, atypical bacteria, common
respiratory viruses) as well as a range of severities (from mild
infections to severe septic shock). This multicohort analysis
aimed to use gene expression datasets for identifying a biomarker
that can discriminate between viral and bacterial infections.
Using this set alongside the 11-gene Sepsis MetaScore (Please see
section “d” for more information) yielded a sensitivity of 94% and
a specificity of 59.8% for identifying bacterial infections (11).

Infectious Etiology in the Pediatric Population
Infections are a leading cause for life-threatening events in the
pediatric population. The WHO reports a global mortality rate
of 5.9 million children under the age of 5 due to infections
(12). Thus, host-response assays have emerged as promising
diagnostics in this population.

In a prospective observational study febrile infants 60 days
or younger were enrolled. The transcriptional assessment of 66
genes accurately identified infants with bacterial infections with
a sensitivity of 87% and a specificity of 89%. Moreover, when
66 genes were reduced to 10 classifier genes, data continued to
yield high diagnostic performance with a sensitivity of 94% and
a specificity of 95% in distinguishing bacteremia in infants from
those without infection as compared to confirmed bacterial blood
cultures (13).

Furthermore, in a similar study, total blood RNA expression
signature for distinguishing bacterial from viral infection in
febrile children was compared with clinical and microbiological
diagnostics. Subjects were classified into one of 3 groups: definite
bacterial infection, definite viral infection and indeterminate
state. These groups were stratified by culture or molecular
detection of pathogens A two-transcript RNA signature
(FAM89A and IFI44L) was identified from a larger 38-transcript
screen. Then, the performance of a 2-transcript RNA signature
expression was evaluated among the groups. The Family with
Sequence Similarity 89 Member A (FAM89A) and the Interferon
Induced Protein 44 Like (IFI44L) are both protein coding
genes that have been linked to a rare mild immunodeficiency
(immunodeficiency 38 with basal ganglia calcification). Upon
implementation, this 2-transcript signature yielded favorable
results for detection of definite bacterial with a sensitivity
of 100%, and a specificity of 96.4% and definite viral with a
sensitivity of 100%, and a specificity of 97.1%. IFI44L and
FAM89A expression values were combined into a disease risk
score. IFI4L was noted to be increased in antiviral responses
mediated by interferons, while FAM89A was increased in
bacterial infections and septic shock thus forming a reciprocal
relationship of upregulation between both genes in viral and
bacterial infections.

One interesting outcome was regarding the indeterminate
groups where the 2-transcript signature detected 46.3% of those
cases as having bacterial infection although 94.9% received
antibiotic treatment by standard care (14, 15).

This 2-gene signature was further validated when applied to
data from the RNA expression signatures used by the study
described above. This validation study aimed to assess the
accuracy of the 2-gene signature, previously tested in children
with amean age of 19months, in infants aged 60 days or younger.
The results were promising and showed a sensitivity of 88.8%
and a specificity of 93.7% when compared to definite bacterial
infections with positive cultures and confirmed viral infections.
These data demonstrate the translatable potential of this 2-gene
transcript signature into a simple bedside diagnostic test although
a larger sample of subjects is needed for confirmation (16).

The application of technology amenable to bedside conditions
show promise as a point of care RNA diagnostic. Use of
reverse transcription-loop mediated isothermal amplification
(RT-LAMP) technology demonstrated that the 2-gene RNA
signature has the potential of being translated into a rapid and
portable platform convenient for the use as a point-of-care test.
A laboratory-on-a-chip platform that uses reverse transcription-
loop mediated isothermal amplification (RT-LAMP) technology.
RT-LAMP technology uses the mechanism of auto cycling strand
displacement DNA synthesis using a polymerase with 2 pairs
of primers used. Using 6 independent sequences at the start
and 4 independent sequences toward the latter stages, RT-LAMP
can recognize and amplify target sequences. This RT-LAMP
uses numerous microsensors that can detect hydrogen ions
released and thus detect changes in pH during NAAT under
same experimental conditions of the previous studies (14–16).
The results of translating this 2-gene signature to RT-LAMP
were very similar to using microarray data used in the previous
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studies. Sensitivity and specificity were 100% for confirmed
viral and bacterial infections. In addition to RT-LAMP platform
being simple, the assay time required was <25min which is
considerably more rapid than microarray (17).

The application of RNA signatures to determine microbial
composition and prognostic outcomes has been examined. In
a retrospective study aiming to evaluate the use of microbial
signatures of specific microbiota to prognosticate the severity
of influenza virus infection, 36 pediatric (mean age of 3
years) subjects infected with influenza and presenting with
symptoms for <2 days were recruited. RNA-gene sequencing,
mNGS and computational analysis workflow were used to assess
nasopharyngeal samples (NP) collected from these subjects.
Results indicated that subjects having an increased bacterial
diversity in their NP samples experienced milder disease. On the
contrary, subjects with diminished abundance of S. aureus on
one hand, and increased presence of Streptobacillus, Prevotella,
Porphyromonas, Granulicatealla, Veillonella, Fusobacterium,
and Haemophilus in their NP samples experienced severe
respiratory or neurological influenza outcomes. These data
demonstrate that use of RNA transcript as a reflection of
microbiome diversity in the setting of influenza can potentially
serve as an accurate prognostic indicator (18) (see Table 1).

Some limitations arise due to the special considerations of
the pediatric population, which include difficulty of sample
collection. In addition, some studies aimed to recruit equal
numbers of children with confirmed bacterial and viral
infections and then assess for diagnostic accuracy of the host-
response assay. Thus, a limitation around possible bias in
misrepresentation of infectious etiology and frequency in febrile
children presenting to healthcare facilities.

Host-Based Diagnostics for Identifying
Respiratory Infections
Respiratory Infections
One of the most common causes of hospitalization and mortality
in adults is lower respiratory tract infection (LRTI). Evaluation
of whole blood gene expression profiling using RNA sequencing
and qPCR for the discrimination bacterial from non-bacterial
infection was performed. Using MeSH terms for host-based
diagnostics for identifying bacterial vs. viral respiratory infections
including tuberculosis yielded 13 studies.

Despite being a common cause of morbidity, mortality
and hospitalization, LRTI-causing pathogens are infrequently
identified due to limitations of traditional pathogen-based
detection methods. In one study, an 11-host gene pathway
set from nose and throat swabs, sputum, urine, and blood
samples obtained from potential patients with symptoms of
LRTI was used as an optimal marker. Quantitative PCR assay
[e.g., Film Array Respiratory Panel, Idaho Technologies Inc. for
nose and throat swabs (NTS) and sputum] was used for all the
samples, and the difference in gene expression was tested by
Wilcoxon Rank test. The Respiratory Panel offers a run time of
about 45min for rapid PCR detection of respiratory infections,
and it integrates sample purification, amplification, detection,
and analysis in one automated multiplex PCR system for

detection of many pathogens within rapid time. RNA sequencing
was also used and differences in gene expression between
bacterial and non-bacterial infected subjects were assessed by
a similar statistical approach. The results of this study showed
promising outcomes with a sensitivity of 90% and a specificity
of 83% for identifying bacterial LRTI as compared to confirmed
microbiological testing (19).

Other studies have utilitzed metagenomic next-generation
sequencing (mNGS) for DNA and RNA (see section “f” for
more information) to define host signatures in response etiologic
pathogens resulting in LRTI. In a prospective observational study
comparing mNGS from patients with and without LRTI to
traditional assays, this novel host-based platform detected more
viruses and fungi and at a more rapid rate with an approximate
2-day turnaround time. It showed a positive predictive value
(PPV) of 78.5%, sensitivity of 66.7% and specificity of 75.4%.
Such results will provide insight regarding the impact of the host
transcriptome data in the accurate diagnosis of LRTI (20).

In addition to PCR and transcriptional analysis, circulating
host biomarker have also been explored as diagnostic and
prognostic indicators of infection. One such molecular is
proadrenomedulin, a receptor expressed on myeloid cells
showing encouraging results for predicting complicated
community acquired pneumonia (CAP) in the pediatric
population. Proadrenomedullin is a member of the calcitonin
peptide family that has been shown to be expressed
proportionately during severe infections and is widely expressed
by many tissues and organs. It increases microvasculature flow
to maintain adequate vascular supply to vital organs during
sepsis (21). A proadrenomedullin level above 0.16 nmol/L
generated using TRACE (time-resolved amplified cryptase
emission) showed a sensitivity of 100% and a specificity of 70%
for bacteraemia in children (0–18 years of age) presenting with
community acquired pneumonia (22, 30).

The evaluation of proadrenomedullin in the assessment of
adult patients with CAP shows similar results when compared
to pneumonia severity index (PSI) and CURB65 scores, as a
prognostic indicator. Eighty-one patients with suspected CAP
were enrolled and followed up to a 28-day duration. Results
showed an increased prognostic accuracy for CAPwhen CURB65
scores were used in combination with proadrenomedullin
levels. In fact, for the highest risk patients with upper score
classes of PSI and CURB65, proadrenomedullin levels provided
additional risk stratification. This result provided valuable
accuracy and guidance to the patients’ need for intubation,
non-invasive ventilation and ICU admission. Using specific
proadrenomedullin levels for predicting outcomes yielded a
sensitivity of 77.8% and a specificity of 76.5% for death when
the value is 1.6 nmol/L, a sensitivity of 83.3% and a specificity
of 88.7% for endotracheal intubation when the value is 2.4
nmol/L, and a sensitivity of 87.5% and a specificity of 77% for
non-invasive mechanical ventilation at a value of 1.5 nmol/L (31).

Coronavirus Disease 2019
SARS-CoV-2 is the causative respiratory viral pathogen
responsible for the COVID-19 (32). Given the need for rapid
diagnostics, multiple studies explored the use of host-based
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TABLE 1 | Use of host-response diagnostics for discrimination of bacterial vs. viral infections.

References Objective Assay Comparison Genes Sample size Sensitivity Specificity PPV NPV Notes

Tsalik et al. (5)

de Jonge et

al. (4)

Bacterial vs.

viral

discrimination

BioFire FilmArray

system using

RT-PCR

PCT 45 transcript

signatures

623 adults

with

suspected

respiratory

infections

- 80.1% for bacterial

86.8% for viral

86% for

no infection

- - Turnaround time of 45

min

Ducharme et

al. (7)

Safalika et al.

(8)

Infectious vs.

non-infectious

discrimination

InSep Test using

whole blood

mRNA for host

mRNA signatures

Traditional

microbiology

assays

29-host

mRNA

signatures

- 98% for

bacterial

93% for viral

94% for bacterial

96% for viral

- - Turnaround time of 30

min

Mayhew (9)

Bauer et al.

(10)

Bacterial vs.

viral

discrimination

IMX-BWN-1 using

whole blood

mRNA for host

mRNA signatures

Traditional

microbiology

assays +

PCT + CRP

29-host

mRNA

signatures

1,069 adults

with

suspected

infections

97% 99% - - Performance superior

to PCT and CRP

Sweeney et

al. (11)

Bacterial vs.

viral

discrimination

Multicohort

analysis using

gene expression

datasets to derive

a biomarker

7-gene

dataset

1,057 adults

with

suspected

infections

94% 59.8% - - -

Mahajan et al.

(13)

Detection of

Bacterial

infections in

febrile infants

60 days or

younger

Transcriptional

assessment of

RNA biosignatures

Traditional

microbiology

assays

10-classifier

genes

279 randomly

selected

febrile infants

94% 95% - - -

Herberg et al.

(15)

Bacterial vs.

viral infection

in febrile

children

Microarray Traditional

microbiology

assays and

clinical

assessment

2-gene

transcript

signature

455 children

with fever

100% for

bacterial

100% for viral

96.4% for bacterial

97.% for viral

- - The 2-transcript gene

signature detected

46.3% of indeterminate

subjects as having

infection although

94.9% received

antibiotics as per

standard care.

Kafourou et

al. (16)

Bacterial vs.

viral infection

in febrile

infants <60

days old

Microarray Traditional

microbiology

assays and

clinical

assessment

2-gene

transcript

signature

279 randomly

selected

febrile infants

88.8% 93.7% - - Potential of being used

as a simple bedside

diagnostic test

Pennisi et al.

(17)

Bacterial vs.

viral infection

in febrile

children

RT-LAMP Traditional

microbiology

assays and

clinical

assessment

2-gene

transcript

signature

455 children

with fever

100% 100% - - Turnaround time of

25min significantly

faster than microarray
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TABLE 2 | Results of using host-response diagnostics for identifying respiratory infections.

References Objective Assay Comparison Genes Sample size Sensitivity Specificity PPV NPV Notes

Bhattacharya et al.

(19)

Identifying

bacterial LRTI

PCR assays and

RNA sequencing

Standard of care 11 gene pathways 94 adults with

suspected LRTI

90% 83% - - Turnaround time of

45 min

Chen et al. (20) Diagnosing LRTI mNGS Traditional

microbiological

assays

162 adults with

and without LRTI

66.7% 75.4% 78.5% - -

Alcoba et al. (21)

Saleh et al. (22)

Diagnosing

bacteremia in

children (0–18

years old)

presenting with

community

acquired

pneumonia

TRACE Traditional

microbiological

assays

Proadrenomedullin

levels

88 children 100% 70% - - -

Li et al. (23) Diagnosing

COVID-19

RT-qPCR CRP and

leukocyte count

3-gene transcript

signature

228 adults 88.6% 94.1% - -

McClain et al. (24) Early detection

and treatment of

influenza (in the

pre-symptomatic

phase)

GeneChip Human

Genome U133A

Array (microarray)

Standard methods 50-gene signature 21 healthy adults

inoculated with

influenza

- - - Demonstrating

temporal

dynamics between

gene signatures

and early

treatment

Tang et al. (25) Influenza vs.

bacterial infections

Integrated

genomic analysis

Standard methods 1-gene (IFI27) 1,071 individuals 88% 90% - - Diagnostic

accuracy of this 1

gene signature

equivalent to using

multi-gene

biomarkers

Barral-Arca et al.

(26)

Diagnosing RSV

infection

Meta-analysis of

7-transcriptome

microarrays from

whole blood

samples

17-transcript host

genes

922 samples 81.3% 93% - - -

Sweeney et al. (27) Non-sputum

host-based

diagnostics for

active Tb

Integrated

multicohort

analysis of existing

gene expression

microarray from

peripheral blood

Traditional

growth-based

microbiology

diagnostics

3-gene signature 2,572 patients 93% 97% - - -

Warsinske et al.

(28)

Using the 3-gene

signature in Rossi

et al. (29) for

studying treatment

response and

progression of

latent to active Tb

qPCR and RNA

sequencing

Traditional sputum

conversion

3-gene signature 363 subjects 86% 84% - 99.3% This assay showed

accurate diagnosis

of active to latent

Tb progression 6

months earlier

than traditional

sputum

conversion
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diagnostics for the detection of COVID-19. In one study, the
aim was to derive a transcriptional signature to detect multiple
viral infection among including COVID-19. Whole-blood
RNA sequencing on samples from subjects was performed
with confirmed bacterial, viral or no infection cases. Signature
host genes were derived and validated using RT-qPCR. Three-
signature genes (IGF1R, NAGK, and HERC6) were derived
from the subjects enrolled by differential gene expression
analyses using forward selection-partial least squares. The
IFG1R represents an insulin signaling tyrosine kinase protein
that has shown to act as an entry receptor for respiratory
syncytial virus (RSV) as well as macrophage and phagocytosis
activation. NAGK is an enzyme responsible for amino acid
metabolism, and HERC6 has been reported to have antiviral
activity when induced by interferon. These gene transcripts
distinguished bacterial from viral infections with a 97.3%
sensitivity and 100% specificity with superior performance to
CRP and leukocyte count. A second validation analysis was
done, and the 3 gene signature distinguished between bacterial
and COVID-19 positive subjects with a sensitivity of 88.6% and a
specificity of 94.1% also outperforming CRP levels and leukocyte
count (23).

In one recent study of COVID-19 infected subjects,
RNA-sequencing was used to assess the host response in
nasopharyngeal and whole blood samples. This technique
allowed the derivation of a 19-gene host-response classifier
that can differentiate COVID-19 infection from other infections
with an accuracy of 86.5%, sensitivity of 80% and specificity
of 90% using NP samples. The dysregulated immune response
with COVID-19 showed a distinct pattern of activation and
inhibition of immune pathways as compared to other infections
such as influenza, seasonal coronaviruses, and bacterial sepsis.
Moreover, the magnitude of the host-response was found to
be directly proportional with clinical severity of the disease.
Remarkably, an increased expression of genes involved in
interferon responses and decreased expression of IL-6 and
IL-18 signaling was noted. Other genes such as ACE2 and
TMPRSS2 have shown an association with the need of
oxygen therapy during COVID-19 as well as predicting disease
severity. However, these genes did not necessarily prove to
be upregulated in COVID-19, whether from whole blood or
nasopharyngeal swab. The results show that the expression of
both genes can serve a prognostic rather than diagnostic role
(29, 33).

Such a study points out to the potential of using classifiers
of host-response for diagnosis of COVID-19 in the pre-
symptomatic or asymptomatic stage during which 38% of
pathogen-based PCR will turn out negative (33).

Influenza and Respiratory Syncytial Virus
Influenza virus, known as “the flu” is one of the most
common seasonal respiratory infections worldwide (34). The
average pre-symptomatic incubation period of influenza is 2
days. Oseltamivir, a neuraminidase inhibitor, is a therapeutic
intervention used in the pre-symptomatic phase shows reduction
in the progression of disease, decrease symptoms, infectivity,
and accelerated resolution of disease. Early identification of

influenza-infected individuals would permit more effective use
of antiviral interventions. The use of host-based immune
response for early detection of influenza was examined including
the implications on management and therapy. Subjects were
intranasally inoculated with influenza A and host gene expression
was then assessed in peripheral blood samples every 8 h for 7 days
using the GeneChip Human Genome U133A Array (Affymetrix,
Santa Clara, CA), which is a single array representing 14,500
genes. This process led to the derivation of a gene signature
expression for influenza virus composed of 50 genes. The
host inflammatory response represented by the gene signature
derived was then monitored after the early therapeutic use
of oseltamivir in inoculated subjects. It was noted that the
markers of host response were significantly reduced upon early
treatment with oseltamivir demonstrating a correlation between
disease activity, symptoms over time and overall expression
of gene-signature levels. The level of host-gene expression
was in agreement with the trajectory of symptom progression,
thus showing the significance of the impact of time on
host-response diagnostics. Although the application of such a
technology is complex, the use of a potential rapid and accessible
platform (i.e., PCR-based assays) as described in this article
could help overcome this limitation. This study is important
for providing insight on the correlation of disease severity
and gene signatures as well as demonstrating the temporal
dynamics of genomic signatures and their response to early
treatment (24).

The number of gene biomarkers required has also been
examined. A single gene biomarker, IFI27, was used for
discriminating between influenza and bacterial infections was
identified using integrated genomic analysis. In vitro experiments
have shown that IFI27 was expressed by antigen presenting
cells responding to influenza virus. In vivo studies confirmed
expression of IFI27 in influenza patients. In fact, in this
prospective study enrolling patients with suspected respiratory
illness, IFI27 showed high diagnostic accuracy of 88% and a
specificity of 90% for distinguishing between influenza and
bacterial infections equivalent to accuracy obtained by using
multi-gene biomarkers (25).

Although IFI27 has demonstrated the potential of
differentiating influenza virus from bacterial infections,
other studies using the same gene marker in the context
of other viral respiratory infections show similar results. In
one study of preterm RSV-infected infants, IFI27 was highly
expressed, and its expression correlated with the severity of the
disease (35).

Moreover, in another multi-cohort observational study, IFI27
was shown to be expressed in COVID-19 infected patients, and its
level of expression was associated with the presence of a high viral
load (36). These results are promising although further validation
is required to achieve high specificity of this gene marker to a
particular disease.

Since IFI27 has been found to be upregulated in influenza,
RSV andCOVID-19, an effort to identify a single-gene biomarker
with a high diagnostic accuracy and specificity to influenza virus
in one study was attempted. XGBoost integrated bioinformatics
analysis was used to identify 14 genes specifically related
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to influenza infection using data from obtained from the
gene expression Omnibus database. One gene, oligoadenylate
synthetases-like (OASL), was further identified from the 14
gene set and was shown to differentiate between influenza and
non-influenza viral and bacterial respiratory infections sharing
comparable clinical features outperforming IFI27 with an AUC
of 0.85 vs. 0.76, respectively. OASL is known to possess antiviral
mediated roles and has been recently shown to have a role in
antiviral innate immunity, and it has been previously studied
in the context of differentiating viral from bacterial infections.
However, OASL’s expression value measured by qRT-PCR can
be sufficient to differentiate influenza from other non-influenza
viral infections. Thus, this study presented significant results to
identify OASL as a single biomarker for accurate and specific
influenza virus identification (37).

Host-response profiling is not limited to diagnostic potential
but also for predicting disease severity. In a study of RSV,
the association between nasopharyngeal microbiota and host
response profiles predicted the disease severity in RSV-infected
children. Nasopharyngeal microbiota was characterized from
children with mild and severe RSV using RNA sequencing. In
turn, whole blood transcriptome profiles were analyzed to find
the potential relationship between the microbiota, RSV host
response and consequently, disease severity. RNA from whole
blood was hybridized onto Illumina HT12-V4 bead chips.

The data revealed different nasopharyngeal microbiota
clusters correlated with interferon related genes from the host
response to RSV infections. A significant result overexpression of
interferon genes related to neutrophil andmacrophage activation
in RSV infected children with H. influenza and Streptococcus
dominant microbiota. This provides a demonstration of the
possible interaction between the nasopharyngeal microbiota
and the host response in RSV infected children ultimately in
determining disease severity (35, 38).

A multi-cohort analysis approach for exploring host
transcriptome biomarkers to derive a transcript-gene signature
was undertaken as a better RSV diagnostic. Meta-analysis of 7
transcriptome microarray studies consisting of 922 whole blood
samples from RSV, healthy, coronaviruses, rhinoviruses infected
adults and children identified over 1,500 expressed genes from
RSV-infected patients. Furthermore, selectively studying various
pathways significantly affected by RSV yielded a 17 transcript
host gene signature that is specific for RSV and can differentiate
it from other respiratory infections. The results showed a
sensitivity of 81.3% and a specificity of 93% for distinguishing
RSV from other viral infections using this 17-transcript host
signature (26).

In a similar manner, one study used whole blood mRNA
signatures to assess the severity and pathogenicity of influenza
virus. Certain signatures related to interferon antiviral pathways
proved to be common in influenza cases not requiring
intubation. As for those requiring mechanical ventilation
support, inflammatory, activated neutrophil pattern was seen
as early as possible in the course of the disease. Thus, using
host-based profiling can potentially project the clinical course of
influenza and provide insight on therapeutic tools for severe cases
(38, 39).

Host-Based Diagnostics for Identifying
Mycobacterium tuberculosis
Mycobacterium tuberculosis (M. tuberculosis) is a potentially life-
threatening infectious disease with typical pulmonary primary
infection. The use of host-immune based diagnostics to support

the identification of M. tuberculosis, disease severity and

treatment response was assessed. The focus of these novel
diagnostic models was on the ability of improved sensitivity

for the detection of smaller disease signatures with higher
discriminatory power (40).

The World Health Organization (WHO) identified the need
for non-sputum-based diagnostic tests for better diagnosis of
M. tuberculosis and for differentiating active from latent disease

states. The need for new non-sputum diagnostics for active
M. tuberculosis is realized by the difficulty and poor sensitivity
of traditional growth-based microbiology approaches. In an
integrated multicohort analysis of existing gene expression

microarray from peripheral blood of patients with active M.
tuberculosis composed of 2,572 patient samples, deriving a

diagnostic gene set was attempted. Patients with latent M.
tuberculosis and other diseases (i.e., sarcoidosis, autoimmune
infections, lung cancer) were compared to those with active M.

tuberculosis using the available multicohort analysis framework.
Following analysis, a three gene set out of 266 demonstrated

significantly higher diagnostic accuracy for active vs. latent
M. tuberculosis from whole blood. These 3 genes were GBP5,
DUSP3, and KLF2. GBP5 is a protein coding gene known to
activate inflammasome assembly and reported to have a role
in innate immunity and inflammation. Similarly, DUSP3, a
protein phosphatase, and KLF2 play a role in modulating innate
immunity. This dataset distinguished activeM. tuberculosis from

healthy subjects with a sensitivity of 93% and a specificity of 97%.
Such a gene set could potentially offer a framework for better

diagnosis and treatment response to activeM. tuberculosis (27).
In a similar study, published gene signatures for active

M. tuberculosis diagnosis were identified using unbiased

screens. Sixteen gene signatures were found. Twenty-four
datasets containing 3,083 transcriptome profiles from whole
and peripheral blood of healthy, active M. tuberculosis, latent
M. tuberculosis and other diseases subjects were screened. A
similar conclusion was made with the 3 signature genes (GBP5,

DUSP3, and KLF2) described above demonstrating significant
discrimination in identifying subjects with activeM. tuberculosis
and in predicting those with high risk of progression from latent
to active M. tuberculosis with a sensitivity of 90%. These results
demonstrated superiority over traditional sputum tests with a
sensitivity of 53.3% (28).

This three-gene M. tuberculosis score was further tested in
a cohort study for performance, not only as a diagnostic, but
as an indicator for M. tuberculosis treatment response and
on post-treatment residual inflammation. The three-gene M.
tuberculosis score detected patients with active M. tuberculosis
with a negative predictive value (NPV) of 99.3% at a prevalence
of 4%. Additionally, with a sensitivity of 86% and a specificity of
84%, the three-gene mRNA expression score measured by qPCR
or RNA sequencing showed accurate diagnosis of progression of
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latent to active Tb with an 86% sensitivity and 84% specificity, 6
months earlier than traditional sputum conversion which has a
lower sensitivity of 45–61% (41) (see Table 2).

Moreover, soluble protein biomarkers such as interferon-
inducible protein 10 (IP-10) have shown high sensitivity (98%)
and specificity (87%) for Tb infection with superior sensitivity
compared to interferon gamma-based IGRA test (42). In fact, in
a recent study ofM. tuberculosis infection, the aim was to identify
host biomarkers for discrimination between latent and active
M. tuberculosis. Using PCR assays on serum and saliva samples
from activeM. tuberculosis patients and their contacts, numerous
chemokines, cytokines, and growth factors were assessed. Results
were favorable for differentiating latent and activeM. tuberculosis
using interferon-inducible protein 10 IP-10 and B-Cell attracting
chemokine (BCA-1) in serum with an AUC of 0.83, specificity
of 88% and sensitivity of 72%. Moreover, testing for IP-10 in
saliva showed an AUC of 0.68, sensitivity of 52% and specificity of
68%. This provides additional insight on the role of host-response
diagnostics on differentiating latent vs. active M. tuberculosis
infections (43, 44).

Host-Based Immunodiagnostics in Sepsis
Host immune-based diagnostics have also been studied in sepsis,
a potentially life-threatening process in the setting of serious
infections. Using MeSH terms for sepsis, host-response, and
infections we have found 5 citations of studies.

The InSep test (previously mentioned in section “a”) provides
better insight to guide decision making. The host data, reflecting
activation of immunity, can offer more real-time guidance
for antimicrobial stewardship programs in management of
appropriate antibiotic usage reduction of antimicrobial resistance
and drug side effect. In addition, the rapid turnaround time
allows for efficient diagnosis of sepsis along with determination
of prognosis and disease severity (7, 8).

Multiple clustering analysis from host transcriptomics in a
retrospective study of patients with bacterial sepsis revealed
three robust clusters. These subtypes were derived from
a unified clustering analysis across 14 discovery datasets.
The three robust clusters were termed “Inflammopathic,”
“Coagulopathic,” and “Adaptive.” Such clusters represent the
heterogeneity of sepsis, and each subtype is associated with
different mortality rates and different clinical coagulopathy
rates. The “Inflammopathic” cluster was associated with higher
mortality and an innate immune activation; the “Coagulopathic”
cluster was associated with higher mortality, older patients and
evidence of coagulopathy, and the “Adaptive” cluster showed
an association with lower mortality and adaptive immune
activation. These results represent a broad definition of the host-
response to sepsis (45).

In a similar manner, studies using single-cell RNA sequencing
of peripheral blood from subjects with sepsis defined 16 immune
cell states. Using monocytes and dendritic cells, the outcome
attained was identification of a sepsis specific CD14+ monocyte
state. This monocyte state has specific surface markers and
ultimately demonstrates that use of single-cell RNA sequencing
can lead to the identification of unique disease associated
cytologic signatures in bacterial sepsis (46).

Sepsis is a process that is not just limited to the adult
population; in fact, neonates are at increased risk for developing
sepsis. The complexity and ambiguity of the neonatal immune
response has made it difficult to diagnose infections. There
is no single biomarker that has yet proven to perform with
sufficient accuracy for ruling out pediatric sepsis. Using host
whole blood expression for 11 gene (Sepsis MetaScore, company,
city, state), pediatric patients with sepsis were evaluated. The
Sepsis MetaScore showed higher accuracy in diagnosing sepsis
among 3 cohorts of neonates from several different countries
as compared to standard neonatal lab tests. The sensitivity
and specificity were 95 and 60%, respectively, as compared to
standard microbiological testing with a sensitivity of 70% for a
leukocyte count>15,000 and <3,000, and a sensitivity of 90%
for CRP>10 mg/L. As for adults, implementing such improved
diagnostics would lead to less AMR as well as decreased neonatal
mortality rates (47).

Effect of Host-Based Diagnostics on
Healthcare Cost and Public Health
Measures
The impact of host-based diagnostics has also been studied
economic and public health outcomes in four studies.

Host-based immunodiagnostics were used to examine high
risk close contact exposures. Participants who were in proximity
of patients diagnosed with a respiratory viral infection were
recruited, and a blood based 36 gene RT-PCR assay as a
transcriptomic biomarker was used in an attempt for early
identification of viral infection. The results were promising
and have shown that such an assay can serve as an accurate
prediction for viral infection at both the time of maximum
symptom severity as well as up to 3 days before symptoms
arise when compared to definite viral infection confirmed by
PCR. This transcriptomic assay predicted viral infection at the
peak symptom severity with an AUROC of 0.94, at 1, 2, and
3 days before symptoms arise with an AUROC of 0.87, 0.85,
and 0.74, respectively. This study was the first real-world study
to show that a host gene expression-based assay can accurately
predict a respiratory viral infection before typical symptoms are
present (48).

From an economic point of view, HostDxTM Sepsis
(Inflammatix, Inc., city, state), a multi-RNA host response
expression platform, was compared to the standard of care
including procalcitonin. Results showed substantial reduction of
average cost estimated to be around a $1974 USD per patient.
Excluding the cost of the test itself, this overall healthcare cost
reduction was attributed to a shorter stay at the hospital, decrease
mortality rates at 30 days and less antibiotics being prescribed
(7, 49). Additionally, a decline in the number of blood cultures
drawn can be achieved, as well as mechanical ventilation and
ICU stay days.

Moreover, platforms utilizing two-gene transcript RNA
signature translated to RT-LAMP can prove to be cost-effective
(due to absence of fluorescent label) with an average assay cost
of, $1.33 USD per chip (17).
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Integrating Host-Based Diagnostics With
Pathogen-Based Testing for Improved
Clinical Outcomes
Despite the recent rise attention on host-based diagnostics,
pathogen-based diagnostics continue to be the gold standard and
the most frequently used assays for infectious disease detection.
Therefore, being able to integrate host-based with pathogen-
based diagnostics for increased sensitivity and better outcomes
is an area of active investigation.

In a prospective cohort study of critically ill patients with acute
respiratory failure, a combination of three elements: pathogen,
host gene expression signatures and the airway microbiome
using a developed sequencing-based approach was studied.
The hypothesis of the study states that the combination of
host response testing with simultaneous detection of possible
respiratory pathogens and measurement of lung microbiome
diversity could serve as a more precise and accurate platform
for infection. In the host-response, upregulation of pathways
related to 414 expressed genes was shown in the LRTI patients.
These sets of transcriptional signatures differentiated LRTI
subjects from the non-LRTI group which showed another set of
upregulated pathways. On the other hand, the LRTI prediction
using pathogen diagnostics was based on a logistic regression
model. A logistic regression model microbial score was derived
to classify subjects as having lower respiratory tract infection
or not. The third element was lung microbiome diversity, and
the rationale based on several studies is that a reduction in
the diversity of the airway microbiome occurs in the setting of
an active infection. This diversity was denoted by α and was
measured using a diversity index using RNA-sequencing which
showedmore diversity for LRTI than non-LRTI enrolled patients.

Metagenomics next generation sequencing was next applied
to integrate these three core elements. mNGS was used to identify

microbial species. However, the presence of bacterial components
in a blood specimen does not necessarily explain the cause
of the patient’s disease due to possibility of contamination or

translocation of commensal bacteria to the bloodstream. In a
similar manner, viral sequencing can detect clinically irrelevant

or latent viruses in the bloodstream and thus would not explain
the patient’s disease. Therefore, complementing mNGS that

detect microbes with host RNA transcript-based profiling using
RNA signatures can provide better results in detecting infected
patients, differentiating bacterial vs. viral infections.

The results of this integration resulted in a 36% reduction
in antibiotics use, higher accuracy for identifying LRTI positive

patients as compared to the standard of care. The detection of

pathogens otherwise not usually tested for using classic viral PCR
assays (i.e., influenzae C). The specificity and sensitivity of this
assay were 87.5 and 100%, respectively. Therefore, the results of

this study suggested using an integration protocol for these three

elements of LRTI can operate as a promising and superior tool in
the management and outcomes of LRTI patients (50–52).

Similarly, integrating mNGS for detecting bacterial DNA,
host response profiling using previously defined host response

transcript signatures and viral capture sequencing was performed
in a prospective study of 200 patients enrolled from the ED with

suspected sepsis. Study results show that each of the 3 techniques
used showed an improvement of diagnosis of sepsis, and when
used in combination, an even better improvement in diagnosis
and management of sepsis was noted. One notable result of this
study was that host response profiling led physicians to change
their diagnostic decisions in 46 out of 100 patients highlighting
the impact of host response profiling in the management of
patients with suspected sepsis (52).

Other Diagnostic Methods
Finally, the focus of this review is molecular assays based
on the host immune response, although it is noteworthy to
mention that advances in specific imaging modalities utilizing
“omics” technology have contributed to improved microbial
detection. A major step in the technological progress may
be the implementation of 7T MRI imaging to investigate
microbiological processes by sampling parameters of cell and
tissue metabolism that are dynamic and subject to changes within
certain cellular conditions such as infections (53).

DISCUSSION

A dynamic and temporal relationship between infectious
processes and the host-immune response has been described
in this review. Taking into consideration the impact of the
host-response, attempts of using it as a reference for applying
a more individualized approach of precision medicine has
become the focus of many research studies. Using advanced
assays that include RT-PCR, single cell RNA sequencing, mNGS,
microarrays and RT-LAMP were reviewed and show high levels
of accuracy compared to gold standard. Host-gene signatures,
transcriptomics, proteomics, and expressed biomarkers used
demonstrate promising results for a systematic integration of
host immunodiagnostics with conventional microbial detection
for improved management of infectious diseases. Host-based
response may serve to be an alternative of the traditional time-
consuming microbiological assays. However, a more holistic
approach would be the integration of both host and pathogen-
based diagnostics into one single platform. Future studies and
clinical trials will be required to measure the true impact of
combining these approaches.

One of the most important uses of the host-response as
a tool for improving diagnostics has been the focus on the
discrimination between bacterial and viral infections. Several
studies were described in this review article that allow for
the accurate discrimination of bacterial vs. viral etiologies in
suspected infection. In fact, potential results of host-based
diagnostics in this matter can achieve the WHO goal of ending
tuberculosis in 2,035 if correctly implemented for superior
pathogen diagnosis (27).

Accurate and rapid discrimination between bacterial and viral
infections can also direct management by permitting proper
antibiotics usage and prescription in a timely and directed
manner. Ultimately, the improved patient outcome with higher
and more rapid cure rates may translate into decreased mortality
rate, healthcare costs for prolonged hospital stay, and the
decrease in antibiotics misuse.
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Host-based diagnostics have also shown major success in
the diagnosis of sepsis. Considered a life-threatening process,
sepsis calls for immediate life-saving intervention measures.
Applying host-based diagnostics was shown to assist with the
determination of the underlying etiology of sepsis as well as
providing insight on the severity and prognosis.

Another important manifestation of host-immune diagnostics
that has been highlighted in this review is the ability to distinguish
latent infection from active infection as well as predicting the
progression from latent to active infection at an earlier stage
than standard microbiological tests. This should be an important
aspect for future consideration that may necessitate a different
approach with latent infections’ management and prognosis.

Additionally, host gene signatures contribute to identification
of treatment response over elapsed time as well as disease
progression. This ability to measure response can prove to play
an important role in determining staging of an infectious disease,
its severity and its response to treatment.

This review also highlighted the potential of host-microbiota
signatures to provide a perception of the severity and prognosis
of certain infections. Although further future validation is
required, such a link could facilitate the implementation of assays
using microbial signatures to prognosticate respiratory infections
concurrently with diagnostics for such infections.

From an economic perspective, host-based diagnostics
may significantly reduce healthcare costs. Through improved
definition of host response, more sensible use of antibiotics
will ultimately lead to a reduction in the drug cost as well
as antibiotic administration. Moreover, improved accuracy
will likely lead to a decrease in the usage of consultation
services as well as excessive procedures and laboratory tests
being ordered (e.g., interventional radiology procedures,
inflammatory markers, tumor markers, biopsies). These
interventions may result in an overall decrease in cost on
the individualized patient level and on the overall healthcare
industry, although additional clinical trials will be required.
In future applications, immunodiagnostics, unlike pathogen-
based testing, may present the capability of differentiating
non-infectious immune triggers including sterile inflammatory
processes, autoimmune diseases, or malignancy. Further
improvement in the currently existing platforms is required
before such a claim can be translated into clinical practice and to
possibly supersede and replace standard pathological techniques
for such non-infectious causes.

One other advantage for host-response diagnostics as
compared to pathogen-based diagnostics arises from the ability
of viruses to mutate at a fast rate with emergence of different
variants. Some RNA viruses can have a mutation rate up to
a million times higher than their hosts and can incorporate
mutated nucleotides at a rate of 10−6-10−4 substitutions per
nucleotide per cell infection (54). This ability of viruses
to rapidly mutate and transfer between hosts imposes a
limitation for their detection and requires the development
of dynamic means to detect current and emergent viral
strains. Using the host as the diagnostic subject overcomes
this limitation and proves yet another firm basis for adopting
such methods.

Finally, host-based diagnostics can help resolve multiple
public health issues. A major effect of adopting more recent host-
based diagnostics is preventing further AMR which is one of the
most serious global public health threats. By providing accurate
diagnostic outcomes, more precise and targeted therapies could
be applied, thus, reducing the risk antibiotic overuse and the
emergence of AMR. At a hospital, country or global scale,
host-response diagnostics may also play a role in the rapid
identification of exposure which can result in containment and
improved infection control measures, especially in the setting
of epidemics and/or pandemics. Several studies have shown
more rapid results of testing the host response for infectious
processes than traditional microbiology assays. This approach
has proven to be essential in the case of viral infections with
long incubation periods and those characterized with pre-
symptomatic yet highly contagious phases. Using such assays
could prove to help with infection containment during viral
pandemics or influenza season. The early detection of the nature
of an infectious disease would help aid determining which
patients require early quarantine, and this would ultimately be
reflected as better patient care during possible pandemics such
as COVID-19 (7). Detecting such affected individuals will help
in the quarantine process and put a limit for the transmission of
diseases. The COVID-19 pandemic has uncovered the severe lack
of means and the desperate need of public health measures that
deal with phenomena of such impact and scale (see Figure 1).

POTENTIAL DOWNFALLS

As with other assays, host-based diagnostics have shortcomings.
An important limitation in multiple studies is lack of adequate
sample size and concern for appropriate power resulting in
a possible increase in the margin of error. Larger cohorts in
prospective studies are required to improve the robustness of
study performance estimates.

Another limitation is the absence of special populations
including immunocompromised hosts such as solid organ, stem
cell transplant recipients and those individuals with autoimmune
disorders. These patients are at risk for expanded infections
including invasive fungal pathogens, which are not represented
in current studies and require future investigation.

Among the drawbacks of host response-based diagnostics is
the lack of precise identification of the pathogen involved. This
prevents directed and specific treatment of the causative agent
(19). Moreover, despite promising outcomes in differentiating
bacterial vs. viral infections and thus limiting the use of
antibiotics in case of viral infections, the lack of precise
identification of the causative pathogen and ultimately the lack
of isolation of such pathogen in the case of bacterial infection
prevents the assessment of its sensitivity to antibiotics. This
would impose a limitation to reducing antimicrobial resistance.

Cost and technical limitations exist to these assays.
For RNA-sequencing techniques, high cost are major
barriers to adoption, specifically in areas with limited
resources. The development of inexpensive platforms
would improve the prospects of more rapid utilization in
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FIGURE 1 | Overview of the implications of host-response diagnostics on infectious diseases management and outcome.

healthcare setting. Additionally, some platforms are tuned
to specific set of biomarkers, which make generalizability
for detection of other diseases potentially difficult. Finally,
microarrays are currently far too time-consuming with a
turnaround time of about 1–2 weeks to be applied in a
clinical setting (55). Thus, further laboratory validation
should be attained before any of these assays can be used in
clinical settings.

CONCLUSION

This review describes multiple aspects of host-based response
diagnostics as an adjunct to pathogen-based diagnostics and
not as a replacement. However, favorable outcomes show

that there are advantages of using host-based diagnostics
as compared to pathogen-based diagnostics. Over 30 trials
have focused on the use of host-response diagnostics for
improved diagnosis of acute infection. Rapid and accurate
diagnosis and prognosis can result in reduced healthcare
costs, fewer adverse effects, reduction in antibiotic misuse
and lower rates of antimicrobial resistance, improvement
in public health measures for rapidly spreading endemics
and pandemics, and ultimately better management with
positive patient outcomes are potentials of adopting host
immunodiagnostics. However, there remains some pitfalls
including accessibility, cost, laboratory practicality and further
clinical validation.While host immunodiagnostics show excellent
promise, further investigations are needed to define the
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possible implications of adopting these novel modalities for the
advancement in the field of infectious diseases.
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Alcohol dehydrogenase 1B (ADH1B) and aldehyde dehydrogenase 2 (ALDH2), members

of the alcohol dehydrogenase family, have important roles in liver diseases. The roles of

the polymorphisms of ADH1B rs1229984 and ALDH2 rs671 in hepatitis B virus (HBV)

susceptibility and persistent infection were investigated in the present study. Total 1,034

patients with hepatitis B [99 acute hepatitis B (AHB), 521 chronic hepatitis B (CHB),

158 acute-on-chronic liver failure (ACLF), 159 liver cirrhosis (LC), and 97 hepatocellular

carcinoma (HCC)] and 1,262 healthy controls (HCs) of the Chinese Han population

were recruited, and single nucleotide polymorphisms (SNPs) of rs671 and rs1229984

were genotyped. Independent and joint roles of rs671 and rs1229984 in HBV infection

were analyzed. The results showed that rs671 genotypes had a significantly different

distribution among different subgroups. Compared with HCs, the frequency of rs671-AA

genotype was higher in hepatitis B individuals, especially in the CHB group [adjusted OR

(95%CI) = 1.899 (1.232–2.928), p = 0.003, in the co-dominant model], which showed

a significant positive association. It was further confirmed that CHB individuals who

carried ALDH2 rs671-AA genotype had a higher risk of persistent HBV infection and

higher HBV-DNA quantitation compared with those with GG/GA genotype. In addition,

the rs671-AA genotype might predict HCC incidence in patients with CHB. There were

no different distributions of alleles or genotypes in rs671 mutant among AHB, ACLF, LC,

or HCC groups compared with HCs. These data suggested the possible hazardous role

of rs671-AA variant in HBV infection and persistence.

Keywords: HBV, rs671, ALDH, polymorphism, association study

INTRODUCTION

Chronic hepatitis B (CHB) remains an important global health challenge due to high morbidity
(∼240 million hepatitis B virus (HBV) surface antigen carriers) (1) and mortality (7,86,000 people
die each year from related complications) (2). The prevalence of HBV infection is still very high
at about 7.18% in China, though huge improvements have been achieved via universal vaccination
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programs and effective antiviral treatments (3). Patients
with chronic HBV infection have about a 10-fold higher
incidence of hepatocellular carcinoma (HCC) and liver-related
mortality than those without HBV infection (4). HBV infection
is still a critical public health burden worldwide due to
limited curable therapeutic options for HBV-related HCC and
liver cirrhosis/failure.

It has been reported that HBV can enhance its DNA
replication through the autophagy pathway mediated
by HBV × protein (5, 6). Adenosine monophosphate-
activated protein kinase (AMPK) is a crucial energy sensor
in macroautophagy/autophagy and can restrict HBV replication
through the promotion of autophagic degradation (7). The
persistent activation of autophagy in hepatocytes during HBV
infection might influence the persistence of HBV infection (8).
This indicates that certain genes in the human body may have an
impact on HBV infection.

Alcohol dehydrogenase 1B (ADH1B) and aldehyde
dehydrogenase 2 (ALDH2), members of the alcohol
dehydrogenase family, are crucial enzymes for alcohol
metabolism (9). Recently, multiple studies have suggested
that ALDH2 is involved in the course of autophagy in a variety
of liver diseases. ALDH2 may inhibit metastasis in HCC cells by
regulating the AMPK signaling pathway (10) and also ameliorate
chronic alcohol-induced hepatic steatosis and inflammation
through up-regulation of the autophagy pathway (11). The
ALDH2 rs671 (Glu504Lys) mutant, a common missense
mutation in the ALDH2 gene (12), has been found to increase
protein turnover and promote hepatocarcinogenesis in vivo
(13). Moreover, individuals with the ALDH2 rs671-AA genotype
exhibit severely decreased activity of the ALDH2 enzyme and
an elevated level of gamma-glutamyl transpeptidase (GGT) in
patients with non-alcoholic fatty liver disease (NAFLD) (14),
indicating that the polymorphism of ALDH2 might have an
important influence on liver diseases.

However, there have been no studies focused on the
relationship between ALDH2 rs671 mutant and HBV infection
to date, and the role of the ALDH2 rs671 polymorphism
in the pathogenesis of HBV infection. Therefore, the present
study investigated the association and clinical relevance of
ALDH2 polymorphisms with respect to HBV susceptibility and
persistence in the Chinese Han population.

METHODS

Subjects
A total cohort of 1,034 patients with HBV infection in the
Southeastern China region was recruited from June 2011 to
December 2014 in the Department of Infectious Diseases, Ruijin
Hospital, Shanghai Jiaotong University School of Medicine. The
Ethnically and geographically matched 1,262 HCs for a routine
checkup were recruited from the Center of Health Examination
of Ruijin Hospital in the same period.

The diagnosis of CHB was established by seropositivity of
hepatitis B surface antigen (HBsAg) over 6 months according
to the Chinese guideline of prevention and treatment for
CHB (2010 version) (15) and did not have any other type

of liver diseases, such as chronic hepatitis C, hepatitis D,
hepatitis E, drug-induced liver diseases, and alcoholic or
autoimmune liver disease. All participants were identified as
Han Chinese. The demographic information included gender,
age, birthplace, and past and current residency. The clinic
data were collected from clinical records and/or telephone
interviews. The study is approved by the Ethics Committee of
Shanghai Ruijin Hospital, School of Medicine, Shanghai Jiaotong
University in accordance with the Helsinki Declaration. The
characteristics of AHB, CHB, LC, HCC, and HC are presented
in Table 1.

Single Nucleotide Polymorphism Selection
Single nucleotide polymorphisms were selected using HapMap
Data Rel 27 Phase II+III, February 2009, on NCBI B36
assembly, dbSNP b126 of Han Chinese Beijing (http://hapmap.
ncbi.nlm.nih.gov/) and Haploview software 4.2 (Mark Daly’s
Lab of Broad Institute, Cambridge, MA, USA). The criteria
used for the SNP selection were population-frequency
and multiple, high-profile or inconsistent submitters. The
core criterion was determined based on the alteration of
ADH1B and ALDH2 transcription, translation, or function.
Two SNPs (rs1229984 and rs671) were finally selected for
the evaluation.

Genomic DNA Extraction
Genomic DNA was extracted from 5ml venous blood, using
the DNA Extraction Kit (Tiangen Biotech Co., Ltd., Beijing,
China) according to the manufacturer’s instructions. After the
determination of genomic DNA concentration, the samples were
stored at−80◦C until genetic polymorphism analyses.

Genotyping
Rs671 was identified in the region of the ALDH2 gene
on chromosome 12 (location on 111803962). Rs1229984
was identified in the region of the ADH1B gene on
chromosome 4 (location on 99318162). SNP ID numbers
and sequence are available at http://www.ncbi.nlm.nih.
gov/snp/ (Supplementary Table 1). The primers used
for the corresponding SNP PCR amplification and
SNaPshot extension reactions were designed using the
Primer 5 software (Supplementary Table 1). SNPs were
confirmed by multiplex SNaPshot technology as previously
described (16) using an ABI fluorescence-based assay
allelic discrimination method (Applied Biosystems, Bedford,
MA, USA).

The PCR was performed as described previously (17). Briefly,
in a total volume of 20 µl containing 1×ExTaq 0.2 µl, 25Mm
MgCl2 2 µl, 25mM dNTP mix 2 µl, (TaKaRa Bio, Dalian,
China), 2 µl genomic DNA, and 4 µl of each primer. The PCR
product was purified by 1U shrimp alkaline phosphatase (SAP)
and 1U Exonuclease I. The product was processed according to
the ABI SNaPshot protocol. The extension was performed in a
total volume of 10 µl containing 5 µl SNaPshot Multiplex Kit
(ABI), 2 µl PCR product, 1 µl mixed extension primer, and 2 µl
H2O. The samples were put through 28 cycles of denaturation
at 96◦C, annealing at 50◦C, elongation at 60◦C, and a final
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TABLE 1 | Demographic and clinical features of the patients and healthy controls in the study.

Characteristic HC Total I II III IV V P1 P2

(n = 1,262) Hepatitis B

(n = 1,034)

AHB

(n = 99)

CHB

(n = 521)

HBV-ACLF

(n = 158)

HBV-LC

(n = 159)

HBV-HCC

(n = 97)

Mean age† 46.49 ± 13.82 45.24 ± 13.45 39.78 ± 12.05 44.16 ± 13.72 45.06 ± 11.39 50.78 ± 9.836 55.94 ± 10.69 0.3276 <0.0001

Gender††

(Male/female)

734 (58.16)/

527 (41.74)

628 (60.74)/

406 (39.26)

56 (56.57)/

43 (43.43)

331 (63.53)/

190 (36.47)

87 (55.06)/

71 (44.94)

91 (57.23)/

68 (42.77)

63 (64.95)/

34 (35.05)

0.455 0.0254

ALT (IU/ml)† 22.05 ± 9.095 283.6 ± 448.3 706.9 ± 668.6 290.9 ± 397.3 320.5 ± 577.1 90.24 ± 156.0 60.92 ± 53.93 <0.0001 <0.0001

AST (IU/ml)† 19.39 ± 4.951 175.4 ± 240.0 300.2 ± 325.2 165.2 ± 224.3 255.1 ± 316.1 89.71 ± 108.7 104.7 ± 1111.3 < 0.0001 <0.0001

Tbil (umol/L)† 15.23 ± 4.265 139.9 ± 194.7 107.1 ± 117.2 80.10 ± 133.0 386.3 ± 198.4 96.41 ± 172.1 138.7 ± 235.8 <0.0001 <0.0001

GGT (IU/ml)† 18.47 ± 11.05 91.54 ± 99.15 145.2 ± 109.8 93.27 ± 84.86 74.98 ± 83.93 60.22 ± 72.33 111.9 ± 170.4 < 0.0001 <0.0001

AFP (ug/L)† 1.982 ± 1.683 505.6 ± 3032 20.45 ± 45.33 203.9 ± 967 119.7 ± 167.9 110.4 ± 347.4 2,392 ± 6,529 0.0067 <0.0001

eAg + (no, %)†† / 550 (53.20) 52 (52.53) 237 (45.49) 69 (43.67) 49 (30.82) 28 (28.87) / 0.0049

HBV-DNA [Log10
(copies)/ml]

/ 5.491 ± 1.732 4.639 ± 1.46 5.971 ± 1.676 5.129 ± 1.549 5.022 ± 1.743 4.532 ± 1.731 / <0.0001

<103†† / 300 (29.05) 33 (33.33) 104 (19.96) 38 (24.05) 69 (43.40) 57 (58.76) / /

103-105†† / 279 (26.99) 43 (43.44) 125 (23.99) 51 (32.28) 43 (27.04) 18 (18.56) / /

>105†† / 455 (43.96) 23 (23.23) 292 (56.05) 69 (43.67) 47 (29.56) 22 (22.68) / /

Genotype††

GG 709 (56.23) 547 (53.06) 59 (59.60) 260 (49.90) 79 (50.0) 92 (57.86) 60 (61.86) / /

GA 496 (39.33) 417 (40.45) 36 (36.36) 222 (42.61) 71 (44.94) 56 (35.22) 32 (32.99) / /

AA 56 (4.45) 67 (6.5) 4 (4.04) 39 (7.49) 8 (5.06) 11 (6.92) 5 (5.15) / /

HC, health control; AHB, acute hepatitis B; CHB, chronic hepatitis B without ACLF, LC, and HCC; LC, HBV-related liver cirrhosis; HCC, HBV-related hepatocellular carcinoma; †Date presented as (mean ± SD); ††Date presented as

(n, %); P1, t-test for all of the patients with CHB compared to HC individuals; P2, One-way ANOVA test for all of hepatitis B groups (groups I–V); Hepatitis B group is the sum of groups I–V.
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FIGURE 1 | Flow chart of subjects included. HC, health control; AHB, acute hepatitis B; CHB, chronic hepatitis B without ACLF, LC, and HCC; LC, HBV-related liver

cirrhosis; HCC, HBV-related hepatocellular carcinoma.

extension at 72◦C. The extension product was purified by 1U
SAP. The SNP genotype was confirmed using an ABI3130 genetic
analyzer. Genotypes were determined automatically using the
Genemapper 4.0 software (Applied Biosystems).

Statistical Analysis
The significance was determined using Student’s t-test or Z-test
in demographic and clinical data for two groups or continuous
variables. The χ2 test or the Fisher exact tests (two-sided)
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were used to compare the categorical variables. The differences
between groups were examined using the respective genetics
models of codominant, dominant, recessive, and additive, as
appropriate. Statistical significance was performed using the
SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA) and
GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, USA).
Hardy–Weinberg disequilibrium, the odds ratio with a 95% CI,
logistic regression adjusted for age and gender were calculated
by PLINK (v.1.07, http://pngu.mgh.harvard.edu/purcell/plink/, 5
February 2015, date last accessed) (18).

RESULTS

Demographic and Clinical Characteristics
In total, 2,296 participants were recruited in the present
study, including 1,034 patients infected with HBV [99 acute
hepatitis B (AHB), 521 CHB without liver cirrhosis (LC) and
HCC, 158 acute-on-chronic liver failure (ACLF), 159 HBV-
associated liver cirrhosis (LC), and 97 HBV-associated HCC]
and 1,262 HCs. The general demographic characteristics of the
study population are shown in Table 1 and Figure 1. There
were no significant differences in age and gender between
the HBV group and the HCs. The mean age of the HBV
group was similar to the HCs (45.24 ± 13.45 vs. 46.49
± 13.82 years, p = 0.328). The levels of serum alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
gamma-glutamyl transpeptidase (GGT), total bilirubin (TBIL),
and alpha-fetoprotein (AFP) in the HBV group were significantly
higher than that in HCs (all of p < 0.0001).

Similar to the clinical situation, there were different
distributions of HBV-DNA quantity among the various
subgroups (groups I, II, III, IV, and V). The quantity of HBV-
DNA in patients with HCC was lower than that in the AHB,
CHB, ACLF, or LC groups (p < 0.001). The positive percentage
of hepatitis B e antigen (HBeAg) in the HCC group was also the
lowest among all subgroups (p < 0.0049) (Table 1).

Quality Assessment
In total, 2,849 variants of the 2 loci were successfully genotyped
in the 2,296 samples. The rates of successful genotyping (call rate)
were about 100% (Supplementary Table 2). Hardy–Weinberg
disequilibrium was assessed using the Haploview 4.2 test. The
genotype distributions of the 2 SNPs were consistent with
the Hardy–Weinberg equilibrium in the HC and HBV groups
(Supplementary Table 2). These results were suitable for further
genetic analysis based on these quality control assessments.

Positive Correlation Between ALDH2 rs671
AA/GA Mutants and HBV Infection
Minor allele frequency (MAF) between the patients with hepatitis
B and HCs was compared in Table 2. The frequency of the A
allele at rs671 in the HBV group was significantly higher than
that in HCs [OR (95%CI) = 1.148 (1.004–1.312), p = 0.043].
The genetic models (codominant, dominant, recessive, and
additive) were then applied to calculate genotype frequencies.
The binary logistic regression was performed to analyze whether
the variant on rs671 was independently associated with HBV

infection. Age and gender covariates were included in the
logistic regressions (19), which were previously reported to be
significantly associated with HBV infection. In the codominant
model, the frequency of the rs671-AA genotype in patients with
hepatitis B accounted for a relatively high proportion [adjusted
OR= 1.551 (1.069–2.25), p= 0.02], compared to HCs (Table 2).
Similarly, the frequency of the GA + AA genotypes in patients
with hepatitis B was significantly higher than that in HCs (43.77
vs. 46.94%, adjusted OR = 1.454, p = 0.046) in the recessive
model (Table 2). Moreover, in the additive model, the frequency
of the GA and AA genotypes at rs671 in patients with hepatitis
B was significantly higher compared to HCs (adjusted OR was
1.226, p= 0.033) (Table 2).

Positive Association Between ALDH2
rs671-AA Mutant and HBV Persistence
When subgroup analysis was undertaken, different distributions
of allele frequencies or genotypes in the rs671 mutant were only
found between the HC group and CHB group (group II). When
compared to HCs, a significantly higher frequency of the A allele
at rs671 in the CHB group (group II) was found [OR (95%CI)
= 1.273(1.082–1.497), p = 0.003]. Using the codominant genetic
model, the AA genotype of rs671 significantly increased the risk
of HBV infection in the CHB group (adjusted OR = 1.899,
95% CI = 1.232–2.928, p = 0.003), compared with the GG
genotype. There was no significant difference in the rs671-GA
genotype between the CHB group and HCs (adjusted OR =

1.221, 95% CI = 0.987–1.51, p = 0.066). The additional genetic
model analysis also demonstrated that the rs671-AA mutant was
positively associated with CHB, regardless of using the dominant
model (GG vs. GA + AA, adjusted OR = 1.272, p = 0.023),
recessive model (GG + GA vs. AA, adjusted OR = 1.621,
p= 0.027) or additive model (adjusted OR = 1.328, p = 0.011)
(Table 2). Additionally, compared with the rs671-GA genotype,
the distribution of the rs671-AA genotype within the CHB group
was also higher than that in HCs (adjust OR is 1.556, 95%CI:
1.004–2.412, p = 0.046), which suggested that the rs671-AA
genotype was the dominant effect in patients with CHB (Table 2).

Association Between ALDH2 rs671 Mutant
and AHB, ACLF, LC, or HCC
For patients with AHB, ACLF, LC, and HCC, there were no
differences in the rs671 allele frequencies, genotypes, or genetics
models between patients and HCs, respectively. Binary logistic
regression, adjusted for age and gender, also did not show any
significant association between rs671 GA/AA and the risks of
AHB, ACLF, LC, or HCC (Table 2).

When patients with CHB without LC/HCC (group II) were
used as controls, there was a significantly decreased frequency
of the rs671-AA genotype in patients with HCC [adjusted OR
(95%CI) = 0.619 (0.385–0.994), p = 0.041 in the dominant
model] (Table 3). These data suggest that the rs671-AA genotype
might have a potential value for predicting a lower incidence of
HCC in patients with CHB.
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TABLE 2 | Association between rs671 and hepatitis B virus (HBV) infection in different hepatitis B groups.

Model HC Hepatitis

B

AOR P I OR1 P1 II OR2 P2 III OR3 P3 IV OR4 P4 V OR5 P5

Alleles

G 1914

(75.89)

1511

(73.29)

1 154

(77.78)

1 742

(71.21)

1 229

(74.47)

1 240

(75.47)

1 152

(77.55)

1

A 608

(24.11)

551

(26.71)

1.148

(1.004–

1.312)

0.043 44 (22.22) 0.899

(0.636–

1.273)

0.55 300

(28.79)

1.273

(1.082–

1.497)

0.003 87 (27.53) 1.196

(0.919–

1.556)

0.182 78 (24.53) 1.023

(0.78–

1.342)

0.867 42 (22.45) 0.742

(0.513–

1.074)

0.112

Codominant

GG 709

(56.23)

547

(53.06)

1 59 (59.60) 1 260

(49.90)

1 79 (50) 1 92 (57.86) 1 60 (61.86) 1

GA 496

(39.33)

417

(40.45)

1.09

(0.918–

1.294)

0.326 36 (36.36) 0.872

(0.567–

1.341)

0.533 222

(42.61)

1.221

(0.987–

1.51)

0.066 71 (44.94) 1.285

(0.914–

1.806)

0.148 56 (35.22) 0.87

(0.612–

1.237)

0.437 32 (32.99) 0.648

(0.412–

1.019)

0.041

AA 56 (4.44) 67 (6.49) 1.551

(1.069–

2.25)

0.020 4 (4.04) 0.858

(0.301–

2.45)

0.775 39 (7.49) 1.899

(1.232–

2.928)

0.003 8 (5.06) 1.282

(0.589–

2.787)

0.529 11 (6.92) 1.514

(0.765–

2.994)

0.23 5 (5.15) 0.791

(0.278–

2.253)

0.66

Dominant

GG+GA 1205

(95.56)

964

(93.51)

1 95 (95.96) 1 482

(92.51)

1 150

(94.94)

1 148

(93.08)

1 92 (94.85) 1

AA 56 (4.44) 67 (6.49) 1.125

(0.951–

1.329)

0.169 4 (4.04) 0.838

(0.547–

1.285)

0.418 39 (7.49) 1.272

(1.033–

1.566)

0.023 8 (5.06) 1.276

(0.915–

1.78)

0.15 11 (6.92) 0.936

(0.666–

1.315)

0.703 5 (5.15) 0.867

(0.562–

1.336)

0.516

Recessive

GG 709

(56.23)

547

(53.06)

1 40 (40.40) 1 261

(50.10)

1 79 (50.00) 1 67 (42.14) 1 32 (32.99) 1

AA+GA 552

(43.77)

484

(46.94)

1.454

(1.006–

2.1)

0.046 59 (59.60) 0.855

(0.298–

2.454)

0.771 260

(49.90)

1.621

(1.056–

2.488)

0.027 79 (50.00) 1.072

(0.499–

2.302)

0.858 92 (57.86) 1.61

(0.813–

3.186)

0.171 65 (67.01) 1.306

(0.499–

3.41)

0.586

Additive 1.226

(1.016–

1.479)

0.033 0.862

(0.597–

1.245)

0.429 1.328

(1.066–

1.654)

0.011 1.095

(0.741–

1.617)

0.65 1.234

(0.872–

1.748)

0.236 1.103

(0.677–

1.795)

0.694

Data were presented as number (percentage) for every group. The differences in genotype frequencies between any two groups were analyzed using logistic regression models (codominant, recessive, dominant, and additive). Age and

sex were included as covariates. ORs (adjusted odds ratio) were calculated and reported within the 95% CI. Groups I, II, III, IV, and V represented the AHB, CHB, ACLF, LC, and HCC groups, respectively. Hepatitis B group was all of

the groups I, II, III, IV, and V. OR1, P1; OR2, P2; OR3, P1; OR4, P4; and OR5, P5 were respectively calculated for groups I, II, III, IV, and V compared to the HC group. Significant p-values (<0.05) are highlighted in bold.
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No Association Between ADH1B rs1229984
Mutant and HBV Infection
Genotyping of rs1229984 (His48Arg) of ADH1B and rs671
(Glu504Lys) of ADH1B were performed using 266 patients
with CHB without LC/HCC and 287 HCs of the Chinese Han
population (Table 4). The results are shown in Table 4 and
Supplementary Table 3. The call rates for rs1229984 and rs671
were 100%. Those variants in the control and case-patient group
were in accord with Hardy–Weinberg equilibrium (p > 0.05).

The variant of ADH1B rs1229984 showed no association with
CHB in allele frequencies analysis [p = 0.996, OR (95%CI)
= 1.001 (0.771–1.299)], or genotype models analysis [adjusted
p = 0.785, OR (95%CI) = 0.947 (0.662–1.353), in the co-
dominant model] (Supplementary Table 3). The joint effects
of the combined variants of ADH1B (rs1229984) and ALDH2
(rs671) on the HBV persistent infection were investigated. Based
on the enzyme activity (20), the His carrier (His+) and non-His
carrier (His–) models were selected for the association analysis
between CHB and rs1229984 (His48Arg) of ADH1B. The His
carrier is mainly represented as rs671-AA/GA genotypes and the
non-His carrier is mainly represented as the rs671-GG genotype.
Regarding the association analysis between CHB and rs671
(Glu504Lys) of ALDH2, we adopted the non-Lys carrier (Lys–)
and the Lys carrier (Lys+) models as described previously (21).
The non-Lys carrier or the Lys carrier respectively represented
AA or GG/GA genotypes. There are no significant differences in
the distribution of alleles and genotypes between HCs and CHBs,
according to a subgroup analysis of His–/Lys+, His–/Lys–,
His+/Lys+, and His+/Lys+, as shown in Table 4 (p = 0.675,
0.849, and 0.324, respectively). There were also no significantly
combined effects in CHB of the variants of ADH1B (rs1229984)
and ALDH2 (rs671).

Positive Association Between ALDH2
rs671-AA Mutant and the HBV-DNA
Quantitation
The CHB subjects with the rs671-AA genotype were found to
have a significantly higher quantity of circulating HBV-DNA
[6.745 ± 1.603 Log10 (copies)/ml] than those with rs671-GG
[5.877 ± 1.651 Log10 (copies)/ml] or rs671-GA [5.980 ± 1.650
Log10 (copies)/ml] genotype (p = 0.0046), as shown in Table 5

and Figure 2A. There was a higher percentage of patients with
CHB with a high quantitation of HBV-DNA (>105 copies/ml) in
the individuals with rs671-AA (58.97%), compared with patients
with rs671-GG (50.45%) or rs671-GA (49.23%) (Table 5 and
Figure 2B). It was demonstrated that the rs671-AA mutant was
positively correlated with the quantitation of HBV-DNA.

As for age, gender, liver function (including ALT, AST, GGT,
and TBIL), AFP, and rate of positive HBeAg, there were no
significant differences among patients with CHB with GG, GA,
or AA genotype (Table 5).

DISCUSSION

In the current study, the association between polymorphisms
within the ADH1B/ALDH2 genes and HBV susceptibility
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TABLE 4 | CHB risk due to the combination of ADH1B and ALDH2 genotypes.

rs1229984 (His48Arg) rs671(Glu504Lys) HC (n = 287)†† CHB (n = 266)†† OR (95%CI) p-value

AA GG 77 60 1 /

AA GA 52 60 1.481 (0.896–2.446) 0.245

AA AA 7 5 0.917 (0.277–3.033) 0.194

AG GG 59 54 1.175 (0.712–1.937) 0.618

AG GA 57 57 1.283 (0.779–2.113) 0.974

AG AA 7 2 0.367 (0.073–1.830) 0.849

GG GG 16 15 1.203 (0.551–2.628) 0.298

GG GA 12 12 1.283 (0.538–3.059) 0.940

GG AA 0 1 3.843 (0.154–96.09) 0.649

His+ (AA/AG) Lys- (GG) 136 114 1 /

His- (GG) Lys+ (AA/GA) 12 13 1.292 (0.567–2.944) 0.675

His- (GG) Lys- (GG) 16 15 1.118 (0.53–2.361) 0.849

His+ (AA/AG) Lys+ (AA/GA) 123 124 1.203 (0.923–1.294) 0.324

HC, health control; CHB, chronic hepatitis B; His, histidine; Lys, lysine; OR, odds ratio; CI, confidence interval. *In the analysis of rs1229984 (His48Arg), “His+” and “His–” mean His

carrier (His/His or His/Arg) and non-His carrier (Arg/Arg), respectively. In the analysis of rs671 (Glu504Lys), “Lys+” and “Lys–” mean Lys carrier (Lys/Lys or Lys/Glu) and non-Lys carrier

(Glu/Glu), respectively. We investigated the combined effects of rs1229984 and rs671 on CHB as compared with “His +/Lys–”. ††Data were presented as number (percentage) for

every group. The differences in genotype frequencies between any two groups were analyzed using logistic regression models. Age and sex were included as covariates. The P-values

were calculated for CHB patients compared to HC individuals.

TABLE 5 | Comparison of clinical features levels between subjects with different genotypes at rs671 in the CHB (n = 521) group.

Characteristic GG (n = 260) GA (n = 222) AA (n = 39) P*

Mean age† 42.01 ± 13.88 43.81 ± 14.18 43.46 ± 13.90 0.169

Gender††

(Male/female)

157 (60.38)/

103 (39.62)

148 (66.67)/

74 (33.33)

28 (71.79)/

11 (28.21)

0.115

ALT (IU/ml)† 282.7 ± 379.0 308.2 ± 424.3 385.7 ± 448.3 0.338

AST (IU/ml)† 162.3 ± 217.7 173.1 ± 237.2 213.1 ± 243.2 0.512

Tbil (umol/L)† 78.01 ± 127.5 87.61 ± 142.7 98.90 ± 150.3 0.974

GGT (IU/ml)† 94.34 ± 84.63 92.20 ± 82.72 91.91 ± 101.3 0.962

AFP (ug/L)† 210.2 ± 931.5 242.0 ± 1,144 86.04 ± 211.4 0.743

eAg + (no, %)†† 171 (65.77)/ 89

(34.23)

145 (65.32)/

77 (34.68)

29 (74.36)/ 10

(25.64)

0.161

HBVDNA [Log10
(copies)/ml]

5.877 ± 1.651 5.980 ± 1.650 6.745 ± 1.603 0.0046

<103†† 74 (28.46) 60 (27.03) 9 (23.08) /

103-104†† 26 (10.00) 19 (8.56) 3 (7.69) /

104-105†† 32 (12.31) 31 (13.96) 4 (10.26) /

>105†† 128 (49.23) 112 (50.45) 23 (58.97) <0.0001

†Data presented as (mean ± SD). ††Data were presented as number (percentage) for every group. *Difference in clinical features levels was tested between different genotypes (AA,

AG, and GG) by one-way ANOVA test. Significant p-values (<0.05) are highlighted in bold.

was investigated in the Chinese Han population. It was the
first investigation that focused on the relationship between
the ALDH2 rs671 polymorphism and HBV susceptibility of
individuals till now. It was also the first study that has
demonstrated that individuals who carried ALDH2 rs671-AA
genotype might have a higher risk of persistent HBV infection
and higher HBV-DNA level compared to those with GG/GA
genotype. Our results suggest the possible hazardous role of this
variant during persistent HBV infection. Based on the fact that
the rs671 (Glu504Lys) SNP has been shown to be a well-known
dysfunctional SNP in a previous study (22), which has been

confirmed in the present data, it is reasonable to conclude that
the rs671-AA genotype is a potential hazardous HBV-associated
functional SNP.

In addition, the rs671-AA variant might be a risk predicator
for the incidence of HCC in patients with CHB, suggesting that
patients with CHB with the rs671-AA genotype might have a
lower risk of HCC incidence. However, there was no significant
different distribution of allele or genotypes in the rs671 mutant
among patients with AHB, ACLF, LC, or HCC, compared with
HCs. The results further indicate that patients with CHB with
persistent high HBV-DNA replication might be influenced by the
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rs671 polymorphism of ALDH2, whereas HBV-DNA replication
in AHB, ACLF, LC, or HCC was lower than in CHB. It is worth
initiating studies to reveal the underlyingmechanism of the rs671
mutants and HBV replication.

The ALDH2 is a crucial enzyme in the hepatocyte, which takes
part in alcohol metabolism. Alcohol is oxidized to acetaldehyde
by ADH, and acetaldehyde is further metabolized to acetate
by ALDH, which largely depends on ALDH2 (22). ALDH2
also plays important role in other liver diseases, including
ameliorating chronic alcohol-induced hepatic steatosis and
inflammation (11), inhibiting aggressive behavior of HCC (10),
and increased risk for NAFLD with a mutation in ALDH2 (14).

The ALDH2 rs671 (Glu504Lys) is a common missense SNP,
mainly in East Asians (40–50%), resulting in a Gly-to-Lys
amino acid substitution in exon 12 (23). Individuals with the
ALDH2 rs671-AA genotype exhibit severely decreased activity
of the ALDH2 enzyme and have only 6.25% of the normal
protein encoded by the ALDH2 rs671-GG variant, indicating the
dominant effect of the ALDH2A allele (24–26). Murine models
with the rs671-AA mutant on ALDH2 could increase protein
turnover and would promote murine hepatocarcinogenesis in
vivo (13). It had been reported that the ALDH2 rs671-AA, which
is associated with the GGT level, might potentially be a novel
risk factor for NAFLD (14). In our study, we also found that
individuals who carried the ALDH2 rs671-AA genotype had a
higher risk of persistent HBV infection and higher HBV-DNA
levels, compared to subjects with the rs671-GG genotype.

At first, we found that the distribution frequency of the
A allele on ALDH2 rs671 was increased in patients with
hepatitis B, especially in the CHB group, compared with HCs.
However, no significant difference in the distribution of allele
or genotype was found in rs671 mutants among patients with
AHB, ACLF, LC, or HCC, compared with HCs, suggesting
that the potential role of the rs671-AA variant is mainly
related to the persistent HBV infection (CHB). We further
found that the ALDH2 rs671-AA genotype was significantly
increased in the CHB group compared with HCs, whereas
the rs671-GA genotype was not significantly increased. The
results demonstrated that the rs671-AA genotype might play a
dominant effect on the HBV persistent infection. In addition,
compared to the rs671-GA genotype, individuals with the rs671-
AA genotype were significantly higher in the CHB group than
that in HCs, which also suggested the dominant effect on CHB.
We reasonably concluded that the rs671-AA genotype, not the
rs671-GA genotype, might have an influence on the persistence
of HBV infection.

Recently, cumulative evidence has revealed that ALDH2 plays
an important role in liver diseases associated with the autophagy
signal pathway (27, 28). ALDH2 could ameliorate chronic alcohol
intake-induced hepatic steatosis and inflammation through
the regulation of autophagy (11). Moreover, upregulating the
expression of ALDH2 in HCC cells leads to the inhibition of
tumor aggressive behavior in vitro and in vivo, largely exerted
by modulating the activity of the ALDH2–acetaldehyde–redox–
AMPK axis, which is an important autophagy pathway (10).

It has been reported that the enhancement of autophagy
could increase HBV-DNA replication mediated by HBV ×

protein (5, 6), and the promotion of autophagic degradation
by AMPK could restrict HBV replication (7). Meanwhile,
HBV evaded antiviral immunity and permitted survival
of virus-infected cells through triggering autophagy by
the degradation of the TNFSF10/TRAIL response, which
targets the TNFRSF10B/death receptor 5 (29). Moreover,
the inhibition of ALDH2 activity could result in upregulated
inflammatory molecules, including an increase of nuclear
translocation of NF-κB and the enhancement of phosphorylation
of NF-κB, p65, AP-1 c-Jun, Jun-N terminal kinase, and p38
MAPK (30). The persistent activation of autophagy and the
inflammatory response in hepatocytes, which is mediated
by ALDH2 during chronic HBV infection, might take part
in the regulation of HBV infection and lead to persistent
infection (8).

In the present study, individuals with a high HBV-DNA
level accounted for a larger proportion of patients with CHB
with the rs671-AA genotype compared to the rs671-GG/GA
genotype, indicating a significant positive association between
HBV-DNA level and the ALDH2 rs671-AA genotype. We
reasonably conclude that the decreased activity of the ALDH2
enzymes in patients with CHB, which resulted from the rs671-
AA mutant (24), might activate the autophagy signal pathway
(10), triggering autophagy then promoting HBV to evade
antiviral immunity (29), permitting the survival of virus-infected
cells (29), further enhancing the HBV replication (5, 6), and
ultimately promoting the persistence of HBV infection (8).
The present study demonstrates the possible hazardous role
of the rs671-AA variant during HBV infection and persistence
(Figure 3).

However, the decreased activity of ALDH2 resulting from
the rs671-AA mutant could trigger contrary effects in the
incidence of HCC. There were lower distribution frequencies
of the rs671-AA genotype in the HCC group compared
with the CHB group in subgroup analysis, which was in
accordance with the lower HBV-DNA quantitation in the
patients with HCC. Combined with the lower HBV-DNA
level in the HCC group, we speculate that the rs671-
AA mutant might be a potential risk predictor of HCC
incidence in the CHB group. Thus, CHB individuals with
ALDH rs671-AA genotype potentially have a lower risk of
incidence of HCC. Recently, Seo et al. (31) have reported
that the progression of HCC was mainly observed in patients
with the ALDH2-rs671-GG genotype rather than the GA/AA
genotype (31).

There are some limitations to our study. First, the selected
hot spots (rs671 and rs1229984) might miss other important
mutant sites, including sites thatmay be in linkage disequilibrium
with the selected sites. It would be better to sequence the
whole genome of ADH1B and ALDH2 to discover new loci
that might play significant roles in the pathogenesis of CHB
or other HBV-related liver diseases. Second, we did not assess
the influence of ALDH2 expression mediated by rs671 mutants
in liver tissues due to the limited acquisition of liver biopsies
in these patients. Third, there were only 97 patients with HCC
enrolled in the present study, the statistical conclusion that
subjects with rs671-AA genotype might have a lower risk of HCC
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FIGURE 2 | HBV-DNA levels were the highest in patients with chronic hepatitis B (CHB) with rs671-AA genotype. (A) Comparison of HBV-DNA mean levels among

subjects with AA, AG, and GG genotypes at rs671 in the CHB group. HBV-DNA levels were analyzed by converting to Log10 (copies)/ml. Data were presented as

(Continued)
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FIGURE 2 | (mean ± SD), unpaired t-test, and one-way ANOVA were used. (B) Comparison of HBV-DNA distribution among subjects with AA, AG, and GG

genotypes at rs671 in the CHB group. Patients with CHB with rs671-AA genotype showed the highest proportion (58.97%) of HBV-DNA levels at more than 105

copies/ml, compared to patients with rs671-GG (50.45%) or rs671-GA (49.23%). Data were presented as a percentage for each group. Fisher’s exact test was used.

FIGURE 3 | The possible hazardous role of the rs671-AA variant during HBV infection and persistence. The autophagic pathway in HBV-infected hepatocytes is

enhanced by hepatitis B virus × protein (HBx) via the binding to phosphatidylinositol 3-kinase class III (PI3KC3). Meanwhile, ALDH2-rs671-AA mutant in individuals

with decreased activity of ALDH2 enzymes might also activate the autophagy signal pathway, triggering autophagy then promoting HBV to evade antiviral immunity,

permitting the survival of virus-infected hepatocytes, further enhancing the HBV replication and ultimately promoting the persistence of HBV infection.

incidence needs a larger sample size to confirm this conclusion.
Finally, we did not verify the underlying mechanism of ALDH2
rs671 mutant in vivo or in vitro, it would be performed in our
future studies.

In conclusion, the present study provides evidence for the
perspective that the ALDH2-rs671 variant was correlated with
HBV infection and persistence. It is the first time that the positive
association between rs671 polymorphism and HBV infection has
been investigated. Currently, the hot site rs671-AA imparts a
hazardous role during persistent HBV infection. These results
might shed light on the study of HBV susceptibility of individuals
and the prevention of persistent HBV infection, and the targeting
of drugs for a functional cure of patients with CHB.
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Recent progress in genomics and bioinformatics technologies have allowed for the

emergence of immunogenomics field. This intersection of immunology and genetics has

broadened our understanding of how the immune system responds to infection and

vaccination. While the immunogenetic basis of the huge clinical variability in response

to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is

currently being extensively studied, the host genetic determinants of SARS-CoV-2

vaccines remain largely unknown. Previous reports evidenced that vaccines may not

protect all populations or individuals equally, due to multiple host- and vaccine-specific

factors. Several studies on vaccine response to measles, rubella, hepatitis B, smallpox,

and influenza highlighted the contribution of genetic mutations or polymorphisms in

modulating the innate and adaptive immunity following vaccination. Specifically, genetic

variants in genes encoding virus receptors, antigen presentation, cytokine production, or

related to immune cells activation and differentiation could influence how an individual

responds to vaccination. Although such knowledge could be utilized to generate

personalized vaccine strategies to optimize the vaccine response, studies in this filed

are still scarce. Here, we briefly summarize the scientific literature related to the

immunogenetic determinants of vaccine-induced immunity, highlighting the possible role

of host genetics in response to SARS-CoV-2 vaccines as well.

Keywords: SARS-CoV-2, COVID-19, vaccines, SNPs, host genetics

INTRODUCTION

Vaccination has become one of the most effective public health strategies to prevent infectious
diseases in the modern medicine. Undeniably, it has saved millions of lives by reducing the burden
of many serious infections such as polio, tuberculosis, measles, and tetanus. Currently, the entire
world is in a battle against SARS-CoV-2, which emerged at the end of 2019 and caused the
coronavirus disease 19 (COVID-19). The virus has affected almost 400 million people and has
claimed over 5 million lives worldwide (1). Yet, there is no decisive therapy to treat SARS-CoV-
2 infection until now, and therefore, vaccines are considered the only hope to control the spread of
the virus.

Despite the great success of vaccines throughout the history, the field of vaccinology is still
dominated by the traditional empiric model of “isolate-inactivate-inject,” which translates into a
population-level model of “same dose for everyone for every disease” (2). Clearly, this approach is
limited by the incomplete knowledge on immunogenetic determinants of vaccine effectiveness as
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well as the population and individual heterogeneity in vaccine-
induced immunity. Therefore, the poor immune response in
some individuals to vaccines remains unexplained.

Population based studies highlighted the relatively high
percentages of vaccine failure and the possible role of genetic
factors in that. It was found that ∼2–10% of individuals
receiving themeasles vaccine fail to produce protective immunity
(3). Also, vaccination against rubella indicated that 2–5%
of vaccinated individuals do not seroconvert. Not only that,
but also those who respond to the vaccine showed a great
variability in the immune response, which is believed to
be heritable (4). Moreover, Hepatitis B vaccine failure was
estimated to be 5–10% (5). Ganczak et al. reported an
association between the homozygous genotype of CCR5132
of the CCR5 gene and reduced HBV vaccine immunogenicity
(6). This genetic mutation exhibits a characteristic ethnical
distribution, being more frequent in Europeans, and thus,
may influence their response to the HBV vaccine. Inter-
individual differences in response to Anthrax Vaccine Adsorbed
(AVA) had also suggested the potential host genetic influences,
as evidenced by the observed variability in the protective
antigen-specific antibodies level between Europeans and African-
Americans (7). Furthermore, genetic polymorphisms of the
HLA, cytokines, innate immunity and viral receptor, and
other genes, were found to account for almost 30% of the
inter-individual variation in measles vaccine-specific humoral
immunity (8).

It is now well-acknowledged that an individualized medicine
approach mandates the integration of the mechanistic
understanding of all the factors that could contribute to
vaccine effectiveness, including host immunogenomics. This,
in turn, aims to provide the right vaccine to the right patient,
with the right reason, at the right dose (2). Although researches
had begun looking into the host genetics, aiming to find
immunogenomic clues to vaccine-response and factors behind
vaccine failure, investigations in this field are still very limited.

The paradigm of personalized medicine has been applied
in the current SARS-CoV-2 in an effort to understand the
large clinical variability observed between individuals as well
as populations. While several large-scale studies highlighted
the crucial role of genetic diversity in response to COVID-19,
the contribution of host genetics in response to SARS-CoV-2
vaccines is unknown. Importantly, the need for personalized
approaches could be more crucial for SARS-CoV-2 vaccines
compared to other vaccines. The reason behind this is the
large inter-individual differences that was reported in response
to SARS-CoV-2 infection, where host genetics factors showed
to contribute to SARS-CoV-2 clinical variability and modulate
response to infection. This variability could also be translated into
vaccine responsiveness. Moreover, the global spread of SARS-
CoV-2 pandemic, which in turn, led to the wide administration
of SARS-CoV-2 vaccines, could increase the chance of low
vaccine efficacy or high risk of adverse reactions at certain
populations or individuals. Hence, it is significant to understand
the immunogenetic factors underlying SARS-CoV-2 vaccine
effectiveness and adverse responses at both individual and
population levels.

Here, we review the role of genetics in response to vaccination
to other pathogens, aiming to draw attention to this important
field, especially that SARS-CoV-2 vaccines are currently being
distributed and evaluated.

OVERVIEW ON THE IMMUNE RESPONSE
TO VIRAL INFECTIONS

It is well-known that immune responses to viral infections
involve all arms of the immune system. This begins with
pathogen recognition and antigen presentation and is then
followed by a cascade of immune defense mechanisms of innate
and adaptive immunity. The innate immune system is the
first line of defense. It is triggered by encountering damage-
associated molecular patterns (DAMPs) released from infected
tissue or dead cells or pathogen-associated molecular patterns
(PAMPs), such as viral RNA and DNA (9). Virally induced
DAMPs and PAMPs stimulate tissue-resident macrophages
and activate multiple innate immune pathways through Toll-
Like receptors (TLRs), NLRP3/inflammasome activation, or by
triggering cytoplasmic DNA sensors such as cGAS-STING and
RIG-I-MAVS. This, in turn, derives the production of pro-
inflammatory cytokines and chemokines, which subsequently
leads to the stimulation of antiviral gene expression and the
recruitment of more innate and adaptive immune cells for
viral control and tissue hemostasis. The production of type I
and type III interferons (IFNs) as a part of innate immunity
initiates intracellular antiviral defense pathways while the release
of IL-6 and IL-1β stimulates the recruitment of neutrophils
and cytotoxic T cells (10). Paradoxically, the dysregulated
inflammatory cascade initiated by macrophages could contribute
to tissue damage leading to cytokine storm as previously reported
from different viral infections, including SARS-CoV-2 (9).

Following and complementing the innate immune response,
the adaptive immune system responds to pathogens by producing
pathogen-specific humoral and cellular immunity, with T and B
cells acting as the key players. T-cell mediated immune response
represents an essential arm in mediating adaptive immunity
to a variety of pathogens. Pathogen peptides presented by the
MHC complexes on the surface of antigen-presenting cells
(APCs), such as dendritic cells (DCs), stimulate the activation,
proliferation, and differentiation of naïve CD8+ and CD4+ T-
cells. Subsequently, these cells undergo clonal expansion by
interleukin-2 (IL-2), and differentiate into effector T cells in
the presence of a set of cytokines engaging and activating their
respective cytokine receptors (11, 12). Importantly, achieving an
effective viral clearance requires CD8+ effector T cell-mediated
killing of infected cells in addition to CD4+ T cell-mediated
enhancement of CD8+ and B cell responses.

On the other hand, humoral immunity, particularly the
production of neutralizing antibodies, is of a central importance
in combating viral infections. It is evidenced that T-independent
B cell response contribute substantially to highly stable antibody
repertoires, providing humoral barriers to protect against
invading pathogens. However, producing humoral memory
through long-lived plasma cells that elicit specific antibodies of
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adapted avidity and function is T-cell dependent (13). Taken
together, an efficient immunological memory is achieved by the
collective involvement of both T and B cells responses.

OVERVIEW ON THE IMMUNE RESPONSE
TO VACCINATION

The innate immune system can sense vaccines through
the pattern-recognition receptors (PRRs), such as TLRs. For
instance, the influenza virus live-attenuated vaccine activates
plasmacytoid DCs (pDCs) via TLR7 (14). Another example is
the yellow fever vaccine (YF-17D), which stimulates multiple
TLRs on DCs, including TLR2, TLR3, TLR7, TLR8, and TLR9
(15). Importantly, it was shown that deficiency in any TLR
substantially impaired the cytokine production in mice model
(15). Vaccines based on synthetic nanoparticles containing TLR
ligand have also shown to induce a synergistic enhancement of
both the affinity of neutralizing antibodies as well as specialized
T-cell responses (16). Most importantly, polymorphisms in
TLR genes have been previously linked to immune response
following vaccination. For example, variants in the TLR3 gene
and its associated signaling genes were associated with low
measles antibody and lymphoproliferative immune responses in
vaccinated individuals (17). This highlights the central role of
TLRs in vaccine-induced innate and adaptive immunity.

Most vaccines are believed to confer protection by inducing
B-cells mediated immunity that results in antibody production,
although they can induce T cell responses as well. Polysaccharide
vaccines, particularly, are completely T-cell independent,
in contrast to vaccines based on proteins combined with
polysaccharides, which can induce B and T cell responses (18).
Recently, there has been an increasing interest in understanding
the role of T cells in vaccine-induced protection; especially that
antibodies level is not the only indicator of vaccine effectiveness.
The main goal of any T-cell-based vaccine is to induce antigen-
specific memory T cells. Following vaccination, naïve CD4+ T
cells differentiate to functionally distinct populations of helper T
cells (Th1, Th2, Th17, Th21, T follicular helper, Th22, or Th9),
which are involved in different defense mechanisms. On the
other hand, naïve CD8+ T cells can differentiate into effector
cells, while memory T cells reside as precursor cells in lymphoid
organs and differentiate rapidly to effector cells upon stimulation
(14). New vaccine platforms such as lipid nanoparticles (LNP)
based vaccines induce T cells responses that depend on the DC
subsets and PRRs involved. For instance, mRNA-LNP vaccines
have been shown to induce Th1 and T follicular helper cells
(Tfh), most probably through the engagement of TLRs (19).
Adenovirus vectors, on the other hand, are considered one of
the most potent vaccines in inducing CD8+ T cell responses
in addition to sustained B and CD4+ T cell responses (20).
However, the absence of individual TLRs does not seem to affect
antigen-specific CD8+ T cell responses elicited by adenovirus
vectors, suggesting that this type of vaccine involves multiple
redundant MyD88 (TLR adapter protein)-dependent signaling
pathways (14).

HETEROGENEITY IN VACCINE-INDUCED
IMMUNE RESPONSE

The influence of host genetics on vaccine response occurs if
polymorphisms or mutations exist in genes related directly
or indirectly to the host immune response to the vaccine.
This involves but is not limited to genes related to cellular
receptors of viral proteins/adjuvants, antigen presentation,
innate immunity (such as TLRs), signaling molecules, cytokine
genes, cytokine receptor genes, HLA, immunoglobulin Gm
and Km allotypes, vitamin A and D receptor genes, and
many other genes (21). Figure 1 illustrates the main pathways
where genetic polymorphisms could modulate response
to vaccination.

Twin Studies
A considerable clue for the influence of genetics on vaccine-
and natural-induced immunity comes from twin studies. These
studies represented a pivotal model to differentiate genetics
from environmental and other factors affecting immune response
phenotypes. Heritability, which is estimated as the ratio of
genetic variance to total variance within pairs, was used to
assess genetics-vaccines associations (21). Using this approach,
very early studies pinpointed the heritability to measles-
mumps-rubella-II (MMRII) vaccine response. For instance,
through examining the antibody level in 100 healthy twins
who received MMRII vaccine, a study found that heritability
to measles almost reached 90%, while heritability to rubella
and mumps was 46 and 39%, respectively (22). Similarly,
other reports evidenced the heritability of vaccine-induced
antibody response to hepatitis viruses, ranging from 60% for
recombinant hepatitis B surface antigen (HBsAg) vaccine, to
36% in the inactivated hepatitis A vaccine (23). Of note,
only 40% of this heritability pattern was explained by HLA
genes, compared to non-HLA genes, which contributed to 60%
of the cases. This underscores the importance of exploring
genetic polymorphisms with a broad prospect and at the
whole genome level in order to better identify genetic factors
contributing to vaccine responsiveness. Additional twin studies
had confirmed the dominant role of non-HLA genes in the
humoral response to vaccination to hepatitis B, oral polio,
tetanus, and diphtheria, which all had high heritabilities (77,
60, 44, and 49%, respectively). In addition to the antibody
response, interferon-γ and interleukin-13 responses also showed
a high degree of heritability to some BCG vaccine antigens
(39–65%). Yet, these responses were mainly modulated by HLA
class II genes (24). Taken together, these studies provided a
glimpse on the importance of gene variation in the modulating
the humoral immune response to different vaccines, and
opened the door for a more comprehensive research in
this field.

Genome-Wide Association Studies
In recent years, the advancements in genomics and
bioinformatics have paved the way for implementing genome-
wide association studies (GWAS) to investigate the link between
host genetics and response to vaccines. Several GWAS have
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FIGURE 1 | Immunogenetic pathways involved in vaccine response. Individuals/populations with lower vaccine efficacy could carry genetic polymorphisms in: (1)

Genes encoding viral receptors on the host cells. This could affect the binding affinity of viral antigen and cellular receptor, virus entry, or the level of receptor

expression. (2) Genes related to the innate immunity. This includes genes encoding pathogen recognition receptors (PRRs) such as different types of TLRs, and MHC

(HLA) genes that are essential for antigen presentation, as well as genes encoding cytokines and cytokine receptors. (3) Genes related to adaptive immune response

such as T and B cell receptors, genes related to activation or differentiation of adaptive immune cells, and antibody production. This figure was generated using

Biorender.

discovered single nucleotide polymorphisms (SNPs) in genes
related to the innate and adaptive immune responses. However,
despite the continuously growing number of vaccine-associated
GWASs, these studies are either clustered within specific ethnic
groups, or focused on a limited number of pathogens. Most
of the currently available reports are on vaccine response to
hepatitis B, measles, rubella, influenza A, smallpox, anthrax, and
mumps (4, 5, 7, 25–29).

Overall, our search on “response to vaccine” phenotype
at the GWAS catalog revealed various associations. The
strongest genetic associations were linked to chromosome 6,
particularly the HLA gene (Figure 2). Different associations,

yet less significant, were found at different chromosomal
locations, mapped to immune and non-immune related genes.
Table 1 summarizes all the vaccine-related studies registered
at the GWAS catalog, while the detailed list of reported
SNPs is presented in Supplementary Table 1. Remarkably,
most (around 65%) of the studies were conducted on the
European or Asian populations. Moreover, the main trait
for phenotypic classification was the antibodies or cytokines
level after vaccine administration. In addition to the GWAS
catalog, we used “Open Targets Genetics” portal to search
for genetic associations with vaccine response. Figure 3 shows
all the genes with an association score >0.11, along with
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FIGURE 2 | Plot of GWAS Catalog associations for vaccine response related SNPs. The data and plot were retrieved from the GWAS catalog, an open database. All

associations with “response to vaccine” phenotype are plotted. The top 10 SNPs are labeled with the rs identifiers.

the corresponding pathogen, while the details of the top 10
associations are summarized in Supplementary Table 2. This
data again highlights the limitation in the currently available
studies, as most of the significant associations are reported
on few viruses only (smallpox, hepatitis B, measles, MMR,
and rubella).

Using genotype-phenotype association approach, several
highly significant SNPs were reported. These polymorphisms
are located in genes that are linked directly or indirectly
to the immune response. For instance, variants in the
interferon-induced protein 44 like (IFI44L) and the cluster of
differentiation 46 (CD46) genes were associated with measles-
specific neutralizing antibody titers in response to MMR vaccine
(3). IFI44L encoded proteins are stimulated by interferon type
1 and hence, are possibly involved in the innate immune
response (3). On the other hand, CD46 glycoprotein is involved
in the regulation of complement and antibody-mediated lysis.
Additionally, it is a cellular receptor for attenuated measles
virus strains, group B and D adenoviruses, human herpesvirus
6, bovine viral diarrhea virus, and other pathogens (34).
Interestingly, variants in these two genes have been previously
associated with adverse events/febrile seizures following MMR
vaccination (28). Additionally, genetic variants in IFI44L have

shown to increase the susceptibility of mice to Coxsackievirus
B3 virus, confirming the possible association of this gene to
innate immunity (35). Other GWA studies identified genetic
variants that could modulate the adaptive immune responses
to MMR vaccinations. Kennedy et al. reported significant
associations in the protein tyrosine phosphatase delta (PTPRD)
and the iron regulatory protein (ACO1) genes, in response to
MMR vaccine (4). These variants explained the inter-individual
variations in IFNγ response to rubella virus stimulation.
However, the exact role of these genes in vaccine-response
still requires further explanation. Additionally, a variant in
the Wilms Tumor Gene (WT1) has been linked to rubella-
specific interleukin 6 secretion following MMRII vaccination
(30). Although WT1 gene is not typically associated with
immunity, it has been shown that it can directly bind to IL-10
promoter and induce IL-10 expression, which is important for
tumor necrosis factor-α- (TNF- α) induced IL-10 stimulation in
macrophages (36).

In addition to MMR, smallpox vaccine is one the commonly
studied vaccines in the context of host genetics. Multiple
GWAs identified genetic variants in genes that modulated the
humoral (neutralizing antibodies) or cellular (cytokine secretion)
following vaccination (31, 32). More than 50 significant
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TABLE 1 | List of all GWA studies on vaccine response retrieved from the GWAS catalog as of June 2021.

Vaccine against Phenotype Study title Trait No. of

associations

Discovery sample size and

ancestry

References

Rubella Cellular immune

response

Polymorphisms in the Wilms Tumor Gene

Are Associated With Interindividual

Variations in Rubella Virus-Specific Cellular

Immunity After Measles-Mumps-Rubella II

Vaccination.

Interferon-gamma secretion 0 1,643 European (30)

Interleukin-6 secretion 1 1,643 European 202 African

American or Afro-Caribbean

Hepatitis B Antibody response Key HLA-DRB1-DQB1 haplotypes and

role of the BTNL2 gene for response to a

hepatitis B vaccine.

Anti-HBV surface antigen IgG level 20 1,193 East Asian (5)

Hepatitis B Antibody response GWAS identifying HLA-DPB1 gene

variants associated with responsiveness to

hepatitis B virus vaccination in Koreans

Anti-HBV surface antigen IgG level 1 6,867 East Asian (25)

Measles-mumps-

rubella

Cytokine production Genome-wide SNP associations with

rubella-specific cytokine responses in

measles-mumps-rubella vaccine

recipients.

IL-6 level 2 883 European (4)

IFN gamma level 8 883 European

Measles Neutralizing antibodies

level

Genome-wide associations of CD46 and

IFI44L genetic variants with neutralizing

antibody response to measles vaccine.

IFN gamma level 1 2,555 European (3)

Neutralizing antibodies titer 6 317 African American or

Afro-Caribbean

Smallpox Antibody response Genome-wide association study of

antibody response to smallpox vaccine.

IL-6 level 37 580 European 217 African

American or Afro-Caribbean 217

Hispanic or Latin American

(31)

Smallpox Cytokine production Genome-wide analysis of polymorphisms

associated with cytokine responses in

smallpox vaccine recipients.

Secreted IFN-alpha level 32 512 European 199 African

American or Afro-Caribbean

(32)

Secreted IL-10 level 6

Secreted IL-12p40 level 10

Secreted IL-1beta level 13

Secreted IL-2 level 17

Secreted TNF-alpha level 6

Secreted IL-6 level 9

Multiple vaccines Antibody response Common Genetic Variations Associated

with the Persistence of Immunity following

Childhood Immunization.

Haemophilus influenza type b

polyribosylribitol phosphate IgG

level

0 967 European (33)

Meningococcal C functional

antibody titers

6 1,585 European

Meningococcal C IgG

concentrations

1 1,203 European

Tetanus toxoid IgG concentrations 1 549 European

(Continued)
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polymorphisms (reached the GWAS significance of 5 × 10−8)
in different genes have been reported (Supplementary Table 1).
These variants were found to affect the levels of anti-smallpox
antibodies, IFN-alpha, IL-10, IL-12p40, TNF-alpha, and IL-
6 (31, 32). Importantly, many if these variants are located
genes that have never been linked to immunity. Hence, the
pathways by which these variants affect antibody and cytokines
production is largely unknown, and necessitates additional
functional characterization.

Considering that 5–10% of individuals who receive hepatitis B
virus (HBV) vaccine fail to produce protective antibodies, several
GWASs were conducted to investigate the genetic factors behind
this variability (5). The most significant associations were linked
to HLA polymorphisms. Multiple HLA alleles were associated
with anti-hepatitis surface antigen IgG levels including HLA-
DPB1 and HLA-DRAB5 and HLA-DQA1 (5, 25–27). HLA genes
are known to be the most polymorphic region of human genes,
and encodes surface proteins which are essential in self and
non-self-antigen presentation (37). Therefore, it is expected that
certain HLA haplotypes correlate to response to vaccination.
Notably, HLA genes have been linked to the susceptibility or
resistance of multiple infections, including HBV, SARS-CoV, and
SARS-CoV-2 (38–40). In Addition to HLA types, significant
associations were found in other genes such as the Butyrophilin
Like 2 (BTNL2) gene, which is involved in the regulation of T cell
activation (5, 41).

GENETICS AND VACCINE ADVERSE
EVENTS

In the past decade, a new terminology, called “Adversomics”
has been introduced by Whitaker et al. (42). This term
refers to the study of vaccine-related adverse reactions using
immunogenomics and systems biology approaches (42).
Typically, the design of vaccines is based on stimulating
the immune system to an antigen. This usually induces an
inflammatory reaction, which ranges from a mild local to a
serious systematic adverse reaction in rare cases. Indeed, vaccine
adverse effects—whether real or unreal- have been one of the
major barriers in public acceptance and trust in vaccines. Thus,
the identification of factors that contribute to the unwanted
vaccine adverse effects is crucial to increase the safety as well as
to maintain public trust in vaccines.

It is well-acknowledged now that heterogeneity in vaccine
response is a multifactorial trait influenced by external
(environmental), and internal (host immunogenetics) factors.
However, the field of adversomics is still relatively new compared
to other fields and only a very few studies has been conducted
so far (Table 2). Additionally, multiple studies that looked
into the underlying genetic factors in individuals experiencing
adverse effects did not report any GWAS significant associations
(45). This could be attributed to the small sample sizes,
which reflects the infrequency of serious adverse vaccines or
the complexity of such analysis. On the other hand, few
significant associations were found and replicated. For instance,
Hallberg et al., reported a novel association between Pandemrix
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FIGURE 3 | Open Targets genetics association scores for genes linked to vaccine response. Open target platform was used to search for all the associations under

“response to vaccine” phenotype. The top 50 associations are plotted with the association score, the name of the corresponding gene, and the pathogen name to

which vaccine was given. This figure was generated using Rawgraphs.

(influenza vaccine)-induced narcolepsy and the non-coding RNA
gene (GDNF-AS1) (29). This gene is involved in regulating the
expression of GDNF and have been linked to neurodegenerative
diseases (29). Similarly, a GWAS identified significant risk
variants for developing febrile seizures following MMR vaccine
(28). These variants are located in CD46 and IFI44L genes, and
have also been linked to the humoral immune response to MMR
vaccine as mentioned earlier. Rare variants have also played
a major underlying factor in life-threatening disease following
vaccinations with live-attenuated vaccines. For instance, inborn
errors of IFN-γ, B-cell Immunity, IFN-α/β and IFN-λ, and
adaptive immunity, were leading to Bacille Calmette-Guerin
(BCG), oral poliovirus (OPV), vaccinemeasles virus (vMeV), and
Oral rotavirus vaccine (ORV) diseases, respectively (49).

Taken together, these studies, as well as others, reveal an
important insight on the role of common and rare genetic
variants in vaccine-related adverse events and underscore the
need for more and larger studies.

IMMUNOGENOMICS AND VACCINOMICS
OF SARS-COV-2

Immune Response to SARS-CoV-2
Infection
SARS-CoV-2 primarily attacks the respiratory system leading
to pneumonia and lymphopenia in severe disease. However, in
most cases, a 1-week, self-limiting respiratory disease occurs (50).
Viral antigens, recognized by pathogen recognition receptors
(PRRs), mainly TLR 3, 7, and 8, induce the enhanced production
of IFNs. Similar to other coronaviruses, viral antigens trigger
the development of antibody production, as well as CD4+ and
CD8+ T-cells immunity.

Generally, SARS-CoV-2 infection leads to the production
of anti-N and anti-S antibodies, with antibodies targeting the
receptor-binding domain (RBD, in S1) being crucial for viral
neutralization (51). Studies showed that most SARS-CoV-2
patients seroconvert, and neutralizing antibodies (nAbs) activity
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TABLE 2 | List of all genome wide associaitons on vaccine adverse events.

Vaccine against Type of vaccine Phenotype Region Main annotated gene References

SARS-CoV-2 mRNA vaccines: Pfizer/BioNTech

(BNT162b1) and Moderna (mRNA-1273)

Vaccine-related adverse events:

severe/extreme difficulties with

daily routine

6p22.1 HLA-A*03:01 (43)

SARS-CoV-2 mRNA vaccines: Pfizer/BioNTech

(BNT162b1) and Moderna (mRNA-1273)

Vaccine-related adverse events: Multiple Multiple genes including: HLA,

NOTCH4, and RPS18

(44)

Influenza Pandemrix Vaccine-related adverse events:

narcolepsy

5p13.2 (GDNF) anti-sense 1 (AS1) (29)

Influenza Intranasal trivalent live attenuated influenza

vaccine (LAIV) intramuscular trivalent

inactivated vaccine (TIV)

Vaccine-related adverse events:

Wheezing

1q23.2 CRP - AL445528.1 (45)

Vaccine-efficacy: Influenza

infection

7p11.2 LINC02854 - AC092848.2

Measles-mumps-

rubella

Priorix or MMR II Vaccine-related febrile seizures 1p31.1 IFI44L (28)

1q32.2 CD46, CD34

Smallpox Aventis Pasteur Smallpox vaccine Fever, generalized rash,

lymphadenopathy

1p36.3 THFR (46)

5q31.1 IRF1

5q31.1 IRF1

Smallpox Dryvax Fever, acute Vaccinia syndrome Multiple IL1, IL4, and IL18 (47)

Yellow fever YF-17D Viscerotropic disease - Persistent

viremia,

Multiple CCR5 and its ligand RANTES (48)

Yellow fever YF-17D Viscerotropic and Neurotropic

disease

Multiple RANTES, IL-6, IL-8, MIG, GRO,

MCP-1, TGF-β, and TNF-β

(43)
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persists up to 6 months (51, 52). Interestingly, although there
is an evidence of the beneficial role of nAb in protection
against SARS-CoV-2, the peak-neutralizing activity was found to
correlate positively with disease severity (52, 53). In fact, despite
the numerous amount of studies in this field, there is still a
knowledge gap in understanding the durability and effect of these
antibodies on disease outcomes and re-infection.

A growing evidence highlights the important role of T-
cell immunity in SARS-CoV-2, especially in patients with an
underdeveloped humoral response. It was previously found that
in contrast to anti- SARS-CoV-1 antibodies that wane after 2–3
years, T-cell responses are long lasting, and can be detected up
to 17 years post recovery (54, 55). T-cells recognize viral peptides
that are presented on the MHC class I (HLA in humans), which
stimulates cytokine release and cytotoxic activity of CD8+ T cells
(56). MHC class II can also present antigens to CD4+ T cells (56).

Importantly, as HLA system is known to be highly
polymorphic, some haplotypes were found to influence
individuals’ susceptibility to many infections by modulating the
immune response (37, 57). Certain polymorphisms at these loci
encode for cell receptors that could lower the binding efficiency
to some viral peptides and, therefore, blunt the immune system’s
normal defenses against the virus in vulnerable individuals (58).

Heterogeneity in Response to SARS-CoV-2
Infection
Since the start of the current SARS-CoV-2 pandemic, scientists
have been puzzling over the factors underlying the inter-
individual and inter-population differences in COVID-19
clinical manifestations. Although the infection with SARS-
CoV-2 principally attacks the respiratory system, it can also
trigger a systematic immune reaction that leads to multiple
organ failure. According to the reported data, SARS-CoV-2 can
lead to extra-pulmonary diseases, including renal dysfunction,
gastrointestinal complications, liver dysfunction, cardiac
manifestations, mediastinal findings, neurological abnormalities,
and hematological manifestations (59). Epidemiologists have
identified age as the main factor for developing COVID-19
related complications, especially among patients over 65 years
of age (60). On the other hand, younger individuals (<20 years)
almost exclusively experienced another severe condition that has
been linked to COVID-19, which is Multisystem Inflammatory
Syndrome (MIS-C), that mimics Kawasaki disease (KD) (60).
Importantly, this condition is believed to occur in genetically
predisposed children following exposure to trigger such as viral
infection (61, 62). Besides, black and Hispanic children showed
an increase risk of developing MIS-C (63). Although this could
be due to the increased burden of SARS-CoV-2 in the black and
Hispanic populations, it does not rule out the possible role of
population genetics in influencing SARS-CoV-2 related diseases.

Although inter-host clinical variability is the rule in the course
of any human infection, the response to SARS-CoV-2 showed
a great variability that was not explained by the commonly
known factors such as age, sex, and comorbidities. While more
than 80% experience mild/asymptomatic illness, 20% experience
severe respiratory syndrome, which further progresses to critical

illness requiring ventilation in 5% (64). Importantly, severe
clinical presentation was observed even in young and previously
healthy individuals (65). Hence, neither age nor the lack of
comorbidity can guarantee a mild manifestation of the infection.
In a study that investigated the transmission of SARS-CoV-2
among asymptomatic carriers, it was shown that family members
who are living together tend to develop severe infection (66).
This suggested the potential role of genetics in the manifestation
of COVID-19.

The striking heterogeneity in the response to SARS-CoV-
2 highlighted the crucial need to comprehend the underlying
causes of interindividual differences, including host genetics.
This area of research has expanded by the combined efforts of
global consortiums as well as individual efforts. For instance,
the COVID-19 Human Genetics Effort was rapidly launched
at the beginning of this pandemic. Their aim was to identity
monogenic errors of immunity that could lead to severe COVID-
19 in young individuals who were previously well and developed
life-threatening disease, such as pneumonia or MIC-S (67). On
the contrary, the Host Genetics Initiative (HGI) was established
to support the collection and sharing of GWAS data and results
to understand the common variants contributing to susceptibility
and severity to COVID-19 (68). These two groups, as well as
others, have identified several genetic determinants that affect the
response to SARS-CoV-2 infection.

The first case report that identified rare variants linked to
COVID-19 applied rapid whole-exome sequencing approach on
four young male patients (below 35 years) who had a severe
SARS-CoV-2 infection. The study revealed rare putative loss-
of-function variants of X-chromosomal TLR7, which resulted in
impaired type I and II IFN responses (65). Additional following
studies had also highlighted the role of variants related to IFN
signaling in severe COVID-19. Using a larger sample size, Zhang
et al. performed whole-genome or exome sequencing of 659 and
534 with life-threatening and mild SARS-CoV-2, respectively.
Inborn errors of TLR3, interferon regulatory factor 7 (IRF7),
and interferon regulatory factor 9 (IRF9) genes were investigated
in life-threatening COVID-19 pneumonia patients who were
previously healthy. These genes were selected as they were
previously linked to critical influenza-associated pneumonia.
The study identified rare variants predicted to be loss-of-
function (LOF) related to TLR3- and IRF7-dependent type I IFN
immunity in patients with severe SARS-CoV-2 infection (69).
Notably, patients who had these mutations or had neutralizing
autoantibodies to type I IFNs showed lower levels of IFNs,
which possibly contributed to increased viral replication and
pathogenesis (70).

On the other hand, the Host Genetics Initiative (HGI)
provides the largest set of GWA studies and meta-analyses in
history. The latest release (R6 – June 2021) included 125,584
SARS-CoV-2 cases and over 2.56 million controls. A total of
23 genome-wide significant loci (P < 5 × 10−8) were found
to either associate with disease susceptibility (7 loci) or disease
severity (16 loci). These variants were located in multiple genes
related to viral entry, host immune response, lung function, and
others. The severity lead variant was located in chromosome 3
(rs35508621), that is in LD with LZTFL1 and has CXCR6 as
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the highest gene prioritized by OpenTargetGenetics’V2G. The
LZTFL1 gene is involved in regulating protein trafficking to
ciliary membranes and has a role in immune response, while
CXCR6 plays a role in chemokine signaling (71, 72). The most
statistically significant variant on chromosome 1 was rs67579710,
which was also associated with COVID-19 severity. This is an
intronic variant in Thrombospondin 3 (THBS3) gene, which is
related to lung function. Similarly, genetic variants in SFTPD
(rs721917), SLC22A31 (rs117169628), FOXP4 (rs41435745), and
MUC5B (rs35705950), which are all related to lung function and
lung diseases, have been significantly associated with COVID-19
severity. SFTPD gene encodes the surfactant protein D (SP-D)
that has a role in the innate immunity, while SLC22A31 belongs
to the family of solute carrier proteins, and predicted to enable
transmembrane transporter activity (73, 74). FOXP4 is expressed
in the proximal and distal airway epithelium and variants within
this region have been linked to lung diseases (75, 76). MUC5B, on
the other hand, produces a major gel-forming mucin in the lung
which is important in mucociliary clearance (MCC) and host
defense (77).MUC5B variant increases the expression of MUC5B
in the lung, and therefore could provide a protective effect against
SARS-CoV-2 progression (78). Furthermore, multiple other
SNPs exhibited significant associations with severe COVID-19,
including rs77534576 (TAC4), rs111837807 (CCHCR1), rs766826
(ELF5), rs10774679 (OAS1/OAS3/OAS2), rs12809318 (FBRSL1),
rs61667602 (CRHR1), rs2109069 (DPP9), rs11085727 (TYK2),
rs1405655 (NR1H2), and rs13050728 (IFNAR2). Most of these
genes have a role in the innate immune response, or lung
inflammation. For instance, TAC4 gene product has a role in
blood pressure regulation, and in immune responses (72). OAS
gene cluster, primarily OAS3, encodes for antiviral restriction
enzyme activators that lead to degradation of viral ssRNA as
a protective mechanism against viruses (79). Interestingly, the
locus in OAS1/2/3 cluster, which has been associated with
severe COVID-19 among individuals of European ancestry,
has a protective haplotype of ∼75 kilobases (kb) derived from
Neanderthals (80). This haplotype was associated with a ∼22%
reduction in relative risk of becoming severely ill with COVID-
19. IFNAR2, which encodes for interferon receptor, is critical for
the antiviral host response. Mutation in the IFNAR2was reported
to associate with critical illness in COVID-19 in a previous
GWAS as well (81). DPP9 and TYK2, on the other hand, are
related to host-driven inflammatory lung injury, which is a main
mechanism of late, life-threatening COVID-19 (81). Other genes,
such as ELF5 and FBRSL1 have no previously reported lung
trait associations, and therefore, will need further mechanistic
characterization to understand their role in severe COVID-19.

In addition to severity, multiple variants were linked to
susceptibility to SARS-CoV-2. A variant near ACE2 gene
(rs190509934) was significantly associated with acquiring SARS-
CoV-2. On note, ACE2 functionally interacts with SLC6A20,
another gene that harbor a significantly associated SNP
with SARS-CoV-2 susceptibility (rs73062389). Other significant
SNPs were located near NXPE3 gene on chromosome 3
(rs17412601), PLEKHA4 on chromosome 19 (rs4801778), and
HLA-DPA1/HLA-DPB1 (rs2071351). These variants, along with
the previously identified region in theABO gene (at chromosome

9, rs505922), are likely modulating susceptibility to infection but
not progression to a severe form (82, 83).

Besides the HGI, multiple GWA studies conducted by other
consortia as well as independent research and genomics services
groups identified SARS-CoV-2 related host genetic variants
that influence SARS-CoV-2 outcomes, some of which were
replicated in the HIG (78). It has been shown that genes related
to renin-angiotensin-aldosterone system (RAAS); including the
ACE1 and ACE2 gene polymorphisms, contribute to COVID-
19 pathogenesis (84). Importantly, SARS-CoV-2 binding to
the ACE2 receptor on cell surface requires cellular proteases
that facilitate fusion between the virus membrane and the
cell membrane, such as the TMPRSS2. Genetic polymorphisms
in cellular proteases were suggested to affect SARS-CoV-2
susceptibility in various populations through in silico and in vivo
studies (85, 86).

There is an accumulating evidence on the association of
HLA with SARS-CoV-2 from various studies. However, many
studies were unreproducible as they reported results of in-silico
analysis, or were limited by small sample size and variability
in participants’ genetic ancestries. For instance, using in-silico
analysis, it was reported that HLA-A∗02:01 is associated with an
increased risk of COVID-19. HLA-A∗02:01 showed a relatively
lower capacity to present SARS-CoV-2 antigens in comparision
to other HLA class I molecules (87). In contrast, a later
study that included 111 deceased COVID-19 patients and 428
volunteers reported that HLA-A∗02:01, in addition to HLA-
A∗03:01 contributed to lower risk of severe COVID-19 (88).
Another study conducted among 182 Sardinian SARS-CoV-2
patients suggested that the extended haplotype HLA-A∗02:05,
B∗58:01, C∗07:01, DRB1∗03:01 has a protective effect against
SARS-CoV-2 infection, in contrast to HLA-DRB1∗08:01 allele
which was associated with hospitalization (89). HLA-C∗04:01 has
been also suggested to correlate with severe clinical course of
COVID-19 in a study on 435 patients from different countries
(90). Additionally, a retrospective analysis on 265 Italian cohort
showed that HLA-DRB1∗08 was more frequent in SARS-CoV-
2 infected patients, and correlated with mortality (91). Another
small-size study on Italians (n = 99) reported that HLA-
DRB1∗15:01, -DQB1∗06:02 and -B∗27:07 were associated with
severe COVID-19 (92). Despite highlighting the potential role of
HLA genomics in COVID-19, these studies, as well as numerous
others, necessitate validation and replication in larger cohorts.
Notably, the latest findings of largest GWAS on SARS-CoV-2 by
the HGI, reported multiple HLA related variants that associated
with SARS-CoV-2 outcomes (73). Particularly, five variants (top
SNP rs111837807) reached genome-wide statistical significance
were located in the Coiled-Coil Alpha-Helical Rod Protein 1
(CCHCR1) gene, which is 110 kb downstream of HLA-C. These
variants were associated with SARS-CoV-2 severity. Moreover, a
variant within HLA-DPB1 3’UTR (rs2071351) was significantly
associated with disease susceptibility (73).

A consistent feature of the SARS-CoV-2 pandemic is the male
bias in disease severity (93). Remarkably, TMPRSS2 expression is
regulated by the androgen receptor (AR) in non-prostatic tissues.
This could be reason behind the high susceptibility of men to
progress to severe COVID-19 (94). Delanghe et al. suggested
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that Y-chromosome haplogroup might influence SARS-CoV-2
outcomes, considering its role in immune and inflammatory
responses (95). Nevertheless, the interaction between the AR,
TMPRSS2, and Y-chromosome polymorphisms and their effect
on COVID-19 outcomes is still not well-addressed.

In fact, any polymorphism located in genes related directly or
indirectly to the host immune response could be associated with
SARS-CoV-2 outcomes. Genetic variants in genes encoding the
complement component 3 (C3), Interleukin-37, and vitamin D
binding protein (DBP), were also suggested as factors influencing
SARS-CoV-2 outcomes (96–98).

It is worth noting that host genetics studies did not only
highlight the role of genetics in the inter-individual heterogeneity
in response to SARS-CoV-2, but also added additional insights
on the great differences in population genetics structure. For
instance, a variant that was identified close to FOXP4 and
correlated with COVID-19 severity has a frequency that is
largely variable between different populations. This variant is
considered rare in Europeans, with a frequency of 1% in the
population, compared to East-Asian (39%) and Hispanic/Latino
(18%) populations (99). These results, as well as future genetic
studies, could help in identifying the factors behind the inter-
population differences in response to infections.

Immune Response to SARS-CoV-2
Vaccines
Immediately after the release of SARS-CoV-2 genetic sequence,
a race for developing a vaccine has started. Over 100 SARS-
CoV-2 vaccines are at different stages of clinical development
(100). Most of these vaccine candidates are based on the spike
(S) protein, or part of it, considering its essential role in virus
entry.Multiple platforms have been utilized in the vaccine design,
including using non-replicating viral vectors, inactivated whole-
virus, protein subunit, messenger RNA (mRNA), and DNA-
based vaccines. At present, three vaccines (Pfizer-BioNTech
BNT162b2, Moderna mRNA-1273, and Janssen Ad26.CoV2.S)
had already received the emergency use authorization (EUA)
from the U.S. Food and Drug Administration (FDA). Six other
vaccine candidates are approved under EUA in different other
countries (AstraZeneca, Novavax, CureVac, Sputnik V, Sinovac,
Sinopharm) (101). Additionally, Pfizer, Moderna, Janssen, and
AstraZeneca vaccines have received the European Medicines
Agency (EMA) approval of use in the European Union,
while multiple other vaccine candidates are still under EMA
review (102).

Despite the fact that vaccines play a vital role in infection
control and SARS-CoV-2 is no exception, the profound
differences in response to SARS-CoV-2 raise the question of
whether this clinical variability will also appear in response
to vaccines. Importantly, different vaccine candidates induce
different immune responses. Therefore, the response to
vaccination could be modulated by distinct host immunogenetic
determinants that are unique to that vaccine structure.

The two SARS-CoV-2 mRNA vaccines developed by
Pfizer-BioNTech and Moderna were the first to enter the
race, considering the speed of cloning and synthesis. These

two vaccines were also the first to receive the approval for
emergency use and are currently being widely distributed and
administered (103). Both vaccines are lipid nanoparticle
formulated nucleoside-modified mRNAs, encoding the
pre-fusion SARS-CoV-2 full-length S protein with proline
substitutions and produce combined adaptive humoral and
cellular immune responses (51). Vaccination with BNT162b2
(Pfizer-BioNTech) elicits potent anti-S IgG antibodies after
a single dose, and neutralizing antibodies at day 29 (7 days
post-boost). Additionally, an S-specific CD8+ and T helper
type 1 (Th1) CD4+ T cells response was observed in 91.9 and
94.1% respectively (104). Moreover, the expression of IFNγ and
IL-2 and only minimal expression of IL-4 in BNT162b2-induced
CD4+ T cells confirmed a Th1 response and the absence of
the potentially harmful Th2 immune response (104). Similarly,
Moderna mRNA-1273 vaccine elicited and immune response
after the first dose that was boosted by the second injection. High
titers of binding and neutralizing anti-S antibodies post-boost,
which was accompanied with a dominant Th1 CD4+, but a
minimal CD8+ T-cell response (105). From the clinical trials,
Pfizer-BioNTech and Moderna-mRNA-1273 reported an overall
vaccine efficacy of 94.1 and 94.6% respectively (101).

With a close but lower vaccine efficacy than mRNA vaccines,
AstraZeneca and Johnson/Janssen vaccines were constructed
utilizing adenoviral vectors that expresses the full-length SARS-
CoV-2 spike protein. Given that there is pre-existing immunity
to around 70 types of human adenoviruses, AstraZeneca
(AZD1222) vaccine uses a chimpanzee-derived adenovirus
(ChAdOx) to circumvent the concern of pre-existing immunity.
This vaccine induced the production of neutralizing antibodies
in 91% and 100% of participants after prime and boost doses,
respectively. Moreover, T-cell immune response was induced,
peaking at 14 days post-vaccination, as measured through IFN-
γ enzyme-linked immunosorbent spot assay (106). Importantly,
overall vaccine efficacy in preventing COVID-19 ranged between
62 and 90% as a result of multiple factors including the diverse
ethnicity of the study population (107).

Similarly, Janssen vaccine (Ad26.COV2.S) was based on a
recombinant, replication deficient adenovirus (Ad26) encoding
a full-length and stabilized spike protein. This vaccine elicited
humoral and cellular immune responses following a single
dose. Neutralizing antibodies were detected in 90 and 100% of
participants at days 29 and 57, respectively. Additionally, 76–83%
of participants showed CD4+T-cell responses that induced the
favorable polarized (Th1 over Th2) immune response. Moreover,
CD8+ T-cell responses were detected in 51–64% of participants
(108). The overall efficacy of the Ad26.CoV2.S vaccine was 72%
in the US; 66% in Latin America, and 57% in South Africa (101).

Other vaccine candidates, which are either in-use or in
different stages of clinical trials include inactivated vaccine
derived from virus propagated in culture and then chemically
inactivated. The inactivated virus expresses viral proteins that
are conformationally native to the wild-type virus. Sinopharm
and Sinovac are examples of SARS-CoV-2 inactivated vaccines
produced in China. Despite the safety concerns related to such
vaccines, including the risk of antibody-dependent enhancement,
it was reported that these vaccines are safe and relatively
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efficient (Sinopharm: 79 and 86%—Sinovac: 78, 65, and 91.25%
depending on dosing and population) (101). Nonetheless, several
concerns have grown recently with regard to the real efficacy
of these two vaccines. Countries where Sinovac and Sinopharm
vaccines were used are still suffering from increase in COVID-19
cases, as recently reported from Mongolia, where half the people
have received are vaccinated with Sinopharm (109).

Another vaccine platform that is currently used but classically
has safety-related concerns is recombinant protein based vaccine.
This type of vaccines has a potential risk of inducing the
unfavorable Th2 biased immune response. However, this can
be overcome with the use of appropriate adjuvants. Novavax
vaccine (NVX-CoV2373) is an example of recombinant protein
vaccine, which is composed of recombinant full-length, pre-
fusion S protein with saponin-based Matrix-M adjuvant. The use
of this adjuvant enhances the immune response and elicits high
levels of neutralizing antibodies (110). The vaccine recorded an
overall efficacy of 89.3% in UK and 60% in South Africa phase 3
clinical trials. Recently, the results of a larger clinical trial in the
US andMexico (involving almost 30,000 participants) showed an
overall efficacy of 90.4% (111).

The immune response does not depend on the type of vaccine
only (inactivated virus, mRNA, DNA, or protein subunit), but
also on the type of adjuvant. Adjuvants are needed to activate the
innate immune response through pattern recognition receptors
(PRRs), which recognize pathogen-associate molecular patterns
(PAMPs) (112). Depending on the type of vaccine, adjuvants
can be endogenous or exogenous. Vaccines that are based
on live-attenuated or killed whole virus usually contain an
endogenous adjuvant that is sufficient to induce an adaptive
immune response. Likewise, mRNA- and DNA-based vaccines
contain an endogenous adjuvant which is the genomic material
itself, yet, they require a lipid or polymer-based nanoparticles
that acts as a protective vehicle to improve the vaccine uptake
into cells (113). On the other hand, antigen based vaccines such
as recombinant proteins require an adjuvant that acts as innate
immune stimulator (114).

Genetics and Response to SARS-CoV-2
Vaccines
Considering that SARS-CoV-2 vaccines are still new, studies on
the immunogenetic determinants of vaccine efficacy are very
limited. Theoretically, genetic polymorphisms in genes of the
innate and adaptive immune system influence the individual
response to vaccines, and SARS-CoV-2 vaccines are no exception.
Actually, personalized approaches in SARS-CoV-2 vaccines are
probably more important than in other vaccines, given the
large inter-individual differences in response to SARS-CoV-
2 infection. Analysis of host genetics factors contributing to
SARS-CoV-2 clinical variability revealed a set of genetic variants
that modulate response to infection. These variants could also
contribute to vaccine responsiveness. For instance, a large-scale
GWAS study has reported that a rare variant in the ACE2 gene
down-regulated ACE2 expression, and hence, reduces the risk of
COVID-19 (115). Such variants could alsomodulate the response
to vaccines that are based on live attenuated virus, if they depend

on the interaction between ACE2 and SARS-CoV-2 spike protein.
This hypothesis is not new, since genetic polymorphisms in
genes coding two measles receptors, the signaling lymphocyte
activation molecule (SLAM), and membrane cofactor protein
(CD46), were reported to influence the immune response to
live measles virus vaccination (21). These polymorphisms were
hypothesized to modify measles virus binding, virus entry, or
affect the level of receptor expression (116).

In addition to that, genetic mutations in genes related to
pathogen sensing/recognition (e.g., TLRs), antigen presentation
(e.g., HLA), and activation/maturation of lymphocytes could also
affect vaccine efficacy. Multiple vaccine candidates use adjuvants
as innate immune simulators, such as Novavax (protein subunit
vaccine used with Matrix-M-adjuvant), Sinovac and Sinopharm
vaccines (inactivated virus with aluminum hydroxide adjuvant),
and BBV152 (inactivated virus with aluminum hydroxide gel
adjuvant TLR7/8 agonist chemisorbed Algel) (117). These
adjuvants could stimulate the activation of the pro-inflammatory
NLRP3 pathway, or act as TLR7/8 agonists, bridging the innate
and adaptive immune responses (118). Given the clear evidence
of the genetics influencing response to vaccines to other viruses
as we described above, it is of a great interest to explore whether
variants in genes involved in antigen/adjuvants recognition and
the subsequent immune response also contribute to SARS-CoV-
2 vaccine success. Of note, rare variants in TLR3 and TLR7 have
been already linked to COVID-19 in previous reports (65, 69).
Therefore, they could influence response to vaccination as well.

In fact, despite the very promising data from clinical trials
and real-word figures on SARS-CoV-2 vaccine efficacy, there
are still a number of vaccine non-responders. Out of 52,280
hospital admissions in the UK during the second wave, 3,842
patients have received at least the first dose of a COVID-
19 vaccination. This indicates that out of every 14 patients
admitted to the hospital admission, one patients is at least
partially vaccinated (119). Moreover, researchers reported 113
deaths among vaccinated individuals. Importantly, the majority
of deaths occurred among the elderly group who were at risk
of severe COVID-19. Additionally, most of the hospitalizations
occurred in the 1–14 days post vaccination where immunity
is not fully protective. However, there is still a number of
hospitalized patients more than 21 days post-vaccination (120).
This, indeed, requires further investigation to identify and
understand the mechanism behind vaccine failure in this group,
including the role of genetic factors.

Another critical area to explore is the effect of population
genetics on SARS-CoV-2 vaccine efficacy. Notably, Black, Asian,
and minority ethnic groups showed an increase in the risk of
severe COVID-19 compared to other populations. Yet, despite
being the most affected, these groups are relatively under-
represented in vaccine trials published so far (121). Definitely,
there have been great efforts to encourage the participation of
these groups in vaccine clinical trials, but there is still smaller
proportion of minority groups compared to other populations.
For instance, out of the 552 participants in phase 2/3 Oxford–
AstraZeneca trial (UK), only one participant (0.18%) was Black,
and 19 (3.4%) were Asians. Moreover, the larger phase 3 interim
results of the same vaccine (11,636 participants) indicated that
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only 0.1–0.7% and 10.4–11.1% of participants were Black in
the UK and Brazil trials, respectively. Asians, on the other
hand, represented 4.3–5.7% in the UK trial, and 2.6% in Brazil
trial (107). Pfizer and Moderna randomized, controlled trials
also indicated the underrepresentation of these groups. While
more than 30,000 participants were included in each vaccine
trial, Black and Asians represented 9.3 and 4.3% in Pfizer trial,
compared to 10.2 and 4.6% in Moderna trial, respectively (121–
123). Using machine-learning predictions, a study suggested that
SARS-CoV-2 subunit peptides may not be robustly displayed
by the MHC molecules in certain populations (124). SARS-
CoV-2 vaccines developed by Moderna, Pfizer, AstraZeneca, and
others, may not protect individuals of non-European genetic
ancestries (such as Africans or Asians) at the same level of
protection as in white people (58, 124). Given the significant
role of population genetic structure in shaping the response to
infection and vaccination, it is important to ensure the adequate
inclusion of these populations in clinical trials as well as in
immunogenomics and vaccinomics studies. Furthermore, it was
reported that race and ethnicity information are missing from the
data reported to the CDC during the 1st month of vaccination
in the US (125). Indeed, collecting ethnicity information during
vaccination is essential for population stratification to evaluate
the vaccine efficacy accurately.

Immunogenetic factors may influence vaccine effectiveness
and could contribute to vaccine adverse events as well. This has
been evidenced from studies on influenza, MMR, smallpox, and
yellow fever vaccines (28, 43, 45, 46, 48). Current data indicated
minor side effects of mRNA and viral vector based vaccines,
such as headache, fever, fatigue, and body aches. However,
studies reporting serious side effects started to emerge, including
vaccine-induced immune thrombotic thrombocytopenia and
neurological disorders (126, 127). This is in fact not surprising,
because as large populations become vaccinated, it is possible
for rare side events to appear. Additionally, while most vaccine-
related side effects would be expected to appear during the first
few weeks to months after vaccination, long-term effects may
also occur (103). Whether these serious side effects are associated
with other underlying undiagnosed conditions or are resulting
from certain genetic causes, this requires further investigation.
Until now, there are only two studies that investigated the
genetics of reactions to SARS-CoV-2 vaccines. The first GWAS
included 17,440 participants who were queried about their
reactions to SARS-CoV-2 vaccination (128). Results revealed a
significant association of HLA-A∗03:01 and chills, fever, fatigue,
and generally feeling unwell. Of note, this association was
statistically significant only for those who received the Pfizer-
BioNTech vaccine, in comparison to Moderna vaccine which
showed a smaller effect size. The second GWAS (in preprint)
was conducted on 4,545 Japanese individuals and identified
14 associated loci with vaccine side effects (44). These loci,
especially 6p21, were associated with the expression of many
genes related to the immune response, including HLA genes,
which were previously associated with SARS-CoV-2 outcomes.
This study also revealed multiple associations with genes related
to immunity, such as NOTCH4 and RPS18. Of note, a variant
in NOTCH4 gene has been previously associated with critical
illness in COVID-19 (81). These studies highlight again the

importance of investigating the immunogenetic determinants
of SARS-CoV-2 vaccine response in order to understand the
factors shaping vaccine adverse reactions and effectiveness.
Whether other host genetic variants that were associated with
susceptibility or severity of SARS-CoV-2 are also effecting the
response to immunization, this requires further research.

Previous reports showed the possible risk of serious vaccine
adverse events in individuals with rare inborn errors of immunity
(IEI), particularly with the administration of live attenuated viral
vaccines. For example, live polio vaccine was linked to paralytic
polio in patients with agammaglobulinaemia (129). Impaired IFN
immunity has also been linked to severe illness following yellow
fever or MMR vaccines in patients with IFNAR1, IFNAR2 or
STAT1 and STAT2 deficiencies, respectively (130). Again, this
raises the question of SARS-CoV-2 vaccine responsiveness in
patients with IEI. Even if the risk of serious illness from live
attenuated vaccine was reduced with the use of other vaccine
platforms that have better safety (such as mRNA or protein
subunit vaccines), still, these patients might not develop complete
protection. In a recent study on the immunogenicity of SARS-
CoV-2 vaccines on IEI patients, it was shown that vaccination on
IEIs is safe, but immunogenicity is affected by specific therapies
and genetic defects (131). In common variable immunodeficiency
(CVID) patients, which is a condition that can be caused by
genetic mutations in immune-related genes, the response to
SARS-CoV-2 vaccines was different from response to infection
(132). Vaccination with two doses of mRNA vaccine did not
generate spike-specific memory B cells (MBCs), but atypical
memory B cells (ATM) with low binding capacity to spike
protein, in contrast to vaccination after natural SARS-CoV-2
infection, which generated spike-specificMBCs. Spike-specific T-
cells responses were also induced in CVID patients with different
rates (132). These studies highlight the importance of finding a
suitable immunization strategy that ensures eliciting an adequate
protection in patients with inborn errors of immunity, which
could be different from strategy applied on healthy individuals.
This might include the use of additional booster doses and
combining different vaccines/adjuvants in order to produce
broad immunity. Also, it is important to track patients with
deficient humoral or cellular response to vaccine and investigate
if there are any genetic errors responsible for their impaired
immunity. Nonetheless, it is worth mentioning that the current
use of advanced vaccine platforms and constructs, which are
based on eliciting both humoral and cellular response, could help
in inducing protective immunity in IEI patients, at least partially.
Yet, additional studies are needed to evaluate the effectiveness of
the current vaccines and estimate the durability of protection in
individuals with different immunogenetic profiles.

FUTURE PROSPECTIVE AND
CONCLUSION

Current findings underline the significant role of
immunogenomics in SARS-CoV-2 clinical variability. Data
from research on other viruses also provided insights on the
impact of immunogenomics in vaccine response. Now, with
multiple SARS-CoV-2 vaccines being administered around the
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world, we have to be prepared to address important questions
such as 1- Are individuals with a genetic predisposition to severe
COVID-19 also at risk of serious SARS-CoV-2 vaccine-related
adverse events? 2- What are the factors contributing to the inter-
individual and inter-population variability in vaccine response?
3- Are there variants linked to SARS-CoV-2 vaccine-induced
antibody secretion as previously reported from other viruses? 4-
Are there host genetic biomarkers that can be used to predict
vaccine efficacy in the future? 5- Can heterologous prime boost
doses offer immunological advantages in providing protection
to multi-ethnic populations? While we do understand the
challenges in addressing these questions, and more importantly,
the difficulty in the translational implications of this area of
research, we believe that in the future, we could have genetic
markers identified as predictors of SARS-CoV-2 infection and
vaccine response. Hopefully, these markers would guide health
care providers in the process of selecting the best treatment, and
probably the most suitable vaccine for an individual or a specific
ethnic group.
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Objective: Evaluate the effect of the combination of clindamycin with low-dose
trimethoprim-sulfamethoxazole (TMP/SMX) regimen on sever Pneumocystis pneumonia
(PCP) after renal transplantation.

Method: 20 severe PCP patients after renal transplantation were included in this
historical-control, retrospective study. A 10 patients were treated with the standard
dose of TMP/SMX (T group), the other 10 patients were treated with the combination of
clindamycin and low dose TMP/SMX (CT group).

Results: Although there was no significant difference in the hospital survival between
the two groups, the CT protocol improved the PaO2/FiO2 ratio more significantly and
rapidly after the 6th ICU day (1.51 vs. 0.38, P = 0.014). CT protocol also ameliorated
the pulmonary infiltration and the lactate dehydrogenase level more effectively. Moreover,
the CT protocol reduced the incidence of pneumomediastinum (0 vs. 50%, P = 0.008),
the length of hospital staying (26.5 vs. 39.0 days, P = 0.011) and ICU staying (12.5 vs.
22.5 days, P = 0.008). Furthermore, more thrombocytopenia (9/10 vs. 3/10, P = 0.020)
was emerged in the T group than in the CT group. The total adverse reaction rate
was much lower in the CT group than in the T group (8/80 vs. 27/80, P < 0.001).
Consequently, the dosage of TMP/SMX was reduced in 8 patients, while only 2 patients
in the CT group received TMP/SMX decrement (P = 0.023).

Conclusion: The current study proposed that clindamycin combined with low-dose
TMP/SMX was more effective and safer the than single use of TMP/SMX for severe
PCP patients after renal transplantation (NCT 04328688).

Keywords: clindamycin, trimethoprim-sulfamethoxazole, Pneumocystis pneumonia, renal transplantation,
combination
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INTRODUCTION

Pneumocystis pneumonia (PCP) is a severe disease with high
morbidity and mortality, which almost exclusively affects
immunocompromised patients (1–4), including solid organ
transplant (SOT). SOT was one of the most frequent underlying
diseases among non-HIV-PCP patients (3). For SOT patients,
the overall incidence of PCP varies from 5 to 15% (5, 6), which
increases along with the increasing numbers of transplantations.
The incidence is also influenced by the type of the transplanted
organ and the immunosuppressive regimen (7). Non-HIV-PCP
will progress more rapidly than HIV-PCP, predominantly in
hypoxemia (5, 8, 9). Consequently, studies have proposed that
the mortality of non-HIV-PCP is as high as 30 – 60% (3, 10,
11), which is significantly higher than that of HIV-PCP (5). How
to effectively treat severe PCP after SOT has become an urgent
problem to be solved.

At present, trimethoprim-sulfamethoxazole (TMP/SMX) is
still recommended as the first-line treatment for PCP after SOT
(12, 13), and the standard dose is 15–20 mg/kg/d TMP combined
with 75–100 mg/kg/d SMX. However, these dosages are resulted
from some small, observational studies during 1970s and 1980s
(14–16), without randomized control. Hence, the optimal dose of
TMP/SMX for PCP after SOT remains ambiguous. Furthermore,
the standard dosages are more likely to cause side effects (bone
marrow depression, hyperkalemia and nephrotoxicity, et al.) due
to the large dose and poor compliance with medication (17).
To reduce the adverse reactions of TMP/SMX and improve the
adherence to medication, the prevention strategies of PCP after
SOT were referred, including the escalating protocol, the half
dose protocol and the single tablet chemoprophylaxis protocol
(18–20). As a result, the medium dose (10 mg/kg/d TMP) (21),
decreasing dose (22, 23) and low dose strategy (4–10 mg/kg/d
TMP) (17) are used to treat SOT-PCP. However, the effect after
dose modification remains controversial (14, 24, 25). Moreover,
increasing numbers of studies have indicated that mutations
in dihydropteroate synthase genes may be associated with the
emergence of TMP/ SMX resistant strains (26, 27), especially for
patients who taken sulfa as prophylaxis after SOT. Therefore,
it is of clinical importance to find a treatment that can both
improve the efficacy and reduce the adverse effects on the base
of low dose TMP/SMX.

In the TMP/SMX failed PCP cases, pentamidine, atovaquone,
dapsone and clindamycin-primaquine can be used as the second-
line alternatives, both for HIV-PCP (28) and non-HIV-PCP
patients (12, 29). However, no agent has been shown to
have better outcomes than TMP/SMX. In severe infections,
intravenous pentamidine probably remains the preferred second-
line agent after TMP/SMX. However, pentamidine therapy can be
complicated by numerous toxicities including pancreatitis, hypo-
and hyperglycemia, bone marrow suppression, renal failure,
and electrolyte disturbances. Consequently, more and more
studies suggest that clindamycin-based alternatives play an
increasing role in treating of SOT-PCP, especially for patients
who are refractory to TMP/SMX or pentamidine or both (30–33).
Clindamycin is a lincosamide agent that inhibits protein synthesis
at the chain elongation step by interfering with transpeptidation

of the 50S ribosomal subunit. Therefore, the objective of this
study is to investigate the safety and efficacy of the preemption
clindamycin with low-dose TMP/SMX regimen (CT regimen) for
severe PCP after renal transplantation.

MATERIALS AND METHODS

Study Design and Population
We performed a historical-control, retrospective study of
PCP patients after renal transplantation, during September
2017 to February 2020. All the patients were admitted with
a confirmation of Pneumocystis in the blood sample and/
or broncho-alveolar lavage (BAL) fluid by “Next-generation”
sequencing (NGS) technology (27) and the typical signs listed
in the including criteria: (1) Patients were admitted into ICU
for distress of respiratory (P/F ratio < 250 mmHg); (2) age
>18 years; (3) presented with the symptoms of fever; and (4)
tachypnea (respiratory rate >25 breaths/min), and dry cough
et al., with diffuse interstitial processes on chest radiograph, but
without significant sputum production (34). Pregnant women or
terminal stage patients (patients with advanced cancer or severe
insufficiency of organ function). All the patients were transferred
to ICU immediately after they were admitted. All patients
provided informed consent, and this study was approved by
the Ethics Committee of Zhongshan Hospital, Fudan University
(No. B2019-267R).

In the first stage of the study (September 1st, 2017 to
December 31th, 2018), a total of 12 PCP patients were admitted to
our department for hypoxemia. Two patients were excluded, one
for renal failure the other one for end stage of carcinoma. Finally,
ten patients were included in the study; they were initially treated
with the standard dose of TMP/SMX (T group, 15 mg/kg/d
TMP). The second stage was from January 1st, 2019 to February
6th, 2020. A total of 11 PCP patients were admitted, while one
was excluded for heart failure. Consequently, ten patients were
included and treated with the combination of clindamycin and
low initial dose of TMP/SMX (CT group, 8 mg/kg/d TMP)
(Figure 1). The TMP/SMX-based regimens were initiated from
the ICU ward. In both groups, the dosage of TMP/SMX would be
modified according to the baseline renal function, white blood
cell or platelets count, the clinical effect and the side effect.
Clindamycin was initiated at the dosage of was 600 – 900 mg IV
or po q6 – 8 h and stopped until the P/F ratio was higher than
300 mmHg and/or the pulmonary infiltration was alleviated.

Other Interventions Besides
Trimethoprim-Sulfamethoxazole and
Clindamycin
Upon admission, immunosuppressants were stopped in all
patients. According to the protocol from our team, the patients
were initially administered with methylprednisolone at 2.0–
2.5 mg/kg/day once every 12 h. This dosage was continued
until oxygenation improved, followed by gradual tapering (via
a 20 mg reduction every 2–3 days) (35). Empirical antibiotic
therapy included moxifloxacin, meropenem, and ganciclovir.
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FIGURE 1 | Patient-selection flow chart.

If fungal infection was suspected, antifungal therapy was
initiated. The dosages of all drugs were adjusted based on the
allograft function. The heart rate (HR), blood pressure (BP),
respiratory rate (RR), and arterial oxygen saturation (SaO2)
were continuously monitored in all patients. In addition, lung
CT scan was performed once every 5–7 days, meanwhile,
bedside lung and heart ultrasound was performed twice a
day to manifest the pulmonary infiltration, heart function and
mediastinal emphysema.

Protocol for Oxygen Therapy
High-flow Nasal Cannula (HFNC) was considered the first-line
treatment if the P/F ratio was under 250 mmHg while using
a conventional face mask at a maximum concentration (36).
Initially, HFNC was settled with a flow rate of 40–60 L/min
and the humidification temperature 31◦C. FiO2 was modified
to maintain a SaO2 > 92%. Whenever HFNC could not keep
the target SaO2, non-invasive ventilation (NIV) or invasive
mechanical ventilation (IMV) would be considered.

Study Outcomes
The primary endpoint was the hospital survival. The secondary
endpoints including the length of hospital staying (LOSHOS),
length of ICU staying (LOSICU ), the time for P/F ratio to
300 mmHg, need for mechanical ventilation (invasive or non-
invasive) or extra corporeal membrane oxygenation (ECMO),
need for renal replacement therapy (RRT), changes of renal
function, pneumomediastinum and superinfection rate.

Statistical Analysis
Normally distributed data were expressed as mean ± SD and
compared with the use of unpaired t test. Non-normal data
was reported as median (interquartile range) and compared with
the use of Mann-Whitney U test. Differences between categoric
variables, expressed as n (%) were assessed with the use of chi-
square or Fisher exact test when necessary. A two-tailed P value
of < 0.05 was considered to indicate statistical significance. The

results were analyzed with the use of SPSS statistical software
(version 17.0; SPSS, Chicago, IL, United States).

RESULTS

Baseline Characteristics of the Study
Population
The mean age was 48.5 and 40.0 years in the T group and the
CT group, respectively (P = 0.719). There were 8 and 7 male
patients in T group and CT group, respectively (P = 0.628).
The Body Mass Index (BMI) was similar between the T and CT
group (21.1 vs. 20.5 kg/m2, P = 0.481). There was no significant
difference in the comorbidities and coinfection between the T and
CT group (Table 1). The PSI score between the T and CT group
was similar (80 vs. 80, P = 0.6). Other clinical characteristics
between the CT and the T group on admission, including the
APACHE II score (17.5 vs. 14.0, P = 0.176), SOFA score (6 vs. 4,
P = 0.127), the P/F ratio (148.5 vs. 146.0 mmHg, P = 0.677), lactate
dehydrogenase (LDH, 456.7 vs. 437.2 U/L, P = 0.804), C-reactive
protein (CRP, 74.9 vs. 67.6 mg/L, P = 0.774), procalcitonin (PCT,
0.9 vs. 0.2 ng/mL, P = 0.178), total bilirubin (5.9 vs. 9.8 µmol/L,
P = 0.300), creatinine (223.3 vs. 144.5 µmol/L, P = 0.205), platelet
(PLT, 219.5 vs. 230.6 × 109/L, P = 0.832), hemoglobin (94.4 vs.
103.5 g/dL, P = 0.242), leukocyte count (8.1 vs. 10.0 × 109/L,
P = 0.417), lymphocyte count (0.44 vs. 0.36 × 109/L, P = 0.378),
CD4+/CD8+ ratio (1.2 vs. 1.4, P = 0.964), globulin (21.8 vs.
19.2 g/L, P = 0.239), kalium (4.2 vs. 4.2 mmol/L, P = 0.901) and
1,3 – β – D glucan (207.0 vs. 265.0 pg/mL, P = 0.887) were all
balanced distributed. Nine patients in the CT group and 8 in the
T group received HFNC on ICU admission (P = 0.556). More
patients were administrated with vasopressor in the CT group
than in the T group (30 vs. 10% P = 0.290).

Outcomes
Survival and Length of Staying
There were 8 surviving discharge records in the T group, while
all the patients survived in the CT group (mortality, 20 vs. 0%,
P = 0.168). Meanwhile, compared to the T group, CT group had
a shorter staying of hospital (26.5 vs. 39.0 days, P = 0.011), ICU
(12.5 vs. 22.5 days, P = 0.008) and less hospital cost (183,694.5 vs.
255,712.0 CNY, P = 0.505) (Table 2).

Need for Mechanical Ventilation
During the ICU staying, the length of HFNC application was
similar between CT group and T group (168.0 vs. 156.0 h,
P = 0.616). The non-invasive ventilation (NIV) rate was similar
in CT group and in T group (20 vs. 30%, P = 0.865), but
the invasive ventilation (IMV) rate was relatively lower in CT
group than in T group (0 vs. 30%, P = 0.211). One patient
adopted ECMO in T group, while none of CT group needed. The
pneumomediastinum incidence was much higher in the T group
than in the CT group (50 vs. 0%, P = 0.033) (Table 2).

Oxygenation and Pulmonary Infiltration Improvement
A P/F ratio higher than 300 mmHg was fulfilled in a shorter time
in the CT group than in the T group (5.5 vs. 11.0 days, P = 0.068)
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(Table 2 and Figure 2). On the other hand, the improvement
of P/F ratio [(P/Fn − P/F0)

/
P/F0] in the CT group was much

more significantly than in the T group after the 6th day after ICU
admission (1.51 vs. 0.38, P = 0.014) (Figure 3).

Pulmonary tomography scan also indicated that the CT
protocol could alleviate the pulmonary infiltration more
effectively and quickly than the T protocol, as shown in
Supplementary Figure 1.

Other Outcomes
The daily fluctuation of the infection markers, hepatic function,
renal function and the hematological system from the different
therapies were displayed in Supplementary Figure 2. Compared
to the T group, CT group was associated with more significant

TABLE 1 | Baseline characteristics of 20 PCP patients after renal transplantation.

T group CT group P

Age (years) 48.5 40.0 0.719#

Male (%) 8 (80%) 7 (10%) 0.628#

Body Mass Index (kg/m2) 21.1 20.5 0.481#

Time from transplantation to PCP onset (days) 234.5 313.0 0.161#

Comorbidity (n)

Hypertension (n) 2 (20%) 2 (20%) 1.000*

Smoking (n) 1 (10%) 2 (20%) 0.556*

Diabetes (n) 2 (20%) 2 (20%) 1.000*

Coronary artery disease (n) 2 (20%) 3 (30%) 0.628*

Chronic bronchitis (n) 1 (10%) 2 (20%) 0.556*

Coinfection (n) 4 (40%) 3 (30%) 0.660*

Bacteria (n) 1 (10%) 0 (0%) 0.343*

Fungus (n) 2 (20%) 2 (20%) 1.000*

Virus (n) 1 (10%) 1 (10%) 1.000*

On admission

PSI score 80.0 80.0 0.600#

APACHE II score 14.0 17.5 0.161#

SOFA score 4.0 6.0 0.127#

PaO2/FiO2 ratio 146.0 148.5 0.176#

Vasopressor (%) 1 (10%) 3 (30%) 0.290*

HFNC (%) 8 (80%) 9 (90%) 0.556*

Lactate dehydrogenase (U/L) 437.2 456.7 0.804#

C-reactive protein (mg/L) 67.6 74.9 0.774#

Procalcitonin (µg/L) 0.2 0.9 0.178#

Creatinine (µmol/L) 144.5 223.3 0.205#

eGFR (ml/min/1.73 m2) 72.0 42.6 0.216#

Total Bilirubin (mg/dL) 9.8 5.9 0.300#

Platelet count ( × 109/L) 230.6 219.5 0.832#

Hemoglobin (g/dL) 103.5 94.4 0.242#

Leukocyte count ( × 109/L) 10.0 8.1 0.417#

Lymphocyte count ( × 109/L) 0.36 0.44 0.378#

CD4+/CD8+ ratio 1.4 1.2 0.964#

Globulin (g/L) 19.2 21.8 0.239#

Kalium (mmol/L) 4.2 4.2 0.901#

1,3 – β – D glucan (pg/mL) 265.0 207.0 0.887#

#Mann-Whitney U and Wilcoxon tests; *Fisher exact tests.

improvement of LDH [(LDH0 − LDHn)
/

LDH0] (0.461 vs. 0.009,
P = 0.023) (Supplementary Figure 1).

There was no difference in the need for renal replacement
therapy (10 vs. 0%, P = 0.343), renal allograft survival (90 vs.
80%, P = 1), 1eGFR (−19.8 vs. 7.15%, P = 0.400), transfusion
of platelets (30 vs. 40%, P = 0.660) or red blood cell (30 vs. 60%,
P = 0.196) between the CT group and T group (Table 2).

Adverse Reaction
The adverse reactions of TMP/SMX include rash, anorexia,
leucopenia, anemia, thrombocytopenia, hepatic injure, renal
injure and hyperkalemia. As for Common Terminology Criteria
for Adverse Events 5.0 (CTCAE) ≥ 3 grade adverse reactions,
there was no rash, anorexia, renal injure or hyperkalemia in either
T group or CT group (Table 3). There was no difference in
the occurrence of leucopenia (7/10 vs. 2/10, P = 0.07), anemia
(6/10 vs. 1/10, P = 0.057) or hepatic injure (5/10 vs. 2/10,
P = 0.350) between the T group than in the CT group. While,
more thrombocytopenia (9/10 vs. 3/10, P = 0.020) was emerged
in the T group than in the CT group. A total of 27 adverse
reactions occurred in the T group, while only 8 in the CT group

TABLE 2 | Outcomes of 20 PCP patients after renal transplantation.

T group CT group P

Hospital mortality (%) 2 (20%) 0 (0%) 0.168*

Length of hospital staying
(days)

39.0 26.5 0.011#

Length of ICU staying (days) 22.5 12.5 0.008#

HFNC (h) 156.0 168.0 0.616#

Mechanical ventilation (%) 4 (40%) 2 (20%) 0.356*

Non-invasive positive-pressure
ventilation (NIV, %)

3 (30%) 2 (20%) 0.628*

NIV (h) 17.0 106.8 0.567#

Invasive mechanical ventilation
(IMV, %)

3 (30%) 0 (0%) 0.211*

IMV (h) 240.0 0.0 0.185#

Extra corporeal membrane
oxygenation (%)

1 (10%) 0 (0%) 0.343*

Extra corporeal membrane
oxygenation (d)

6.0 0.0 0.343#

Time for P/F to 300 mmHg (h) 11.0 5.5 0.068#

Renal replacement therapy (n) 0 (0%) 1 (10%) 0.343*

Changes of renal function,
1eGFR (%)

7.15 −19.8 0.400#

Renal allograft survival (%) 8 (80%) 9 (90%) 1*

Pneumomediastinum (%) 5 (50%) 0 (0%) 0.008*

Hospital Cost (U) 255712.0 183694.5 0.505#

Average TMP/SMX dosage
(mg/d)

146.0 227.4 0.094#

Decrement of TMP/SMX
dosage

8 (80%) 2 (20%) 0.023*

Transfusion of platelets (%) 4 (40%) 3 (30%) 0.660*

Transfusion of Red blood cell
(%)

6 (60%) 3 (30%) 0.196*

#Mann-Whitney U and Wilcoxon tests; *Fisher exact tests. 1eGFR = (eGFR0–
eGFRn)/eGFR0.
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FIGURE 2 | Daily P/F ratio of PCP patients after renal transplantation. For patients in the CT group, the P/F ratio had been elevated to more than 300 mmHg in the
6th ICU day. On the other hand, the P/F ratio of patients from T group could not be higher than 300 mmHg before the 12th ICU day.

TABLE 3 | Present of estimated adverse events from TMP/SMX during the
treatment among the groups.

T Group (n = 10) CT Group (n = 10) P

Rash (times) 0 0 1.000

Anorexia (times) 0 0 1.000

Leucopenia (times) 7 2 0.07*

Anemia (times) 6 1 0.057*

Thrombocytopenia 9 3 0.020*

Hepatic injure (times) 5 2 0.350*

Renal injure (times) 0 0 1.000

Hyperkalemia (times) 0 0 1.000

Total AE (times) 27 8 < 0.001#

#χ2 tests; * Fisher exact tests.

(27/80 vs. 8/80, P < 0.001). In the T group, the dosage of
TMP/SMX was reduced in 8 patients, while only 2 patients in the
CT group received TMP/SMX decrement (P = 0.023) (Table 2).
The comparison of the daily dose indicated an escalating dose of
TMP/SMX in CT group and a decrease dose of TMP/SMX in T
group (Supplementary Figure 3).

DISCUSSION

In the present study, we found that in comparison to
standard dose TMP/SMX, clindamycin combined with low-dose
TMP/SMX significantly improved the oxygenation of severe PCP

patients after renal transplantation (P/F variability 1.51 vs. 0.38,
P = 0.014). The CT protocol was also associated with a shorter
length of ICU (12.5 vs. 22.5 days, P = 0.008) and hospital
staying (26.5 vs. 39.0 days, P = 0.011) compared with the T
group. Meanwhile, the combined drug administration did not
increase the occurrence rates of hepatic or renal toxicity, but
rather reduced the severe adverse reactions of TMP/SMX (27/80
vs. 8/80, P < 0.001) and eventually improve the compliance.

Pneumocystis pneumonia patients, especially the non-HIV-
PCP patients were usually associated with poor outcome (17,
24, 28). In the present study, the hospital mortality of severe
PCP in standard dose TMP/SMX was 20% which was similar
to the previous report (24). In comparison, all the patients in
CT group were discharged. In the current study, the LOSICU
of PCP patients of the T group was 22.5 days, which was
similar to the previous study (37). When the combination
protocol was applied, the LOSICU significantly reduced from 22.5
to 12.5 days (P = 0.008) and LOSHOS reduced from 39.0 to
26.5 days (P = 0.011). Moreover, the CT protocol could alleviate
the pulmonary infiltration more effectively and quickly than
the T protocol. Therefore, we proposed that the combination
of clindamycin and low-dose TMP/SMX could improve the
outcome of severe PCP after renal transplantation.

The clinical benefit of CT protocol may be due to the
following mechanisms. First, CT protocol can improve patients’
oxygenation in a better and quicker way. We found that although
the initial P/F ratio was similar between the CT group and the T
group, patients in the CT group spent only 5.5 days to achieve

Frontiers in Medicine | www.frontiersin.org 5 May 2022 | Volume 9 | Article 8278508283

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-827850 April 29, 2022 Time: 14:53 # 6

Gu et al. Clindamycin and TMP/SMX for PCP

FIGURE 3 | Comparison of the improvement of P/F ratio between CT group and T group. After the 6th ICU day, the improvement of P/F ratio was more significantly
in the CT group than in the T group.

the P/F ratio > 300 mmHg, while patients in the T group need
11 days. Moreover, after the 6th ICU day, patients in the CT
group displayed a more significant P/F ratio improvement then
patients in the T group (1.51 vs. 0.38, P = 0.014). In line with the
more effective oxygenation improvement, the ratio of IMV was
accordingly lower in the CT group than in the T group (30 vs.
0%). Mechanical ventilation had confirmed as the independent
predictor of increased mortality for HIV-PCP patients (38, 39).

Second, pneumothorax or pneumomediastinum is also
associated with worse outcomes of PCP, with one study citing
an increase in mortality up to 50% (40). We found that half of
the T group got pneumomediastinum while no one of the CT
group got it. We propose that the higher IMV rate in the T group
might lead to higher incidence of spontaneous pneumothorax
or pneumomediastinum because IMV could increase the
pressure of the alveoli that can result in alveolar rupture (41).
Pneumothorax or pneumomediastinum may be also a result
of severe inflammation and fibrosis from PCP (42). We found
that CT group was associated with significant improvement in
LDH (P = 0.023, Supplementary Figure 1). Several studies have
reported that elevated serum LDH levels were associated with the

severity of several pulmonary disorders (43–45). Our team had
previously demonstrated that elevated LDH was associated with
90-day mortality in renal transplant recipients with severe CAP
(46). Elevated serum LDH levels were mainly due to the impaired
pulmonary parenchymal cells or local inflammatory cells, such as
alveolar macrophages and polymorphonuclear neutrophils (47).
Therefore, the improvement in pulmonary injury and reduced
the pneumothorax or pneumomediastinum probability were
referred to a significant reduction of LDH by CT protocol.

Although it had been known that TMP/SMX treated PCP
by interfering folate metabolism in pneumocystis (48), there
are few studies about how did clindamycin treat PCP. Up to
now, clindamycin was known to have the following therapeutic
mechanisms: (1) Inhibit the protein synthesis in a parasite-
specific organelle (the apicoplast) (49), which was related to
the mitochondrial function and the lifecycle; (2) Reduce the
protein and nucleic acid synthesis in Plasmodium falciparum
(50). We proposed that the different effects from TMP/SMX and
clindamycin could create a 1+1 > 2 effect in PCP treatment. We
are also preparing to explore to the underlying mechanisms of
the CT protocol.
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There was a lower initial TMP/SMX dose in the CT group
than in the T group (Supplementary Figure 3), while it was
finally found that there was a relatively higher mean daily
dose of TMP/SMX in CT group than in the T group (227.4
vs. 146.0 mg TMP, P = 0.094). There existed the following
reasons. First of all, in the current study, patients were more
fragile to the standard or high dose of TMP/SMX for their
poor eGFR from the renal allograft. Second, clindamycin
could facilitate patients recover from PCP together with the
recovery of renal function through the pathway different from
TMP/SMX. Therefore, we proposed that for severe PCP after
renal transplantation, the higher initial dose of TMP/SMX
was an important risk factor for severe adverse reactions of
TMP/SMX (27/80 vs. 8/80, P < 0.001) and clindamycin could
help to create a suitable state when patients could tolerant an
escalating dose of TMP/SMX. In addition, our results indicated
that for severe PCP after renal transplantation, the higher total
TMP/SMX dose was more important than the higher initial dose
for a good outcome.

This study is the first one that provide preliminary evidence
to support the combination of clindamycin and low-dose
TMP/SMX for severe PCP patients after renal transplantation
especially when they were intolerant to the standard dose
of TMP/SMX for the poor renal function. However, several
limitations exist. First, this is not a random design, but a single-
centered retrospective observation study. Second, the cohort
volume is small. Finally, the underlying mechanisms for CT
protocol to treat PCP is not explored in the current study. We
are looking forward to carry out a multicenter RCT trial and the
in vivo or in vitro study to reinforce the current results.

CONCLUSION

The current study proposed that clindamycin combined with
low-dose TMP/SMX was more effective and safer than single use
of TMP/SMX for severe PCP patients after renal transplantation.
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Next-Generation Sequencing
Technology Combined With Multiplex
Polymerase Chain Reaction as a
Powerful Detection and
Semiquantitative Method for Herpes
Simplex Virus Type 1 in Adult
Encephalitis: A Case Report
Weibi Chen, Yingfeng Wu and Yan Zhang*

Xuanwu Hospital, Capital Medical University, Beijing, China

Background: Traditional testing for specific microbes or categories of central nervous
system (CNS) infectious diseases is often limited in sensitivity and timeliness. However,
failure to initiate a timely etiological diagnosis and corresponding treatment in patients
with neurologic infections contribute to poor outcomes.

Case Summary: A 58 year-old male presented acutely with fever, abnormal mental
behavior, seizures and decreased consciousness. Brain magnetic resonance imaging
(MRI) showed an abnormal FLAIR/T2 signal mainly in the left thalamus, temporal lobe,
insular lobe, and bilateral hippocampus. To identify the pathogen, the cerebrospinal fluid
(CSF) sample of the patient was used for metagenomic next-generation sequencing
(mNGS) analysis and multiplex polymerase chain reaction (mPCR). The results showed
188 herpes simplex virus (HSV-1)-specific sequences. After acyclovir and foscarnet
sodium treatment, the ratio of HSV-1/internal reference reads decreased from 813/493
to 695/1961, which coincided with clinical remission.

Conclusion: This study indicates that mNGS combined with mPCR may be an
effective method for etiological diagnostic and dynamic clinical surveillance for
HSV-1 encephalitis.

Keywords: encephalitis, herpes simplex virus type 1, metagenomic next-generation sequencing, multiplex PCR,
sequencing

INTRODUCTION

Encephalitis is defined as the presence of an inflammatory process of the brain in association
with clinical evidence of neurologic dysfunction. As an important cause of morbidity, mortality,
and permanent neurological sequelae, encephalitis remains a worldwide health problem. Of
the pathogens reported to cause encephalitis, the majority are viruses (1). Viral agents include
primary neurotropic viruses such as arboviruses, herpesviruses, and rabies virus, as well as other
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nervous system pathogens such as enteroviruses, measles,
respiratory viruses, etc., causing disease in the central nervous
system (CNS) and elsewhere in the body. However, the pathogens
for encephalitis cases are not identified in approximately 50% of
patients (1, 2). Fever, headache, altered mental status, seizures,
and/or focal neurologic signs, are common but non-specific
symptoms of encephalitis, that overlap with those of different
viral encephalitis, non-viral infectious entities or inflammatory
encephalitis of non-infectious origin (3). These symptoms do not
reliably identify the underlying etiology. In addition, metabolic
or toxic encephalopathy, can also mimic viral encephalitis.
Since empirical treatment may be ineffective or even harmful,
accurate information about etiological agents and individualized
management of a patient who presents with encephalitis are
required to ensure good outcomes.

Traditional diagnostic techniques (e.g., virus culture,
hemagglutination inhibition assay, enzyme immunoassay,
and direct fluorescent antibody detection) were once the
mainstays for pathogen detection, but the sensitivity and
timeliness are limited for viral pathogens. Advances in molecular
technology have now allowed its use as a clinical diagnostic tool.
Metagenomic next-generation sequencing (mNGS) provides
an unbiased analysis method, that can theoretically identify
viruses, bacteria, parasites, fungi, and other pathogens by
sequencing the total RNA or DNA in the samples of patients
with known sequences (4–7). Previous studies have reported
that mNGS of cerebrospinal fluid (CSF) obtained from patients
with CNS infectious diseases can effectively identify different
pathogens (5, 8), but none of these studies indicated mNGS as a
semiquantitative method in clinical application.

Here, we report a case of herpes simplex encephalitis (HSE).
In the case, mNGS analysis and multiplex PCR (mPCR) were
used to identify the herpes simplex virus (HSV-1) and served a
semiquantitative method to determine the pathogenic load.

CASE DESCRIPTION

A 58-year-old male, with a history of hypertension, was admitted
because of fever, abnormal mental behavior, epileptic seizures,
and decreased consciousness. In the morning before admission,
he was found to be slow to respond with a mild fever of 37.6◦C.
Blood examinations showed a peripheral blood leukocyte count
of 15,860/mm3 (lymphocytes: 12.1%); C-reactive protein level
of 25.4 mg/L; and normal procalcitonin level. Brain magnetic
resonance imaging (MRI) revealed an abnormal signal of T2-
weighted images and fluid-attenuated inversion recovery images
(T2/FLAIR) in the left thalamus, temporal lobe, insular lobe
and bilateral hippocampus (Figure 1). During that day, he
had frequent seizures and gradually felt increasingly sleepy.
Four days before admission, the patient experienced anorexia
and abdominal distension with no anal discharge. A computed
tomography (CT) scan showed luminal distension in the
proximal part of the intestine and accumulation of luminal
contents. Physical examination on admission revealed stupor
with a positive meningeal irritation sign, moist rales in both
lungs, abdominal distension and hyperactive bowel sounds (at

least 10 times/min). Further diagnostic work-up was performed.
Lumbar puncture was performed on the second day after
admission, which showed elevated intracranial pressure of
260 mmH2O. Cerebrospinal fluid (CSF) analysis revealed
inflammatory changes with pleocytosis of 24 leukocytes/µl (96%
monocytes) and normal biochemistry with a glucose level of
55.62 mg/dl and a protein level of 33 mg/dl. CSF culture was
also performed for pathogen detection, which did not reveal
any pathogens. An electroencephalogram (EEG) performed on
admission showed lateralized periodic discharges (LPDs) on the
left (Figure 2A). The presumptive diagnosis of viral encephalitis
was made. However, serological tests for infectious agents,
including herpes simplex virus (HSV-1, 2), varicella zoster virus
(VZV), cytomegalovirus (CMV), Epstein–Barr virus (EBV), and
human herpes virus (HHV6, 7, 8), were all negative. The CSF
sample was then sent for mNGS analysis and mPCR to identify
the pathogen, which was approved by the Ethics Committee of
Xuanwu Hospital, Capital Medical University [No. (2020) 104].
Written informed consent was provided by the patient. The
mPCR procedure was performed as described below.

Nucleic Acid Extraction
The CSF samples were centrifuged at 13,000 rpm for 10 min
and ground on a grinding mill (Tiss-24, Jingxin, Shanghai,
China) at 60 Hz for 10 min. The ground samples were
then used for DNA/RNA extraction and purification (Zymo
BIOMICS DNA/RNA Miniprep Kit, R2002) according to the
manufacturer’s instructions.

Construction of the Sequencing Library
The extracted nucleic acids were used to construct the
pathogen-targeted high-throughput sequencing library. The
library was built by using a Pathogeno One High-Throughput
Sequencing Library Construction kit (Shanghai Pathogeno
Medical Technology Co., Ltd., China, SJ0005). A group of nucleic
acid standards with known concentrations were added to the
amplification system. In this process, two rounds of PCR were
conducted. The sample nucleic acid and cDNA were used as
templates, and a total of 524 microorganism-specific primers
were chosen for multiple PCR amplification to enrich the target
pathogen sequences, which contain bacteria (294), viruses (79),
fungi (65), parasites (38), spirochetes (7), and others (41).
Following the amplification step, PCR products were purified by
beads and then amplified using primers with sequencing adapters
and different barcodes. After purification of the final amplified
products by agarose gel electrophoresis, quality inspection, and
quantification were performed using a Qubit4.0 fluorometer.
Normally, the library fragment size was approximately 400 bp,
and the library concentration was at least 1 ng/µ l.

High-Throughput Sequencing
The concentration of the mixed library was requantified and then
diluted to a final concentration of 4 nM. Next, 5 µl of the mixed
library was added with 5 µl of freshly prepared NaOH (0.2 M).
After vortexing and centrifuging at 280 g for 1 min, the library
was placed at room temperature for 5 min. The denatured library
was sequenced on a MiSeq system (Illumina, Inc., San Diego, CA,
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FIGURE 1 | Brain magnetic resonance imaging: abnormal signal of T2-weighted images and fluid-attenuated inversion recovery images (T2/FLAIR) in the left
thalamus, temporal lobe, insular lobe and bilateral hippocampus. (A1) Axial MRI showed high signals on FLAIR in the left temporal lobe and bilateral hippocampus.
(A2) Sagittal MRI showed high signals on T2 in the temporal lobe and hippocampus. (B1) Axial MRI showed high signals on FLAIR in left thalamus, and insular lobe.
(B2) Sagittal MRI showed high signals on T2 in left insular lobe.

United States) using a MiSeq reagent kit v2 (average 0.05 million
reads per library, with sequencing read length = PE60). FastQ files
were generated by MiSeq Reporter software.

Data Analysis
The raw data were first identified by the linker, the reads with a
paired-end length > 60 bp were retained, and then low-quality
filtering was performed to retain reads with Q30 > 50% as high-
quality data. The paired-ended aligned reads were compared
with the pathogen database to confirm the number of sequences
(reads) in each sample. Through the statistical analysis of the
read number after sequencing, we can obtain the ratio between
the read number of the specific amplification target and the read
number of these standards, and then calculated the approximate
content of the specific amplification target.

The CSF sequencing results returned 3 days later, showing
that the number of HSV-1-specific sequences was 188,
with a ratio of HSV-1/internal reference reads of 813/493.

On admission, empirical antiviral treatment (acyclovir:
10 mg/kg intravenously every 8 h) and antiseizure medications
(intramuscular injection of phenobarbital 0.2 g followed by
phenobarbital (90 mg) orally every 8 h and levetiracetam
(1,500 mg) orally every 12 h were given to the patient. However,
he remained unconscious 7 days after admission, when the
plasma concentration of phenobarbital was 28.49 µg/ml. An
EEG was then performed again, which indicated that periodic
discharge had disappeared, and only a small amount of epileptic
discharges could be seen, as shown in Figure 2B. In case of the
possibility of acyclovir resistance, foscarnet sodium (50 mg/kg)
was also given intravenously twice per day. Fourteen days
after admission, the patient recovered from unconsciousness.
A repeated CSF examination was performed, which showed a
fewer inflammatory changes with pleocytosis of 12 leukocytes/µl
(100% monocytes), a glucose level of 66 mg/dl, and a protein level
of 42 mg/dl. The mNGS test of the CSF sample showed a ratio of
HSV-1/internal reference reads of 695/1961. Compared with the
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FIGURE 2 | The changes of electroencephalogram (EEG) over time. (A) EEG performed on admission: lateralized periodic discharges (PDs) on the left; (B) EEG
performed 7 days after admission: PDs had disappeared.

first mNGS analysis, the relative pathogenic load was reduced
five times, which coincided with clinical remission. In addition,
tests for anti-HSV IgM and IgG in serum as well as anti-HSV
IgG in CSF were positive. Since the virus load determined via
mNGS did not drop to zero, antiviral therapy (intravenous
drip of acyclovir and foscarnet sodium) was continued for
another 2 weeks. A summary of the timeline is presented in
Figure 3.

The follow-up results at 6 months after discharge were as
follows: self-care, no epilepsy or emotional abnormalities, mild
cognitive impairment, and normal character orientation. The
patient could communicate with people, but he often forgot some
words and some people’s names.

DISCUSSION

In this case, we used mNGS and mPCR to identify the pathogen
in the CSF of the patient, and we found that the specific

sequences mapped to HSV-1 genomic regions and that the
relative pathogenic load was reduced five times, which coincided
with the improvement in clinical symptoms.

CNS infectious diseases are caused by different pathogens. The
detection of a wide range of pathogens is essential to maximize
the diagnostic rate for patients with CNS infectious diseases
(9). However, the causative pathogens for encephalitis cannot be
identified in some cases (1, 2), in part due to a lack of standardized
diagnostic approaches, while the traditional microbiological tests
(culture, smear, and immunoassay) chosen are often pathogen
specific. Specific etiology diagnosis is important to guide the
corresponding therapy and avoid unnecessary or even potential
harm to patients (10). Under these circumstances, mNGS as a
broad-spectrum pathogen analysis method, has revolutionized
the field of infectious diseases, especially given the limited
CSF samples. In recent years, mNGS has been successfully
used to identify viral (11–15), bacterial (16–18), Ureaplasma
parvum (19), fungal (20), toxoplasmic (21), and tuberculous (8)
pathogens in CNS infections. A previous multicenter study in
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FIGURE 3 | Timeline of the clinical history.

the United States reported that mNGS could detect pathogens
(13 of 58) that were not detected by conventional methods
(5). Compared with that of traditional clinical diagnosis, mNGS
techniques also dramatically reduced the diagnostic period to less
than 3 days, as seen in this study.

Currently, there are no reliable criteria or standard analysis
methods to accurately discriminate between insignificant
contaminants and true infectious organisms, or to define a
positive mNGS result without the need for a confirmatory test.

Based on a prospective multicenter study, Xing et al. proposed
that different CNS infectious diseases were associated with
different positive diagnostic criteria due to variations in lifestyles
and genomic sequences (8). The pathogen HSV-1 identified in
this study is consistent with the clinical manifestations of herpes
simplex encephalitis, and the improvement in clinical symptoms
after corresponding antiviral treatment verified the accuracy
of the etiological diagnosis. Recently, some criteria have been
proposed, such as mapping of at least three sequencing reads to
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three different genomic regions of a virus genome or the absence
of virus sequencing reads in negative controls (5, 22).

In this study, the level of pathogens reads relative to the
internal reference in the two CSF samples of the patient was
calculated by using mNGS combined with mPCR. Intriguingly,
the decrease in the relative level of HSV-1 coincided with the
improvement in clinical symptoms. Using an internal reference
as a benchmark, the relative level of the virus can be accurately
detected and objectively interpreted even if the level of the
virus is low. Therefore, compared with the traditional qualitative
detection of mNGS, our semiquantitative detection method offers
a better sensitivity for pathogen identification and pathogenic
load determination.

According to the guidelines, empirical antibiotics are
commonly initiated in patients with suspected encephalitis,
pending the results of diagnostic studies. Early administration
of acyclovir for 14–21 days was recommended by the Infectious
Diseases Society of America (23). With the application of antiviral
drugs, the mortality of HSE has decreased (24). However,
acyclovir-resistant herpes encephalitis and relapse of HSV
encephalitis after completion of acyclovir therapy have been
reported (25). In this patient, in the case of acyclovir resistance,
foscarnet sodium was also given. Although significant clinical
improvement was observed in the patient after 2 weeks of
antiviral therapy, the viral load in the CSF had not yet decreased
to zero, antiviral drugs were therefore continued for another 2
weeks to prevent relapse, which is a much longer course than
recommended. At the follow-up 6 months after discharge, the
patient’s condition was relatively good and satisfactory.

CONCLUSION

This study proves that mNGS combined with mPCR may be an
effective method for etiological diagnosis and dynamic clinical
surveillance for HSV-1 encephalitis.
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Genetic and non-genetic factors are responsible for the high interindividual variability in

the response to SARS-CoV-2. Although numerous genetic polymorphisms have been

identified as risk factors for severe COVID-19, these remain understudied in Latin-

American populations. This study evaluated the association of non-genetic factors and

three polymorphisms: ACE rs4646994, ACE2 rs2285666, and LZTFL1 rs11385942,

with COVID severity and long-term symptoms by using a case-control design. The

control group was composed of asymptomatic/mild cases (n = 61) recruited from a

private laboratory, while the case group was composed of severe/critical patients (n

= 63) hospitalized in the Hospital Universitario Mayor-Méderi, both institutions located

in Bogotá, Colombia. Clinical follow up and exhaustive revision of medical records

allowed us to assess non-genetic factors. Genotypification of the polymorphism of

interest was performed by amplicon size analysis and Sanger sequencing. In agreement

with previous reports, we found a statistically significant association between age,

male sex, and comorbidities, such as hypertension and type 2 diabetes mellitus

(T2DM), and worst outcomes. We identified the polymorphism LZTFL1 rs11385942

as an important risk factor for hospitalization (p < 0.01; OR = 5.73; 95% CI = 1.2–

26.5, under the allelic test). Furthermore, long-term symptoms were common among

the studied population and associated with disease severity. No association between

the polymorphisms examined and long-term symptoms was found. Comparison of

allelic frequencies with other populations revealed significant differences for the three

polymorphisms investigated. Finally, we used the statistically significant genetic and

non-genetic variables to develop a predictive logistic regression model, which was

implemented in a Shiny web application. Model discrimination was assessed using the

area under the receiver operating characteristic curve (AUC = 0.86; 95% confidence

interval 0.79–0.93). These results suggest that LZTFL1 rs11385942 may be a potential

biomarker for COVID-19 severity in addition to conventional non-genetic risk factors.
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A better understanding of the impact of these genetic risk factors may be useful to

prioritize high-risk individuals and decrease the morbimortality caused by SARS-CoV2

and future pandemics.

Keywords: LZTFL1, ACE, ACE2, host genetics, infection severity, COVID-19

INTRODUCTION

SARS-CoV-2 (Severe acute respiratory syndrome coronavirus 2)
is a novel coronavirus, first identified in China in late December
2019 (1). The disease caused by this virus, named COVID-19,
rapidly spread across the globe being declared a pandemic by the
WHO in March 2021 (2). Up to the first week of March 2022,
more than 450 million confirmed cases and 6 million deaths were
reported worldwide, from which ∼6 million confirmed cases
and 139.000 deaths occurred in Colombia (3, 4). The clinical
course and severity of COVID-19 disease are highly variable
among individuals, ranging from asymptomatic cases to severe
respiratory failure and death (5).

Different clinical risk factors, including aging, male sex
and comorbidities such as cardiovascular disease, hypertension,
diabetes mellitus, chronic obstructive pulmonary lung disease,
immunosuppression and obesity have been linked to more
severe courses of COVID-19 (6, 7). Importantly, numerous
studies have shown that host genetic factors also play a critical
role in SARS-CoV-2 disease progression and severity (8–10).
Early works suggested a potential role of genes related to
the renin-angiotensin-aldosterone system (RAAS) (ACE1 and
ACE2), the ABO blood group system and the human leukocyte
antigen (HLA) (11–13). The RAAS pathway is a physiological
system that plays an important role in the homeostatic control
of blood pressure and body water-electrolyte balance (14).
Angiotensin I converting enzyme and angiotensin converting
enzyme 2, coded by the genes ACE and ACE2, respectively,
are critical regulators of this pathway and may also contribute
to multiple organ injuries in COVID-19. In lung vascular
endothelium, ACE catalyzes Angiotensin I conversion into
Angiotensin II, an active peptide that promotes vasoconstriction,
inflammation and thrombosis (15). Conversely, ACE2 converts
Angiotensin II into angiotensin-(1–7), molecules that counteract
the effects of Angiotensin II, including vasodilatation and
vascular protection (16). Polymorphisms that increase ACE
expression have been associated with more severe COVID-19
infections. The ACE insertion(Ins)/deletion(Del) polymorphism
(rs4646994) is of particular interest as the resulting decrease
in ACE activity has been linked to a protective effect in Ins
allele carriers (17). Moreover, ACE2 has a dual role as the
SARS-CoV-2 receptor, allowing virus internalization, and as
RAAS regulator, catalyzing angiotensin II degradation (16, 18).
Whole exome studies (WES) have identified more than 30
variants in the ACE2 gene, potentially interfering with protein
structure, stabilization and expression, and contributing to the
high interindividual variability and susceptibility to COVID-
19 (19). Among these variants, NM_001371415.1:c.439+4G>A
(rs2285666) polymorphism is related to an increase of 50% of
ACE2 expression, compared to wild-type G/G genotype carriers,

and decreases the risk of severe SARS-CoV2 infection (20). In
addition, two large genome-wide association studies, oriented to
find genetic susceptibly locus, identified an association signal at
chromosome 3p21.31 (rs11385942 and rs10490770) as the one
with the most significant association with respiratory failure and
mechanical ventilation requirement amongst severe COVID-19
patients (21, 22). This locus contains several genes related to
cell signaling and solute transportation, including CCR9, CXCR6,
LZTFL1, and SLC6A20. LZTFL1 gene, the most promising
candidate, codifies for a protein involved in the primary cilia
function and the immunological synapse between T-cells and
antigen-presenting cells (23).

Despite their relevance, genetic host factors related to
COVID-19 severity remain understudied in Latin-American
populations, limiting their potential use as predictive biomarkers
and the development of predictive models. Furthermore, the
study of these factors is particularly relevant considering
that Latin-American countries have been severely affected by
the COVID-19 pandemic. In this study, we performed an
ambispective case-control analysis to evaluate the association
between non-genetic factors and genetic factors, including
the polymorphisms rs4646994 (ACE), rs2285666 (ACE2), and
rs11385942 (LZTFL1), and COVID-19 severity and long-term
symptoms in Colombian population. The results of this study
support a positive association between the LZTFL1 rs11385942
locus variant and an increased risk of severe SARS-CoV-
2 infection. Furthermore, we developed a predictive model
integrating non-genetic and genetic factors, potentially useful
to identify high-risk individuals and prioritize prevention and
mitigation efforts.

METHODS

Study Population and Sampling
This study enrolled 145 patients between 18 and 60 years
with confirmed diagnosis of COVID-19 by positive RT-PCR
(reverse transcriptase polymerase chain reaction), antigens
or antibodies (IgG and/or IgM for SARS-CoV-2) tests. The
control group consisted of 71 patients who were classified as
asymptomatic or mild COVID-19, group non-hospitalized. The
case group was composed of 74 patients with severe or critical
disease, group hospitalized. Subcategorization of the case group
was made with patients critically ill who required intensive
care unit (ICU), group hospitalized-ICU. Clinical severity was
determined according to national guidelines for COVID-19
by the Colombian Health Ministry (24). Cases were recruited
among hospitalized patients at the Hospital UniversitarioMayor-
Méderi (Bogotá, Colombia). Controls were enrolled from a
private laboratory (Genética Molecular de Colombia, Bogotá,
Colombia). Cases and controls were invited to participate in this
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study and those who accepted signed an informed consent and
underwent buccal swap or peripheral blood sampling. Patients
were enrolled between December 2020–July 2021 and all subjects
were unvaccinated at the time of recruitment.

The sample size was calculated with a p (sample proportion)
of 7% according to the minimum allele frequency (MAF) for
the allele with the reported lowest frequency, in our case the
polymorphism rs11385942, a confidence level of 95% (α =

0.05, z = 1.96), a margin of error (e) of 5%, and a population
size N = 8,000,000 for Bogotá city. Using the formula n =

Nz2∗p(1-p)/α2(N-1)+z2∗p(1-p), implemented in the OpenEpi
web-tool, we estimated that the minimum sample size was
101 (25). This value was approximated to 145 individuals
considering possible clinical follow up lost. Given this is the
first study to assess allele frequency for the polymorphisms of
interest in Colombian population, MAF were obtained from the
GnomAD database for Latino-American individuals (26). This
study followed the guidelines of the Declaration of Helsinki
and all experimental procedures were approved by the Ethics
Committee of Universidad del Rosario (DVO005 1543-CV1334).

Clinical Data Collection and Follow Up
Data collection and clinical follow up were conducted through
phone calls at least 21 days after the diagnosis. Data was obtained
through a standardized format that included the following
clinical and demographical information: sex, age, blood type,
medical history, comorbidities, drugs use, symptoms, long-term
symptoms, and any change in disease severity. Furthermore,
we performed an exhaustive revision of clinical records of
hospitalized patients to validate the information collected
previously and verify the clinical classification and severity
criteria according to the clinical guidelines mentioned before.
One hundred and twenty four patients, 61 cases and 63 controls,
completed the clinical follow up and continued in the study.

DNA Extraction and Genotyping
Total genomic DNA was obtained from buccal swab or blood
samples using either the Quick-DNATM Miniprep Plus Kit
(Zymo Research) or the Buccal Swab DNA Kit (Promega).
The buccal swab samples were collected in a cotton swab
and the blood samples were collected in EDTA tubes, 5mL
for patient. Genomic DNA was quantified using a nanodrop
spectrophotometer. All samples were aliquoted and stored at
4◦C until analysis. Polymerase chain reaction (PCR) was used
to amplify and genotype three polymorphisms of interest:
ACE 289bp ALU Ins/Del (rs4646994), ACE2 c.439+4G>A
(rs2285666), and LZTFL1 c.323+621dup (rs11385942). Primers
were designed using PrimerBlast (27). Primers sequences and
PCR conditions are listed in Supplementary Table 1. For ACE
rs4646994 genotyping, PCR products were run on a 1% agarose
gel stained by ethidium bromide and amplicon sizes were used
to determine individual genotypes. Fragments obtained were
191 bp for the Del allele and 480 bp for the Ins allele. For
ACE2 rs2285666 and LZTL1 rs11385942, PCR products were
purified and sequenced through Sanger method. Sequences were
analyzed with the software Geneious Prime v2021.2 (Biomatters)
(28). Genotypes were assigned in batches of 20 samples by

two independent researchers. In case the results were in
disagreement, a third researcher reassessed the results and a final
consensus was achieved. These researchers were blind to the case-
control status of the individuals. Genotypification was attempted
in 125 individuals, being successful in 124 (99.2%).

Statistical Analysis and Predictive Model
A bivariate analysis was performed between clinical and
demographic variables with the severe COVID-19 outcome
(non-hospitalized vs. hospitalized, including UCI and non-UCI
patients) or the presence of long-term COVID-19 symptoms
using the χ2, Mann-Whitney and OR statistics. All the
analyses were conducted using this case-control definition
unless otherwise stated. Significant thresholds were set as p
< 0.05, and a 95% confidence interval for the OR. Long-term
COVID-19 symptoms were defined as persistent symptoms
beyond 3 weeks from initial symptoms onset (29). An extended
analysis of long-term symptoms was performed grouping
symptoms into the following categories: (1) frequent (fatigue,
headache, attention deficit, alopecia, dyspnea), (2) organ
system affected (neurological, psychiatric, osteomuscular,
respiratory, and cardiovascular), and (3) others including the
ones with low sample and literature prevalence (dysphagia,
otorhinolaryngological, ophthalmological and cutaneous
manifestations) according to Lopez-Leon et al. (30).

Population genetic statistics, including allelic frequencies,
genotypic frequencies andHardy–Weinberg equilibrium (HWE),
were calculated using the SNPStats software (31). The deviation
of the HWE was established using a χ2 goodness-of-fit test with
1◦ of freedom (df) except for the SNP in ACE2 rs2285666 located
in the X chromosome, for which HWE was determined using the
R package “HWadmiX” (32). Allelic frequencies obtained from
the study were compared to other populations using the χ2 and
Fisher’s exact test statistics (21, 26, 33–46). p-values <0.05 were
considered statistically significant.

The bivariate association analysis between genetic
polymorphisms and severity outcome or the presence of
long-term symptoms was performed with the PLINK software
(47). Different genetic models, including allelic, genotypic,
dominant and recessive, were assessed with the Cochran-
Armitage trend, genotypic (2df), dominant gene action (1df),
and recessive gene (1df) tests. In addition, a subgroup analysis
between control (non-hospitalized) and ICU-hospitalized
patients (n = 26) was conducted under the allelic model. The
clinical and genetic variables with a significant correlation
were used to build a multivariate logistic regression model in
order to develop a predictive risk model for severe disease.
Different combinations of variables were tested to construct the
models, and these were compared using the Akaike Information
Criterion (AIC) and the Coefficient of Discrimination D (Tjur’s
R2) parameters. This last method, Tjur’s R2, is used for binomial
logistic models and a value approaching 1 indicates that there is
a clear separation between the predicted values for the response
outcomes (48). For the model construction we evaluated and
handled the potentially cofounding and interacting variables. We
assessed the variation inflation factor (VIF) to protect our model
to be inflated by multicollinearity, all the variables included had
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FIGURE 1 | Flowchart of the study participants.

a VIF value of 1. Model comparison was assessed by calculating
the area under the receiver operating characteristic curve
(AUC), direct comparison between the scores obtained from
the models, integrated discrimination improvement (IDI) and
cross-validation parameters, including concordance, sensitivity,
specificity, and net benefit at different cutoff probabilities.
Concordance was defined as the correctly estimated outcomes
using several cutoff values for the predicted affection probability.
The IDI score and cross-validation parameters were calculated
with the R packages PredictABEL and rmda, respectively (49, 50).
Finally, an open-source and online application was developed for
users to easily access and test the model. The predictive model
was constructed using R v4.1.2 and the online application was
built using the Shiny package for R (51).

RESULTS

Clinical and Demographic Data
In total 145 patients, 71 controls and 74 cases were enrolled
in the study. Nine patients from the control group and six
patients from the cases group were excluded from the study
by loss to follow up. One control was excluded due to familial
relationship, one case was excluded by insufficient DNA and
four cases were excluded due to direct request from the family.
The final number of patients included was 61 controls and 63
cases. Two patients from the cases group died due to COVID-
19 complications; nevertheless, clinical follow up was completed
with help of relatives. A summary of the study participants is
presented in Figure 1. For the control group, 29.5% (n = 18)
diagnoses were made by RT-PCR, 63.9% (n = 39) by antigen
test, and 6.6% (n = 4) by antibodies. The sampling methods for
this group were 67.2% (n = 41) by buccal swabs and 32.8% (n =

20) from peripheral blood. For the case group, 98.4% (n = 62)
diagnoses were made by RT-PCR and 1.6% (n = 1) by antigen
test and 100% samples were taken from peripheral blood.

Demographic and clinical characteristics of our study
population are summarized in Table 1. The mean age for the
control group was 36.6 ± 10.8 years and that for the case
group was 47.3 ± 9.53 years. Men accounted 42.6% (n = 26)
of controls and 65% (n = 41) of the case group. Among the
most common comorbidities in our study population were type
2 diabetes mellitus (T2DM) 11.3% (n = 14), hypertension 16.1%
(n = 20) and obesity 21.8% (n = 27). Most patients (56.5%,
n = 70) presented no comorbidities, 27.4 (n = 34) patients
had 1 comorbidity and 16.1% (n = 20) had two or more
comorbidities. The different signs and symptoms observed in
the patients are presented in Table 2. Respiratory symptoms
were the most common, these included dyspnea 55.6% (n =

69) and cough 64.5% (n = 80), followed by systemic symptoms,
including fever 52.4% (n = 65), fatigue 81.5% (n = 101) and
osteomuscular pain 70.2% (n = 87). Long-term symptoms were
frequent (57.3%, n = 71), these included common symptoms
(39.5%, n = 49), respiratory (15.3%, n = 19), osteomuscular
(8.9%, n = 11), neurologic (22.6%, n = 28) and psychiatric
(19.4%, n = 24). Demographic and clinical characteristics in
patients with and without long-term COVID-19 symptoms are
presented in Table 3.

Clinical Association Analysis
Our study revealed a significant statistical correlation between
SARS CoV-2 severity and multiple clinical variables reported
previously, including age (p < 0.01), male sex (p = 0.01; OR
= 2.51; 95% CI = 1.21–5.18), hypertension (p < 0.01; OR
= 7.14; 95% CI = 1.97–25.88) and T2DM (P < 0.01; OR
= 15.6; 95% CI = 1.97–123.42). Interestingly, other clinical
variables, including blood group, cardiovascular, pulmonary, and
other systemic diseases, such as cancer and obesity, were non-
statistically significant in our sample (p > 0.05). Additionally,
presence of no comorbidities was a protective factor (p < 0.01;
OR = 0.17; 95% CI = 0.08–0.38) and presence of two or
more comorbidities conferred an increased risk of severe disease
(p < 0.01; OR = 11.8; 95% CI = 2.6–53.5). Symptoms who
exhibited significant association with severe disease were mainly
respiratory, systemic, and neurological, and included dyspnea (p
< 0.01, OR = 29.54; 95% CI = 10.91–80.01), cough (p < 0.01;
OR = 4.69; 95% IC=2.1–10.49) and fever (p < 0.01; OR = 4.41;
95% CI = 2.08–9.38) and mental status disturbance (p = 0.04;
OR = 2.63; 95% CI = 1–6.93). In contrast, anosmia (p < 0.01;
OR = 0.2; 95% CI = 0.09–0.42), ageusia (p < 0.01; OR = 0.30;
95% CI = 0.14–0.63), and headache (p = 0.02 OR = 0.42; 95%
CI = 0.2–0.9) were more frequent in patients with mild disease
(Table 2).

Presence of long-term symptoms was associated with disease
severity (p < 0.01; OR= 3.37; 95% CI= 1.6–7.1). 42.6% patients
in the control group developed these symptoms, in contrast to
the 71.4% in the case group. Categories significantly different
were common long-term symptoms (p < 0.01; OR = 6.91; 95%
CI = 3.03–15.77), psychiatric (p < 0.01; OR = 34.5; 95% CI =
4.48–265.78) and respiratory (p = 0.01; OR = 4.45; 95% CI =
1.39–14.32), whereas cardiovascular long-term symptoms were
present only in cases (p < 0.01). Multiple acute symptoms were
associated with long-term symptoms, such as presence of fatigue
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TABLE 1 | Demographic and clinical characteristics of the study population.

Variable Controls (n = 61) Cases (n = 63) p-value CI95% OR

Age 36.6 (±10.8) 47.3 (±9.53) <0.01*

Male sex 26 (42.6%) 41 (65.0%) 0.01* 1.21–5.18 2.51

Blood group

O 38 (62.3%) 42 (66.7%) 0.61 0.58–2.53 1.21

A 20 (32.8%) 12 (19.0%) 0.08 0.21–1.10 0.48

B 2 (3.3%) 2 (3.2%) 1 0.13–7.09 0.97

AB 1 (1.6%) 0 (0%) 0.98 – –

Comorbidities

Arrhythmia 0 (0%) 1 (1.58%) 1 – –

Asthma 2 (3.27%) 1 (1.58%) 0.97 0.04–5.39 0.48

Autoimmune disease 0 (0%) 2 (3.17%) 0.49 –

Cancer 1 (1.63%) 3 (4.76%) 0.63 0.30–29.66 3.00

Chronic kidney disease 5 (8.2%) 1 (1.58%) 0.22 0.59–45.63 5.17

COPD 0 (0%) 2 (3.2%) 0.49 – –

Coronary disease 0 (0%) 2 (3.2%) 0.49 – –

T2DM 1 (1.63%) 13 (20.6%) <0.01* 1.97–123.42 15.6

Hypertension 3 (4.91%) 17 (26.9%) <0.01* 1.97–25.88 7.14

HIV/Immunodeficiency 0 (0%) 2 (3.2%) 0.49 – –

Obesity 9 (14.7%) 18 (28.5%) 0.09 0.95–5.65 2.31

No comorbidities 47 (77%) 23 (36.5%) <0.01* 0.08–0.38 0.17

One comorbidity 12(19.7%) 22 (34.9%) 0.05 0.97–4.96 2.19

Two or more Comorbidities 2 (3.27%) 18 (28.5%) <0.01* 2.60–53.50 11.80

Chronic use of steroids 1 (1.63%) 1 (1.58%) 1 0.06–15.83 0.97

Smoking history 28 (45.9%) 18 (28.5%) 0.05 0.23–1.02 0.48

*Statistical significant, p-value < 0.05; COPD, Chronic obstructive pulmonary disease.

(p < 0.01; OR= 5.12; 95% CI= 1.85–14.13), osteomuscular pain
(0.04; OR = 2.26; 95% CI = 1.03–4.94), dyspnea (p < 0.01; OR
= 4.96; 95% CI = 2.30–10.69), ageusia (p = 0.01; OR = 2.53;
95% CI = 1.22–5.27) and brain fog (p = 0.02; OR = 3.26; 95%
CI 1.12–9.46).

Genetic Variants and Association Analysis
The ACE rs4646994 genotypic distribution in the total sample
was 0.35 (43/124), 0.45 (56/124) and 0.2 (25/124) for Ins/Ins,
Ins/Del and Del/Del, respectively. The allele frequency for the
Del allele was 0.43 (106/248). For ACE2 rs2285666, an X-
linked SNP, the distribution was 0.5 (29/58), 0.4 (23/58) and
0.1 (6/58) for G/G and G/A and A/A genotypes, respectively,
and 0.53 (35/66) and 0.47 (31/66) for G and A genotypes in
hemizygous individuals, respectively. The allele frequency for
the allele A was 0.36 (66/180). Finally, for LZTFL1 rs11385942,
the distribution was 0.9 (111/124) and 0.1 (13/124) for the
genotypes WT/WT and WT/Ins, respectively. We did not
observe homozygous individuals for the allele Ins. The allele
frequency for this allele was 0.05 (13/235). Genotypic and
allelic frequencies are presented in Table 4. All genotypes
were found to be in HWE (ACE rs4646994 p = 0.46, ACE2
rs2285666 p = 0.25 and LZTFL1 rs11385942 p = 1). Genotype
frequencies by clinical subgroups (controls, cases hospitalized

no ICU and cases hospitalized in ICU) are presented in
Supplementary Table 2.

Bivariate analysis between the genetic polymorphisms and
COVID-19 severity revealed a statistically significant association
between the LZTFL1 rs11385942 polymorphism with severe
COVID-19 and severe COVID-19 requiring hospitalization in
ICU (p = 0.01; OR = 5.73; 95% CI = 1.24–26.46 and p =

0.02; OR = 6.12; 95% CI = 1.14–32.63, respectively, under the
allelic genetic model). No association was found between theACE
rs4646994 and ACE2 rs2285666 polymorphisms, and COVID-19
severity under any of the models tested (Table 5). Nevertheless,
an association between ACE rs4646994 Del and neurological
long-term symptoms (e.g., ageusia, anosmia, and vertigo) was
identified under the Cochran-Armitage test (p< 0.01; OR= 0.32;
95% CI= 0.16–0.63).

Population Genetic Analysis
Next, we compared the allelic frequencies obtained in this study
with those of other datasets including populations of European,
Asian, African, North American, and Latin-American ancestries
(Supplementary Table 3). We found significant statistical
differences for the three systems assessed. For ACE rs46469949,
East Asia allelic frequencies were the only population with no
statistical differences. For ACE2 the rs2285666 allelic frequency
found in our study was similar to those reported in Mexican
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TABLE 2 | COVID-19 symptoms in the studied population.

Variable Controls (n = 61) Cases (n = 63) p-value CI 95% OR

Acute symptoms

Ageusia 40 (65.5%) 23 (36.5%) <0.01* 0.14–0.63 0.30

Anosmia 42 (68.8%) 19 (30.1%) <0.01* 0.09–0.42 0.20

Cough 29 (47.5%) 51 (80.9%) <0.01* 2.10–10.49 4.69

Diarrhoea 11 (18%) 20 (31.7%) 0.07 0.91–4.90 2.11

Dyspnea 13 (21.3%) 56 (88.8%) <0.01* 10.91–80.01 29.54

Fatigue 42 (68.8%) 59 (93.6%) <0.01* 2.12–21.04 6.67

Fever > 38◦C 21 (34.4%) 44 (69.8%) <0.01* 2.08–9.38 4.41

Haemoptysis 2 (3.2%) 6 (9.52%) 0.29 0.60–16.03 3.11

Headache 44 (72.1%) 33 (52.3%) 0.02* 0.20–0.90 0.42

Mental status disturbance 7 (11.4%) 16 (25.3%) 0.04* 1.00–6.93 2.63

Odynophagia 29 (47.5%) 29 (46%) 0.86 0.46–1.91 0.94

Osteomuscular pain 39 (63.9%) 48 (76.1%) 0.13 0.83–3.94 1.81

Rhinorrhea 33 (54%) 24 (38%) 0.07 0.26–1.07 0.52

Long-term symptoms

Presence 26 (42.6%) 45 (71.4%) <0.01* 1.60–7.09 3.37

Common 11 (18%) 38 (60.3%) <0.01* 3.03–15.77 6.91

Cardiovascular 0 (0%) 8 (12.6%) 0.01* – –

Neurologic 16 (26.2%) 12 (19%) 0.33 0.28–1.55 0.66

Osteomuscular 4 (6.55%) 7 (11.1%) 0.56 0.49–6.42 1.78

Psychiatric 1 (1.63%) 23 (36.5%) <0.01* 4.48–265.78 34.50

Respiratory 4 (6.55%) 15 (23.8%) 0.01* 1.39–14.32 4.45

Other long-term symptoms 0 (0%) 2 (3.2%) 0.49

*Statistical significant, p-value < 0.05.

and American populations. Finally, for LZTFL1 rs11385942,
the comparison was made against COVID-19 patients obtained
from a previous study. We found significant differences with
Italian controls but not with Italian cases or Spanish population
(Table 6).

Predictive Model and App Development
Genetic and non-genetic significant variables obtained from
the previous analyses were entered into a logistic regression
model. Different combinations of variables were tested, and
the models obtained were compared by Akaike’s Information
Criterion (AIC) and Coefficient of Discrimination D (Tjur’s R2).
The best model had the lowest AIC and highest Tjur’s R2 values.
This model incorporated sex, age, number of comorbidities and
the polymorphism LZTFL1 rs11385942. The resulting predicting
score that includes these variables was:

Adjusted score

=
1

1+ e−(−2.88+(0.077∗age)+0.81(male)+(0.99∗comorb)+1.44(WT/Alt))

(1)

Where the adjusted score is a number between 0 and 1, “age” the
age in years, “male” male sex, “comorb” represents the number

of comorbidities and “WT/Alt” the risk allele for the LZTFL1
rs11385942 polymorphism.

Score distribution using this model for cases and controls
is presented in Figures 2A,B. The model achieved good
discrimination power (AUC = 0.857; 95% confidence interval
0.79–0.93) (Figure 2C) (Supplementary Table 4). Comparison
between the clinical (Age + Sex + Comorbidities) and complete
models (Age + Sex + Comorbidities + risk allele) showed
a slight increase in the AUC, 0.846 vs. 0.857, respectively.
Model comparison was assessed by three additional methods.
First, direct comparison between the scores obtained from
the clinical and complete model showed a high correlation,
nevertheless, for several individuals, the risk scores changed
noticeably when the risk allele is included in the model
(Figure 2D). Next, we compared the models using the IDI
score (52). This method is defined as the difference in the
discrimination slopes between two models, the discrimination
slopes are calculated as the difference of predicted probabilities
for events and non-events (53). We obtained a positive IDI score
(0.026; confidence interval 95% 0.001–0.051, p-value: 0.039)
supporting a significant improvement for the complete model.
Third, we calculated cross-validation parameters including
concordance, sensitivity, specificity and net benefit for different
probability cutoffs (54). Net benefit is a decision analytic
measure, which puts benefits and harms on the same scale
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TABLE 3 | Demographic and clinical characteristics in patients with and without long-term COVID-19 symptoms.

Variables Patient with no

long-term

symptoms

(n = 53)

Patients with

long term

symptoms

(n = 71)

p-value CI 95% OR

Hospitalized 18 (34%) 45 (63.4) 0.00 1.60–7.10 3.37

Age 40 (±12.1) 43.5 (±10.8) 0.095

Male sex 32 (60.3%) 35 (49.2%) 0.22 0.31–3.22 0.64

Blood group

O 30 (56.6%) 50 (70.4%) 0.11 0.87–3.84 1.83

A 15 (28.3%) 17 (23.9%) 0.58 0.36–1.79 0.80

B 1 (1.88%) 3 (4.22%) 0.82 0.23–22.69 2.29

AB 0 (0%) 1 (1.40%) 1 – –

Comorbidities

Coronary disease 0 (0%) 2 (2.81%) 0.60 – –

Arrhythmias 0 (0%) 1 (1.40%) 1 – –

Hypertension 8 (15.0%) 12 (16.9%) 0.98 0.43–3.03 1.14

COPD 0 (0%) 2 (2.81%) 0.60 – –

Asthma 1 (1.88%) 2 (2.81%) 0.97 0.04–5.39 0.48

T2DM 6 (11.3%) 8 (11.26%) 1 0.32–3.06 0.99

Chronic kidney disease 4 (7.54%) 2 (2.81%) 0.42 0.06–2.02 0.36

Cancer 1 (1.88%) 3 (4.22%) 0.82 0.23–22.69 2.29

Obesity 10 (18.8%) 17 (23.9%) 0.49 0.56–3.26 1.35

HIV/Immunodeficiency 1 (1.88%) 1 (1.40%) 1 0.05–12.15 0.74

Autoimmune disease 0 (0%) 2 (2.81%) 0.60 – –

No comorbidities 34 (64.1%) 36 (50.7%) 0.13 0.28–1.19 0.57

One comorbidity 13(24.5%) 21(29.6%) 0.53 0.58–2.90 1.29

Two or more comorbidities 6 (11.3%) 14 (19.7%) 0.31 0.69–5.40 1.92

Chronic use of steroids 0 (0%) 2 (2.81%) 0.60 – –

Smoking history 14 (26.4%) 32 (45.0%) 0.05 1.03–4.81 2.23

Acute symptoms

Ageusia 20 (37.7%) 43 (60.5%) 0.01* 1.22–5.27 2.53

Anosmia 21 (39.6%) 40 (56.3%) 0.07 0.95–4.05 1.97

Cough 31 (58.4%) 49 (69.0%) 0.23 0.75–3.32 1.58

Diarrhoea 10 (18.8%) 21 (29.5%) 0.17 0.77–4.25 1.81

Dyspnoea 18 (33.9%) 51 (71.8%) <0.01* 2.30–10.69 4.96

Fatigue 36 (67.9%) 65 (91%) <0.01* 1.85–14.13 5.12

Fever > 38◦C 21 (39.6%) 44 (61.9%) 0.01* 1.20–5.15 2.48

Haemoptysis 1 (1.88%) 7 (9.8%) 0.15 0.68–47.72 5.69

Headache 30 (56.6%) 47 (66.1%) 0.28 0.72–3.12 1.50

Odynophagia 23 (43.3%) 35 (49.2%) 0.51 0.62–2.59 1.27

Osteomuscular Pain 32 (60.3%) 55 (77.4%) 0.04* 1.03–4.94 2.26

Rhinorrhea 20 (37.7%) 37 (52.1%) 0.11 0.87–3.71 1.80

Brain fog 5 (9.43%) 18 (25.3%) 0.02* 1.12–9.46 3.26

*Statistical significant, p-value < 0.05; COPD Chronic obstructive pulmonary disease.

to be compared (55). The results of this analysis showed
that the concordance and net benefit were better for most
of the probability cutoffs tested (Supplementary Table 5). This
improvement was particularly noticeable at probabilities between
0.3 and 0.4.

Finally, the complete model was used to design a web-based
application using the R package Shiny. The application is
open-access and is accessible through a shinyApp server (https://

oscarortega.shinyapps.io/COVID19_UR_Shiny/). The source
code of the shiny app is publicly available on Github at https://
github.com/OscarOrt/COVID_19_risk.

DISCUSSION

During the last 2 years, the COVID-19 pandemic has caused
vast disruptions in almost any sphere of human activity. Despite
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TABLE 4 | Allelic and genotypic frequencies for cases and controls.

Gen SNP Allele frequency controls Allele frequency cases Genotype controls Genotype cases HWE

WT Alt WT Alt WT/WT WT/Alt Alt/Alt WT/WT WT/Alt Alt/Alt

ACE rs4646994 0.6 0.4 0.55 0.45 0.39 0.41 0.2 0.3 0.49 0.21 0.46

ACE2 rs2285666 0.63 0.37 0.65 0.35 0.47 ♀ 0.39 ♀ 0.14 ♀ 0.55 ♀ 0.41 ♀ 0.04 ♀ 0.25

0.52 ♂ – 0.48 ♂ 0.54 ♂ – 0.46 ♂

LZTFL1 rs11385942 0.98 0.02 0.91 0.09 0.97 0.03 0 0.83 0.17 0 1

ACE WT allele (Ins), ACE2 WT allele (G), LZTFL WT allele (no dup); Alt, alternative; WT, Wild Type; ♀ Genotype frequencies in females; ♂ Genotype frequences in males (hemizygous).

TABLE 5 | Genetic association analysis for severe COVID-19.

SNP Model Genotypes/alleles

in cases

Genotypes/alleles

in controls

χ2 df p-value OR IC 95%

ACE rs4646994 Genotypic (2 df) test 13/31/19 12/25/24 1.23 2 0.54 – –

Cochran-Armitage

trend test

57/69 49/73 0.60 1 0.43 – –

Allelic 57/69 49/73 0.65 1 0.41 1.23 0.74–2.03

Dominant 44/19 37/24 1.15 1 0.28 – –

Recessive 13/50 12/49 0.01 1 0.89 – –

ACE2 rs2285666 Genotypic (2 df) test 1/9/12 5/14/17 – – – – –

Cochran-Armitage

trend test

11/33 24/48 0.85 1 0.35 – –

Allelic 11/33 24/48 0.90 1 0.34 0.92 0.50–1.69

Dominant 10/12 19/17 – – – – –

Recessive 1/21 5/31 – – – – –

LZTFL1 Genotypic (2 df) test 0/11/52 0/2/59 – – – – –

rs11385942 Cochran-Armitage

trend test

11/115 2/120 6.64 1 <0.01* – –

Allelic 11/115 2/120 6.27 1 0.01* 5.73 1.24–26.46

Dominant 11/52 2/59 – – – – –

Recessive 0/63 0/61 – – – – –

*Statistical significant, p-value < 0.05; df degrees of freedom; Genotypic (2 df) test: Alt/Alt vs. WT/Alt vs. WT/WT; Cochran-Armitage trend test: Alt vs. WT; Allelic: Alt vs. WT; Dominant:

Alt/Alt + WT/Alt vs. WT/WT; Recessive: Alt/Alt vs. WT/Alt + WT/WT; ACE WT allele (Ins), ACE2 WT allele (G), LZTFL WT allele (no dup); Alt, alternative; WT, Wild Type.

TABLE 6 | Population case-control analysis of allele frequencies.

SNP Region Total case

alleles

Cases WT

alleles/AF

Cases Alt

alleles/AF

p-value cases Total controls

alleles

Controls WT

alleles/AF

Controls Alt

alleles/AF

p-value

controls

Source

LZTFL1

rs11385942

Present study 126 115/0.91 11/0.09 122 120/0.98 20/0.02

Italy 1,670 1,436/0.86 234/0.14 0.12 2,510 2,284/0.91 226/0.09 <0.01* (21)

Spain 1,550 1,410/0.91 140/0.09 0.96 1,900 1,805/0.95 9/0.05 0.14 (21)

*Statistical significant, p-value < 0.05; AF, Allele frequency; Alt, alternative; WT, Wild Type.

the growing knowledge about the biology and clinical features
of this disease, many aspects of its physiopathology and clinical
progression remain to be understood. Of particular interest in
this process are host risk factors that could contribute to severe
courses of COVID-19 and presence of long-term symptoms.
These factors include non-genetic and genetic variables. In this

study, we aimed to characterize the impact of these variables
on COVID-19 outcomes in a sample of Colombian population.
We identified several risk factors including the polymorphism
LZTFL1 rs11385942 and incorporated these variables into a
predictive model. To the best of our knowledge, this is the first
study to evaluate the association between genetic risk factors and
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FIGURE 2 | Adjusted score distribution for cases and controls and ROC curve. (A) Box plot of the adjusted scores categorized by cases and controls. (B) Distribution

and regression model for adjusted scores. Clinical outcome 0 corresponds to non-hospitalization and 1 to hospitalization. (C) Receiver operating characteristic (ROC)

curve. (D) Score comparison clinical model vs. complete model. Dashed lines cutoff value ±0.05.

COVID-19 severity in a Latin-American population using a case-
control design and illustrates the importance of host genetics in
SARS-CoV-2 clinical outcomes.

Several non-genetic factors have been associated with
poor COVID-19 prognosis, including age, male sex and
comorbidities (56). In agreement with such reports, we
found a significant association between age, male sex,
hypertension and T2DM. Both hypertension and T2DM
had been previously identified as independent risk factors
for increased morbimortality in COVID-19 patients (57–61).
The mechanism by which hypertension is a risk factor has
been attributed to hyperactivation of the RAAS pathway,
which increases the inflammatory response, cytokine storm,
myocardial remodeling, acute lung injury, and endothelial
damage (62). Similarly, it has been proposed that T2DM
contributes to thromboembolic complications and organ
damage through glucotoxicity, oxidative stress, and increased
cytokine production (63). Interestingly, hyperglycemia in non-
diabetic patients had a negative impact on patient outcomes (64),
highlighting the importance of adequate metabolic control in
the management of these patients. Other comorbidities analyzed
did not show a statistically significant association individually,
probably because the sample size was not large enough to detect
such associations. Nonetheless, when grouped, the presence
of two or more comorbidities conferred an increased risk of
severe COVID-19, an effect possibly explained by the additive
effect of risk factors to determine the clinical progression of

the disease. The second point worth mentioning about clinical
features in the studied population was the prevalence of acute
symptoms. Among the most common symptoms reported in
the literature are generalized weakness, dry cough, headache,
dyspnea, and myalgias (65). In our sample, respiratory and
systemic symptoms, including dyspnea, cough, fever and
fatigue, were associated with severe disease, whereas flu-like
symptoms, such as ageusia, anosmia and headache, were more
frequent in patients with a mild form of the disease. Other
studies, that included, populations have reported similar findings
(66, 67). Lower respiratory tract symptoms are often related
to severe COVID19, as they are a manifestation of underlying
lung compromise.

Another element included in our analysis was the incidence of
long-term COVID-19 symptoms, a phenomenon also reported
in other viral infections including Spanish Flu SARS CoV-
1 and MERS (68). Our findings are consistent with global
literature, in which the most common long-term symptoms
were fatigue (50–72.8%), joints pain (31.4%), headache (28.9%),
chest pain (20–28.9%), dyspnea (28.2%) and palpitations (9%)
(68–70). Remarkably, growing evidence suggests that psychiatric
illness is an important COVID-19 sequel, affecting particularly
specific populations such as Hispanic and African patients (71,
72). Psychiatric long-term symptoms were highly prevalent in
hospitalized patients in our study (36.5%). Despite our study
being limited by the absence of a standardized mental health
scale for patient follow up, our data support these observations
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(73). The mechanistic basis for these symptoms is attributed
to the ability of the virus to infect the central nervous system
via the blood-brain barrier and the olfactory bulb, affecting
thereafter neurons on the hypothalamus, cortex and brainstem,
which could explainmany of the neuropsychiatric manifestations
(71, 74). On the other hand, the absence of association between
comorbidities and long-term symptoms has been also observed
in the literature (75). Demographic variables such as sex are
of much debate, as there is contradictory evidence of higher
rates of long-term symptoms in female individuals (76). Finally,
several acute symptoms associated with long-term compromise
found in this study have been previously reported in the
literature and include fatigue, dyspnea and osteomuscular pain
and myalgias (77).

Regarding our genetic findings, our study identified the
LZFTL1 rs11385942 as a significant genetic factor associated
with disease severity, conferring risk for severe/critical clinical
outcomes. This polymorphism is located in the 3p21.31 locus,
a region previously described as an important risk factor for
severe respiratory disease in several studies (21, 78). There
are six candidate genes in this locus potentially involved in
the disease progression presumably by viral entry or clearance
and immunological response, these are SLC6A20, LZTFL1,
CCR9, FYCO1, CXCR6, and XCR1 (78). The rs11385942
polymorphism is located at intron 5 of LZFTL1 and recent
studies have assessed its functional significance in SARS-
CoV-2 infection, suggesting a regulatory role. A CRISPRi
analysis using lung epithelial cell lines showed that LZTFL1
expression is severely affected by this polymorphism (79).
LZTFL1 (leucine zipper transcription factor like 1) protein
is highly expressed in lung cells and regulates airway cilia
and epithelial-mesenchymal transition, a developmental process
critical for the innate immune and inflammatory response.
Remarkably, the rs11385942 polymorphism has been associated
with higher levels of C5a and soluble terminal complement
complex C5b-9 (SC5b-9) plasma levels during SARS-CoV-
2 infection, suggesting that enhanced immune system and
complement activation might be important pathways in the
deleterious effect of this variant (80). Moreover, it has been
described that complement activation and membrane attack
complex (MAC) formation leads to upregulation of pro-
inflammatory proteins and inflammasomes causing severe lung
injury and, in parallel, endothelial cells death, platelet activation
and induction of the coagulation cascade leading to thrombus
formation, well-known physiopathological findings in severe
COVID-19 (81, 82). The results of another recent study suggest
that rs11385942 is in genetic linkage with the polymorphism
rs17713054G>A, the gain-of-function risk A allele upregulates
the expression of LZTFL1 by generating a CCAAT/enhancer
binding protein beta motif (23). Despite other molecular
mechanisms cannot be discarded, this evidence supports LZTFL1
as a candidate effector and provides further support to our
findings. Additional studies have found supporting evidence
for this association (79, 83). In line with these observations,
genotypification of the risk allele in this gene could be useful as
a molecular predictive biomarker for COVID-19 severe/critical
clinical outcomes.

Since the beginning of the pandemic, numerous studies
have explored the role of host genetic variability in COVID-
19 severity and susceptibility. These studies have included
genome-wide association studies (GWAS), which have identified
multiple reproducible associations (21, 22, 84–86). Given
the underrepresentation of Latin American population in
these initiatives, our study allowed us to reproduce the
association of the 3p21.32 locus in an ethnically different
cohort and suggests that the variation in this region
modulates the disease outcome (21). Importantly, detailed
exploration of “expanded” phenotypes, other than clinical
severity, including symptomatic/paucisymptomatic and
Exposed_Positive/Exposed_Negative phenotypes have identified
a much larger proportion of protective minor alleles (85). These
results suggest that using additional phenotype definitions
can identify protective associations. Our patients classified as
asymptomatic-mild/severe-critical are more likely enriched for
risk alleles conferred by loci such as those analyzed in our study.

It is important to highlight that case-control association
studies are potentially influenced by population stratification due
to undetected population substructure produced by differences
in ancestry generating spurious associations (87). To avoid
confounding due to population stratification, analysis using
ancestry markers (AIMs) are useful to estimate variability
between cases and controls (88). Although our study did not
carry out this evaluation, we estimate that sampled population
shares a similar gene pool without the influence of factors such
as geographic isolation or non-random mating. Additionally, the
individuals analyzed come from the Colombian Andean region,
a geographical area where high inter-individual variation has
not been identified (89), which supports the ethnic similarity
of the cases and controls included. Here, LZFTL1 rs11385942
was identified as a significant genetic factor associated with
severe COVID-19 (p = 0.01; OR = 5.73; 95% CI = 1.24–26.46)
supporting an important genetic effect. Previously, it has been
suggested a need for approaches such as family-based designs or
genomic control when the identified genetic effects are very small
(OR < 1.20) (90). Finally, although stratification may be less of
a concern than originally anticipated and the evidence against a
large effect of population stratification, hidden or otherwise, it is
important to consider it in false positive or negative association
arising from differences in local ancestry (87, 88, 91).

Two polymorphisms analyzed in our study, ACE rs4646994
and ACE2 rs2285666, are important regulators of the RAAS
pathway, a physiological system implicated in COVID-19
susceptibility and severity (92). Despite we did not find evidence
of association between these polymorphisms and COVID-19
severity, numerous studies support a biological basis for such
relationship (92–94). The ACE2 rs2285666 T allele is associated
with a significant increase in ACE2 expression (95). Interestingly,
association studies of this polymorphism with COVID-19
severity have had contradictory results and similar findings
to ours have been reported by several authors (43, 96, 97).
Among these, next-generation sequencing analysis in patients
hospitalized for COVID-19 indicated no association between
ACE2 variants and COVID-19 severity (97). Such discrepancies
might be explained by population-specific differences, the
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additive role of other genes interacting with risk alleles or
other mechanisms not assessed such as epigenetic modifiers
(98–100). Concerning ACE rs4646994 the Del allele has been
associated with increased ACE expression, higher enzyme
activity and elevated production of angiotensin II (101). Despite
ACE Del/Del genotype and Del allele have been associated
with increased COVID-19 patient severity (101–103), our
results failed to replicate these findings in the Colombian
population. In agreement with our results, other studies have
reported no association between ACE rs4646994 and COVID-
19 severity (43, 96). Collectively, current evidence contains
conflicting results about the role of this polymorphism in
SARS-CoV-2 infections. The reasons for these discrepancies
are unclear and similar to the ACE2 rs2285666 polymorphism
require further exploration. Interestingly, a recent meta-
analysis evaluating several polymorphisms related to COVID-
19 outcomes found a significant association between the
polymorphism ACE rs4646994 and COVID-19 severity (104).
Results of individual association studies must be considered
carefully and discrepancies in the findings may be the result
of underpowered sample sizes, therefore replicates and more
robust studies should be considered to validate these associations.
On the other hand, we identified ACE rs4646994 Del allele
as a protective factor for neurological long-term symptoms,
we hypothesize this could be related to an increased catalytic
activity resulting in vasoconstriction that counterbalances the
intracerebral vasodilation and brain edema due to the anaerobic
metabolism in cerebral cells in response to SARS-CoV-2 induced
hypoxia (105, 106). Whereas, interesting, this hypothesis requires
experimental and clinical validation.

Comparison of allelic frequencies obtained in our study
with other populations revealed important differences. For ACE
rs4646994, Asia was the only region with a similar allele
frequency to our studied population (40). This may reflect the
ancestral origin of Native American population in Colombia
or the admixture between an ancestral population with a
higher frequency and Europeans, where allele frequencies are
considerably lower (107, 108). For the ACE2 polymorphism, the
allelic frequency was similar to Mexican population, probably
due to a common ancestry and admixture history (44). For
the variant LZTFL1 rs11385942, no differences were found with
Spanish, European and African populations. Remarkably, Zeberg
and Pääbo (109) described that the 3p21.31 region, the locus
where the variant is located, was inherited from Neanderthals.
The mixture of native Americans and Europeans probably
modified the ancestral genetic pool leading to the current allele
frequencies. Additionally, it has been proposed that differences
in allelic frequencies for the 3p21.31 risk haplotype are produced
by natural selection in response to pathogens (109).

Another important determinant of COVID-19 severity is
viral genetics (10). It has been identified that specific SARS-
CoV-2 variants are associated with differences in severity
and mortality, for example, the alpha and gamma variants
are related to increased hospitalization, ICU admission
and mortality risk (110–112). While our study did not
assess variant differences in cases and controls, genomic
surveillance studies conducted during the sample collection

period (December 2020–July 2021) in Bogotá, showed
that the predominant variants were B.1.621 (Mu) 57.3%
(469/819), P.1 (Gamma) 14% (114/819) and B.1.1.7 (alpha)
2.8% (23/819) (113). The most common variant found in
this interval of time, Mu, was classified as a variant being
monitored (VBM) by the Centers for Disease Control and
Prevention (CDC U.S.) without reported major effects on
infectivity, transmissibility or severity (114). The coexistence
of several variants during this period constitutes a source
of variation and might reflect a more complex dynamics of
host-pathogen interactions.

Our clinical and genetic association analysis allowed us to
identify several risk factors related to disease severity. These
factors were incorporated into a predictive risk model using a
multivariate logistic regression including demographic, clinical,
and genetic traits. To date, ∼50 prediction models and scoring
systems, have been published (115). These models are useful
tools to facilitate decision-making in healthcare services and
rely mostly on clinical features such as age, sex, number
of comorbidities, hypertension, T2DM, chronic obstructive
lung disease, cancer, cardiovascular disease. However, it is
noteworthy that COVID-19 severity is influenced by viral
and host genetic factors (10). Recent models, which like ours
incorporate a multifactorial approach (genetic and non-genetic
factors), included several single nucleotide variants (SNVs) (116).
These models have achieved good results in discriminating
COVID-19 severity groups and highlighted the role of integrated
approaches to predict clinical outcomes. Furthermore, other
models aiming to predict adverse outcomes are based on detailed
clinical features during diagnosis, admission and hospitalization
have been developed, nevertheless, its accessibility and clinical
implementation have been limited (117, 118). We propose
our model as a useful tool to estimate a priori severe or
critical illness risk. Notably, despite the minor increase in the
AUC when the clinical and complete models were compared,
detailed analysis of the discrimination performance and cross-
validation parameters suggest that the incorporation of the
risk allele improves the risk prediction model. Further studies
involving larger sample sizes might be useful to validate
these findings. Likewise, the implementation of our model
into a web application might facilitate its usage by healthcare
providers in limited-resource settings during the current SARS-
CoV-2 pandemics and future health emergencies caused by
similar pathogens.

In summary, our study explores the relation between non-
genetic and genetic factors, with COVID-19 outcomes in
Colombian population, demonstrating a positive association
between the LZTFL1 rs11385942 polymorphism and severe
disease. By establishing such association, we point up the
importance of genetic host factors in SARS-CoV-2 infection.
In addition, our work identified previously known non-
genetic factors and developed a predictive model which was
implemented in a web application, providing a useful tool for
risk prediction. Integrative approaches, like ours, may be helpful
to better understand COVID-19 clinical progression, refine
healthcare efforts and reduce the morbimortality of patients with
this disease.
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Study Limitations
Our study has potential limitations. First, the sample size was
calculated in order to have 80% statistical power based on
previous association reports for the variant with the lower allele
frequency (LZTF1 rs11385942.), nevertheless, it could have been
limited to detect potential small effect sizes for the rs4646994 and
rs228566 SNPs in our population. Second, some clinical variables
assessed in the clinical follow-up interview were self-reported.
Even though most of this information was confirmed in the
clinical record, this could have been a potential source of bias.
Third, we did not match the case-control groups by age or sex for
the statistical analysis. Considering these variables are known risk
factors, we aimed to assess their impact on COVID-19 outcome.
Fourth, as previously mentioned, analysis of potential population
stratification was not performed. In addition, COVID-19 severity
is a multifactorial trait and other important variables, including
environmental factors, SARS-CoV-2 variants, and additional host
genetic polymorphisms, described as risk or protective factors
were not evaluated. Assessment of such variables in future studies
could help to improve discriminative models and medical risk
assessment. Finally, we should highlight that our proposed risk
model constitutes a proof-of-concept of the feasibility of this
integrative approach and further studies with larger sample sizes
and independent replications are required to validate the model.
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Decreased Interfacial Dynamics
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Wesam S. Ahmed1†, Angelin M. Philip2† and Kabir H. Biswas1*†

1Division of Biological and Biomedical Sciences, College of Health and Life Sciences, Hamad Bin Khalifa University, Qatar
Foundation, Doha, Qatar, 2Division of Genomics and Translational Biomedicine, College of Health and Life Sciences, Hamad Bin
Khalifa University, Qatar Foundation, Doha, Qatar

Coronavirus Disease of 2019 (COVID-19) caused by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) has resulted in a massive health crisis across the globe, with
some genetic variants gaining enhanced infectivity and competitive fitness, and thus
significantly aggravating the global health concern. In this regard, the recent SARS-CoV-2
alpha, beta, and gamma variants (B.1.1.7, B.1.351, and P.1 lineages, respectively) are of
great significance in that they contain several mutations that increase their transmission
rates as evident from clinical reports. By the end of March 2021, these variants were
accounting for about two-thirds of SARS-CoV-2 variants circulating worldwide.
Specifically, the N501Y mutation in the S1 spike receptor binding domain (S1-RBD) of
these variants have been reported to increase its affinity for ACE2, although the basis for
this is not entirely clear yet. Here, we dissect the mechanism underlying the increased
binding affinity of the N501Y mutant for ACE2 using molecular dynamics (MD) simulations
of the available ACE2-S1-RBD complex structure (6M0J) and show a prolonged and
stable interfacial interaction of the N501Ymutant S1-RBDwith ACE2 compared to the wild
type S1-RBD. Additionally, we find that the N501Y mutant S1-RBD displays altered
dynamics that likely aids in its enhanced interaction with ACE2. By elucidating a
mechanistic basis for the increased affinity of the N501Y mutant S1-RBD for ACE2,
we believe that the results presented here will aid in developing therapeutic strategies
against SARS-CoV-2 including designing of therapeutic agents targeting the ACE2-S1-
RBD interaction.

Keywords: ACE2, COVID-19, molecular dynamics simulation, SARS-CoV-2, S1 spike protein, N501Y mutant

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a positive-sense, single stranded,
enveloped RNA virus that belongs to the Coronaviridae family and is the causative agent of the
coronavirus disease 2019 (COVID-19). (Wu et al., 2020) As of October 2021, more than 245 million
confirmed cases have been reported worldwide, with more than five million deaths (https://covid19.
who.int/). In general, coronaviruses express four structural proteins: nucleocapsid (N) protein that
encapsulates the genomic material; membrane (M) protein that promotes the membrane curvature
to bind to the N protein; envelope (E) protein which ensures virus assembly and release; and
envelope-anchored spike (S) glycoprotein that protrudes from the viral surface and facilitates viral
attachment and entry into host cells. (V’kovski, 2021; Hussein et al., 2020; Shang et al., 2020) The
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latter is cleaved during viral entry into two subunits, namely S1
and S2. (Samavati and Uhal, 2020) Viral attachment to host cells
occurs through binding of its receptor binding domain (RBD) -
which is part of the S1 subunit – to the host cell membrane-
localized angiotensin converting enzyme 2 (ACE2) receptor. It is
important to note that the affinity of SARS-CoV-2 S1-RBD for
ACE2 was reported to be 10 times higher than that of SARS-CoV,
providing a biochemical basis for the increased infection
efficiency of SARS-CoV-2 compared to SARS-CoV. (Andersen
et al., 2020) In this regard, computational studies have revealed an
expanded network of hydrogen bond (H-bond) and hydrophobic
interactions formed at the interface of ACE2-S1-RBD complex in
SARS-CoV-2. (Spinello et al., 2020; Wang et al., 2020) Given
these, the ACE2-S1-RBD interaction has become an attractive
target for developing inhibitors of viral entry into host cell.
(Andersen et al., 2020; Choudhary et al., 2020; Shang, 2020;
Walls, 2020; Wrapp et al., 2020) For instance, the human
recombinant soluble ACE2 protein has been utilized for
reducing SARS-CoV-2 binding to the cellular ACE2 receptor
leading to reduced injury to multiple organs, including the lungs,
kidneys, and heart. (Zoufaly et al., 2020) Similarly, monoclonal
antibodies such as 18F3 and 7B11 have been developed to
neutralize SARS-CoV-2 infection by blocking epitopes on the
S1-RBD. (Tai et al., 2020)

On top of the increased affinity of SARS-CoV-2 S1-RBD to
ACE2 compared to SARS-CoV, new genetic variants with
increased infectivity and virulence, likely arising under
increased immunological pressure in patients suffering from
COVID-19 or convalescent plasma therapy (Avanzato et al.,
2020; Choi et al., 2020), have further complicated our efforts
towards thwarting the pandemic. One of the key examples of
such variants is the S1-RBD D614G mutant that has
outcompeted the Wuhan-Hu-1. (Hou et al., 2020; Plante,
2021; Volz, 2021; Zhang et al., 2020) A comparative study
conducted by Hou et al observed that this variant is superior in
infecting the epithelial cells and replicates in higher number
than the ancestral virus. The structural analysis showed that
the S1-RBD containing the D614G mutation is more flexible
and explores the open conformation more than the wild type
(WT) protein, thus, leading to an increased affinity for ACE2.
(Hou et al., 2020; Yurkovetskiy et al., 2020; Mansbach, 2021)
Subsequently, a new phylogenetic group of SARS-CoV-2
(lineage B.1.1.7) was identified in the COVID-19 Genomics
United Kingdom Consortium dataset with greater than 50% of
the cases belonging to this new cluster (alpha variant) that has
an estimated 50–70% increased transmissibility, as per
epidemiological and virological investigations. (Rambaut
et al., 2020; Santos and Passos, 2021) Indeed, reports of the
presence of this variant has emerged from other countries as
well. Sequence analysis indicates the presence of a total of 17
mutations spanning the ORF1ab, spike, and the N protein in
the genome of this variant. (Santos and Passos, 2021) Majority
of these mutations (8 out of the total 17), however, are present
in the spike protein. These include deletion mutations (ΔH69,
ΔV70 and ΔY144) and missense mutations (N501Y, A570D,
P681H, T716I, S982A and D1118H). Of these, the N501Y
substitution strikes out as one of the most interesting

mutations due to its presence at the ACE2-S1-RBD
interaction interface (Lan et al., 2020), raising the
possibility of an altered interaction between the two
proteins. In fact, deep mutational analysis of S1-RBD
(Procko, 2020; Narayanan and Procko, 2021), in
combination with the yeast-surface-display platform, has
revealed an increased affinity of the N501Y mutant S1-RBD
to ACE2 (apparent Kd of 3.9 × 10–11 M for the WT vs 2.2 ×
10–11 M for the N501Y mutant). (Starr et al., 2020)
Furthermore, some computational studies suggest higher
binding affinity for the N501Y S1-RBD mutant to ACE2 as
a result of increased coordinated hydrophobic interactions
between Y501 of S1-RBD and Y41 and K353 of ACE2.
(Luan et al., 2021; Spinello et al., 2021) In addition, a recent
study demonstrated the EC50 of the mutant S1-RBD possessing
a total of nine mutations (I358F, V445K, N460K, I468T,
T470M, S477N, E484K, Q498R, N501Y) was nearly 17 times
lower than that of the WT S1-RBD. (Zahradník, 2021)

The emergence of the B.1.1.7 alpha lineage has coincided with
two independents viral evolutions, the B.1.351 (beta) and P.1
(gamma) lineages of SARS-CoV-2, all of which share the N501Y
mutation in S1-RBD. The emergence of these lineages elicited
new concerns regarding the evolutionary capacity of the virus.
(Liu, 2021a; Tian, 2021a; Martin et al., 2021) Since December
2021, these variants have been collectively referred to as variants
of concern (VOC) by theWorld Health Organization (WHO). By
the end of March 2021, these lineages were accounting for about
two-thirds of the circulating variants worldwide (Huang et al.,
2021). The currently ongoing convergent evolution of N501Y
lineage has led viruses to broaden the fitness landscape. (Martin
et al., 2021) Structural biological studies of the SARS-CoV-2 S1-
RBD proposes that N501Y mutation may increase its affinity for
ACE2 binding (Starr et al., 2020; Ostrov, 2021) and that the open
conformation of the N501Y mutant spike protein (Teruel et al.,
2021) is associated with more efficient viral entry, transmission
and infection (Leung et al., 2021). N501Y and deletion of codons
69–70 have shown a consistent fitness advantage for replication in
the upper airway in the hamster model, with higher shedding in
nasal secretions, as well as in primary human airway epithelial
cells. (Liu, 2021a) Additionally, S-proteins of the three N501Y S1-
RBD VOCs (B.1.1.7, B.1.351, and P.1 lineages) possess increased
infectivity in cells expressing mouse ACE2 (Li et al., 2021). Hence,
it is conceivable that mice are susceptible to the newly emerging,
high frequency N501Y mutation. (Huang et al., 2021; Justo
Arevalo et al., 2021) Further, this serves as an evidence for the
constantly evolving SARS-CoV-2 with more contagious
mutations spreading rapidly with the possibility of increasing
host range. (Liu, 2021b; Chen et al., 2021; Liu et al., 2021)

The N501Y substitution alone had a phenotype similar to that
of the combined eight mutations (Δ69-70, Δ145, N501Y, A570D,
P681H, T716I, S982A, D1118H), suggesting that it is the major
spike determinant driving increased transmission of the
United Kingdom variant. Surface plasmon resonance (SPR)
experiments on immobilized WT and mutant S1-RBDs
(N501Y and triple mutant N501Y, K417N, E484K)
demonstrated a 10-fold increased affinity to ACE2 receptor.
Further, the impact of K417N and E484K was verified by
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single point mutations which clearly suggested a minimal impact
on ACE2 binding. These highlights the vital role of N501Y in
increasing the binding affinity to ACE2, thereby decelerating rate
of dissociation from the ACE2 receptor in comparison to theWT.
(Tian, 2021a; Istifli et al., 2021; Villoutreix et al., 2021)
Computational studies by Socher et al., showed increased
contact at 501 when tyrosine is present. (Socher et al, 2021)
Additional studies have shown high number of contacts formed
by residues F486, Y489, T500 and Y505 with ACE2 receptor.
(Wan et al., 2020) Recently, the spread of a new SARS-CoV-2
spike N501Y variant harboring a set of amino acid substitutions
including L18F, L452R, N501Y, A653V, H655Y, D796Y,
G1219V ± Q677H in western European countries including
Turkey, Nigeria, and especially France, suggests the continuous
emergence of a new 501Y lineages. (Colson, 2021)

In the current study, we performed multiple all atom, explicit
solvent MD simulations to gain insights into the mechanism
underlying the increased affinity of the N501Y mutant S1-RBD
for ACE2. Simulations of theWT and the N501Ymutant S1-RBD
in complex with ACE2 showed a prolonged and stable interaction
between the Y501 residue with the neighbouring Y41 and K353
residues in ACE2 in the mutant complex as compared to the
N501 residue in the WT complex. Importantly, these simulations
also revealed a localized decreased dynamics for interfacial
residues in the mutant as compared to the WT complex that
led to changes in interfacial interactions of these residues,
although these were most noticeable for residues near the
N501Y S1-RBD mutation site.

MATERIALS AND METHODS

ACE2-S1-RBD Structure Preparation
The three-dimensional structure of ACE2-S1-RBD complex
spanning residues S19 to D615 of human ACE2 and T333 to
G526 of SARS-CoV-2 S1 glycoprotein was obtained from the
RCSB PDB database as a PDB file (PDB ID: 6M0J). (Lan et al.,
2020) PyMOL (The PyMOLMolecular Graphics System, Version
2.0.0, Schrödinger, LLC; pymol. org) was used to visualize the
three-dimensional structure and to generate the N501Y mutant
structure using the Mutagenesis tool available in PyMOL. WT
andmutant PDB structure files were exported after removing ions
and solvent molecules.

ACE2-S1-RBD Molecular Dynamics
Simulations
Molecular dynamics simulations were performed using NAMD
version 2.13 software (Phillips et al., 2005) and CHARMM36
force field (Best et al., 2012), as described previously (Altamash
et al., 2021). The simulation system consisting of the
biomolecular complex formed by the ACE2-S1-RBD was
generated from the previously prepared PDB files using the
QwikMD Toolkit (Ribeiro et al., 2016) available as a plugin in
the Visual Molecular Dynamics (VMD) (Humphrey et al., 1996)
software V1.9.3. Briefly, the proteins were solvated using TIP3P
(transferable intermolecular potential with three points)

(Jorgensen et al., 1983) cubic water box and charges were
neutralized using 0.15 M NaCl final concentration in explicit
solvent with Periodic Boundary Conditions applied. The
biomolecular simulation systems consisted of ~453,000 atoms.
Energy minimization was first performed for 1,000 timesteps,
followed by a thermalization step where the system was slowly
heated for 0.25 ns using a temperature ramp where the
temperature was raised from 60 to 310 K at 1 K increment.
Temperature and pressure were then maintained at 310 K
using Langevin temperature control and at 1.0 atm using
Nose-Hoover Langevin piston control, respectively, and a 1 ns
constrained equilibration step was then performed where protein
backbone atoms where constrained using harmonic potential.
Finally, two independent 100 ns runs were performed for both the
WT and the N501Y mutant ACE2-S1-RBD complex. A 2 fs time
step of integration was chosen for all simulation where short-
range non-bonded interactions were handled at 12 Å cut-off with
10 Å switching distance, while Particle-mesh Ewald (PME)
scheme was used to handle long-range electrostatic
interactions at 1 Å PME grid spacing. Trajectory frames were
saved every 10,000 steps.

ACE2-S1-RBD Molecular Dynamics
Simulation Trajectory Analysis
Analysis of the trajectories was performed using the available
tools in the VMD software. (Humphrey et al., 1996) Independent
root-mean-square deviation (RMSD) calculations of backbone
Cα atoms of ACE2 and S1-RBD proteins were performed using
the “RMSD trajectory Tool” in VMD. (Humphrey et al., 1996)
Root-mean-square fluctuations (RMSF) measurements were
performed for Cα atoms of each protein. The representative
composite timestep snapshot images were prepared by saving
the trajectory coordinates as PDB file format every 10 ns and then
combining a total of 11 frames to form the composite images.
Representative trajectory movies of the 100 ns simulations were
prepared from 500 trajectory snapshots (5 snapshots/ns)
generated using VMD Movie Maker Tool (Humphrey et al.,
1996) and compiled using Fiji distribution of ImageJ software
(Schindelin et al., 2012) at a frame rate of 60 fps.

Energy calculations were performed using “NAMD Energy”
analysis tool available as part of VMD. Binding free energy
changes were estimated through molecular mechanics Poisson-
Boltzmann surface area (MM-PBSA) method (Kollman et al.,
2000) using the CaFE 1.0 tool (Liu and Hou, 2016) and VMD
(Humphrey et al., 1996). Center-of-mass distances between
paired selections were determined using VMD. (Humphrey
et al., 1996) Dynamic Cross-Correlation (DCC) analysis was
performed using the DCC algorithm from MD-TASK software
suite (Brown et al., 2017) for analyzing molecular dynamics
trajectories (https://mdmtaskweb.rubi.ru.ac.za/) as well as by
using Bio3D R package (Grant et al., 2006; Skjærven et al.,
2014). DCC calculations were based on the position of Cα
atoms obtained after aligning trajectory frames on the Cα
atoms of the original complex structure. Average DCC figures
were prepared using MATLAB and results were represented as
heat maps that indicate the range of correlations from +1 (high
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correlation) to 0 (no correlation) to −1 (high anti-correlation).
H-bond analysis between ACE2 and S1-RBD was performed at a
cut-off distance of 3.5 Å and a cut-off A-D-H angle of 20° using
the “Hydrogen Bonds” analysis extension in VMD (Brielle and

Arkin, 2020; Mallik et al., 2021). Interfacial residues were
determined from the available ACE2-S1-RBD complex (PDB
ID: 6m0j) at a cut-off distance of 5 Å using PyMOL. Standard
deviations of the inter-residue distances obtained over the course

FIGURE 1 |Decreased structural dynamics of the N501Ymutant S1-RBD in complex with ACE2. (A)Cartoon representation of the ACE2-S1-RBD structure (PDB:
6M0J (Lan et al., 2020) showing the relative positioning of residues Y41 and K353 in ACE2 (light blue) and residue N501 in S1-RBD (orange). (B) Cartoon representation
of the WT (left panel) and the N501Y mutant (right panel) ACE2-S1-RBD complex showing structural evolution of the complex over time in a 100 ns all-atom, explicit
solvent MD simulation. Composite images were prepared using 11 consecutive frames from up to 100 ns simulations with each frame being 10 ns apart. (C, D)
Graph showing backbone (Cα) root-mean-square deviation (RMSD) values of ACE2 (C) and S1-RBD (D) obtained from the simulation of the WT and N501Y mutant
ACE2-S1-RBD complexes. (E,F) Graph showing backbone (Cα) root-mean-square fluctuation (RMSF) values of ACE2 (E) and S1-RBD (F) obtained from up to 100 ns
simulations of the WT and N501Y mutant ACE2-S1-RBD complexes. (G)Graph showing binding free energy changes (ΔG, kcal/mol) obtained from the last 50 ns of MD
simulation using the MM-PBSA method (mean ± S.D.).
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of the simulation were then normalized with their respective
average distances and plotted as a ratio of N501Y mutant to WT
ACE2-S1-RBD complexes.

Data Analysis and Figure Preparation
GraphPad Prism (version nine for macOS, GraphPad Software,
La Jolla California United States ; www.graphpad.com), in
combination with Microsoft Excel, were used for data analysis
and graph preparation. Figures were assembled using Adobe
Illustrator.

RESULTS AND DISCUSSION

In order to understand the mechanism underlying the enhanced
affinity of the N501Y mutant over the WT S1-RBD for ACE2, we
initiated MD simulations with the available ACE2-S1-RBD
complex structure (PDB ID: 6M0J) (Lan et al., 2020). A closer
inspection of the ACE2-S1-RBD interface indicated that residues
Y41 and K353 of ACE2 are in close proximity to the N501 residue
of S1-RBD (Figure 1A). In fact, N501 has been reported to
participate in H-bond interaction (at 3.7 Å distance) with Y41
residue of ACE2, indicating its potential role in the ACE2-S1-
RBD interaction. (Lan et al., 2020) We hypothesized that this
interaction at the residue-level is altered by the N501Y mutation
in S1-RBD. We also hypothesized that other pair-wise
interactions at the interface may be altered by the same
mutation. To test these hypotheses, we initiated multiple, all-
atom MD simulations in explicit solvent with the WT and the
N501Y mutant ACE2-S1-RBD complex structure and analyzed
the trajectories obtained for general structural dynamics and
specific interactions. Further, we performed the simulations in
duplicates to test the consistency of the results and for statistical
support.

These MD simulations revealed a generally decreased
dynamics of the N501Y mutant ACE2-S1-RBD complex
compared to the WT complex as seen from the composite
image of the complexes obtained from the simulation
trajectories (Figure 1B). (Biswas, 2018; Biswas and
Visweswariah, 2017; Biswas, 2017; Biswas et al., 2015;
Fiskerstrand et al., 2012; Biswas and Visweswariah, 2011;
Biswas et al., 2008) However, RMSD analysis of backbone
atoms of the proteins ACE2 and S1-RBD individually, taken
over the entire course of simulation, did not show any clearly
discernable trend for structural evolution of amino acid residues
in the complex (Figures 1C, D). This suggests that any alteration
in the biochemical interaction between the two proteins likely
arises due to changes in the dynamics of specific, individual
residues in the proteins. Indeed, RMSF analysis of individual
amino acid residues in the proteins showed several distinct
changes, with a general decrease in the N501Y mutant
complex (Figure 1E). Specifically, in ACE2, residue positions
S106 until S128 and L176 until M190 of ACE2 showed a reduced
RMSF values in the N501Y mutant complex. RMSF analysis of
S1-RBD showed a reduced structural fluctuation of Y501 in the
mutant complex compared to N501 in the WT complex
(Figure 1F), indicating a more stable interaction with

adjacent, interfacial residues in ACE2. Importantly, residue
positions sequentially (Y495 until Q506) and physically (D442
until N448) adjacent to Y501 also showed reduced dynamic
fluctuations, indicating a local stabilizing effect of the
mutation. Additionally, residue positions from R357 until
N370, F377 until T393, G404 until I434, and S459 until R466,
showed reduced RMSF values in the mutant complex
(Figure 1F). The latter is suggestive of the possibility of an
allosteric effect of the N501Y S1-RBD mutation on the mutant
ACE2-S1-RBD complex as compared the WT complex. (Biswas
et al., 2008; Biswas and Visweswariah, 2011; Fiskerstrand et al.,
2012; Biswas et al., 2015; Biswas, 2017; Biswas and Visweswariah,
2017; Biswas, 2018) Overall, binding free energy changes
estimated using MM-PBSA method (Kollman et al., 2000)
revealed higher binding energy in the mutant complex
compared to the WT (Figure 1G).

Following these analyses, we determined the residue-residue
distances based on the center-of-mass between position 501 in S1-
RBD and key residues, Y41 andK353, in ACE2 of the ACE2-S1-RBD
complexes, as they evolve during the span of the simulations
(Figure 2A). First, N501 residue in the WT complex showed a
substantially higher structural fluctuations in comparison to Y501 in
the mutant complex (Figure 2A; left panel, SupportingMovies 1 and
2). This was not the case for N501Y S1-RBD mutant, in which Y501
sustained its contact at the ACE2-S1-RBD interface over the entire
simulation time (Figure 2A; right panel, SupportingMovies 3 and 4).
Indeed, the inter-residue distance analysis revealed a dramatic
increase in the distance between Y41 and K353 in ACE2 and
N501 in S1-RBD after about 30 ns in the first simulation run,
while a smaller, more fluctuating, increases at different times were
seen in the second run (Figures 2B, D). This is in contrast to the
distances measured for the same pair of ACE2 residues with Y501 in
the mutant complex (~7 and ~4.5 Å, respectively) (Figures 2B, D).
These data suggests that Y501 residue of N501Y mutant S1-RBD
forms more stable interactions at the interface with Y41 and K353
residues of ACE2 compared to the WT. To determine if the N501Y
mutation impacts interaction at the opposite end of the ACE2-S1-
RBD interface, we monitored the inter-residue distances between the
H-bond-forming Q24 residue of ACE2 andN487 of S1-RBD and the
closely juxtaposed (but not in H-bond interaction) T27 residue in
ACE2 and Y489 in S1-RBD (Lan et al., 2020). In contrast to the
observations made with the Y41-N501 and K353-N501 pairs, these
pairs did not show substantial difference in fluctuations of their
relative positioning (Figures 2D, E) compared to the mutant
complex, suggesting that the effect of the N501Y mutation on the
ACE2 and S1-RBD interface may be local in the timescale we have
explored here.

We then attempted to determine if there are any correlated
confirmational dynamics of the complex in the WT and the
N501Y mutant using dynamic cross-correlation (DCC)
analysis. Application of a minimum cut-off of 0.8 to positive
and negative DCC values obtained from individual MD runs
showed a generally greater correlated motions (both positive as
well as negative) in the WT ACE2-S1-RBD complex compared to
the N501Y mutant complex. However, DCC analysis did not
reveal any dynamically correlated motions between N501 of S1-
RBD or any other interfacial residues located near this position
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and residues in ACE2 in the WT complex. Although, in the S1-
RBD mutant complex, high dynamical cross-correlations were
observed between residues Y501 and G502 of S1-RBD on one side
and ACE2 interfacial residues, namely K353, and G354, on the
other side (Figure 3A). Interestingly, application of the cut-off to

the negative DCC values revealed a higher anti-correlatedmotions
between the two chains in the WT complex compared to the
mutant complex (Figure 3A). Moreover, by averaging the DCC
values for the two runs, our results revealed higher dynamical
cross-correlated motions between cluster of interfacial residues

FIGURE 2 | Sustained interaction of S1-RBD Y501 residue (N501Y mutant) with ACE2. (A) Temporal evolution of residues Y41 and K353 in ACE2 and either the
N501 in the WT S1-RBD (left panel) or the Y501 in the N501Y mutant S1-RBD (right panel) in the MD simulation. A total of 11 frames obtained from up to 100 s
simulations, each 10 ns apart, were compiled together. Note the increased fluctuation of the N501 residue in the WT S1-RBD. (B–E) Graph showing inter-residue
distances between the center of masses of residue Y41 in ACE2 and N501 in the WT and Y501 in the N501Y mutant S1-RBD (B), K353 in ACE2 and N501 in the
WT and Y501 in the N501Y mutant S1-RBD (C), Q24 in ACE2 and N487 in either the WT or the N501Y mutant S1-RBD (D), and T27 in ACE2 and Y489 in either the WT
or the N501Y mutant S1-RBD (E). Note the increased inter-residue distance fluctuations between the residues Y41 and K353 in ACE2 and N501 in S1-RBD in the WT
ACE2-S1-RBD complex compared to the N501Y mutant complex (B,C).
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sequentially adjacent to themutation site in the N501Ymutant S1-
RBD (residues G496, Q498, T500, Y501, G502, V503, Y505) on
one side and ACE2 interfacial clustered positions (S19, Q24, T27,
F28, D30, K31, H34, E35, E37, D38, Y41, Q42, L45) (Q325, G326,
N330), and (A386, R393) on the other side, compared to the WT
ACE2-S1-RBD complex (Figure 3B). Similar observations were
made for the DCC values between all the aforementioned ACE2
clustered positions and S1-RBD clustered residues (V445, G446,
and Y449) that are physically adjacent to the mutation site as they
are located on the same end of the interface as the N/Y501
clustered position mentioned earlier. Additionally, the average
DCC analysis revealed a global decrease in the significantly
dynamic anti-correlated motions in the mutant compared to
the WT complex (Figure 3B). These results provide insight on
the effect of the N501Y mutation on the dynamics of interfacial
residues adjacent, either in protein sequence or in terms of
physical location, to the mutation site and the distant effect of
the mutation on the dynamics of non-interfacial residues
manifested as a decrease in the anti-correlated inter-chain
motions in the mutant complex.

In order to better understand how the two proteins interact at the
interface and how this interaction compares in the WT and mutant
complexes, we next performed interfacial H-bond occupancy
analysis using a 3.5 Å cut-off distance and 20° cut-off angle. By
applying a cut-off trajectory occupancy time of 5%, we were able to
identify 19 unique H-bonds that form at the interface during the
span of the simulation time by either the main chain or side chain of
residues (Figure 4A). Interestingly, this analysis revealed that
position 501 of S1-RBD is capable of H-bond formation with
residues Y41 of ACE2 in the WT complex but not in the mutant
complex. In fact, Y501 in the S1-RBDmutant complex did not form
any substantial H-bonds with residues in ACE2. This indicates that
Y501 residue in the mutant S1-RBD does not contribute to
significant H-bond formation at the interface, but rather may be
involved in forming other types of noncovalent interactions. In fact,
by calculating interaction energy between this position and
interfacial residues in ACE2, we found that this position forms
additional, and more sustained, van der Waals interactions at the
interface (Supplementary Figure S1). Recent reports suggest that
this position is involved in π-π and π-cation interactions (Tian,

FIGURE 3 | Altered dynamical cross-correlated motions in the ACE2-S1-RBD N501Y mutant complex. (A) Cartoon representation of ACE2-S1-RBDWT (top two
panels) and N501Y mutant (bottom two panels) complex showing DCC values (cut-off, ±0.8). Note the positively correlated motions observed between Y501 and G502
on S1-RBD and residues K353 and G354 on ACE2 in the mutant complex but not in the WT complex, while less dynamically anti-correlated motions were observed in
the mutant complex compared to theWT complex. (B)Heat map showing average DCC values from two independent 100 ns MD simulations of theWT (top panel)
and the N501Ymutant (bottom panel) ACE2-S1-RBD complex (cut-off, ±0.8). Note the higher dynamically cross-correlated motions between residues at the interface in
the N501Y mutant complex. Also note the global decrease in the anti-correlated motions in the mutant complex.
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2021a; Ostrov, 2021). All these results are in contrast with previous
reports suggesting enhanced H-bond formation by Y501 in the
mutant complex (Ali et al., 2021; Tian, 2021b; Santos and Passos,
2021) driving the enhanced binding affinity of N501Y S1-RBD
mutant to ACE2 (Khan, 2021; Leung et al., 2021; Zhao et al.,
2021). More importantly, by calculating the difference between
mean % occupancy time, we were able to determine changes in
the % occupancy time between H-bonds formed inWT and mutant
complexes. Interestingly, residues immediately adjacent to the 501
position in S1-RBD (T500 and G502) had the highest change in the
H-bond occupancy (+35.6% and +25%, respectively), further
indicating that the local effect of the mutation on the interface
(Figure 4A). Distribution analysis of distances between H-bonding
residue pairs that showed the highest increase and decrease in
H-bond formation over the courses of the simulations revealed
that the distance between these pairs generally increased and
decreased, respectively, in the mutant complex (Figure 4B). More
importantly, distance measurements revealed that in both cases
(increased and decreased H-bond mean occupancy time) distance
fluctuations between H-bond forming residue pairs decreased in the
mutant complex compared to the WT complex (Supplementary
Figure S2). Additionally, analysis of distance between interfacial
residues that contribute to substantial H-bond interaction at the
interface, but have a mean occupancy time not changing with the
mutation (namely ACE2-D30-sidechain:S1-RBD-K417-sidechain,
and ACE2-E35-sidechain:S1-RBD-Q493-sidechain), revealed that
these residues are not located near the mutation site and display
no marked differences in distance fluctuations between the WT and
mutant complexes (Supplementary Figure S3), suggesting the
stabilizing effect of the mutation as a key driving factor that
alters H-bond interactions at the interface. The same can be
concluded from calculating the distance between close-by

interfacial residues at the far opposite end of the interface as was
described above (Figures 2E, F).

To further confirm the effect of N501Y mutation on the interface, we
calculated pair-wise residue distances between residues that form the
ACE2-S1-RBD interface. Using a cut-off distance of 5Å, we were able
to identify 25 interfacial residues in ACE2 and 22 in S1-RBD providing a
total of 550 interfacial residue pairs (Figure 5A). The mean and standard
deviation of 5,000 distance measurements (obtained from 5,000 trajectory
frames) for each pair were then calculated. Standard deviations were then
normalized with the mean distances for each interfacial residue pair
(averaged over the two MD simulation runs) and the ratio of standard
deviations obtained for the N501Y mutant and WT complexes were
plotted as heatmap (Figure 5B). A value greater than 1.0 of the ratios
indicate a higher pair-wise distance fluctuation, and thus, a destabilizing
effect in themutant complexcompared to theWT,while avalue lesser than
1.0 indicates a decreased distance fluctuation, and thus, a stabilizing effect.
This analysis revealed a general stabilizing effect of the mutation on the
interfacial residues with ratios ranging from 0.21 (minimum;
corresponding to K353:N501 residue pairs) to 2.64 (maximum;
corresponding to Q24:F486 residue pairs) with a mean of 0.86.
Interestingly, the stabilizing effect was more prominent on residues that
are adjacent to themutation site either in sequence (T500,G502 andV503)
or in physical proximity (V445 andG446), which further supports the idea
of a stabilizing effect of themutation on residues at the interface, including
the mutated N501 residue (Figures 5B,C). Interestingly, this distance
fluctuation analysis showed a maximum number of residues pairs
involving T500 residue in the N501Y mutant S1-RBD, even more than
residue pairs involving Y501 residue itself (Figure 5B). These results are in
agreement with recent reports, both computational (Jawad et al., 2021;
Socher, 2021; Villoutreix et al., 2021) as well as experimental (Liu, 2021a;
Tian, 2021a;Huang et al., 2021; Li et al., 2021;Niu et al., 2021), showing an
increased affinity of the N501Y mutant S1-RBD for ACE2 receptor.

FIGURE 4 | Altered H-bonding between ACE2-S1-RBD interfacial residues. (A) Table showing H-bonds formed at the interface by applying a cut-off of 3.5 Å
distance, 20° angle, and ≥5% occupancy time. Numbers represent the % occupancy time of the H-bond during the total simulation time. (B) Histograms representing
distance measurements between H-bond forming pairs that showed the highest alterations in H-bond formation at the interface. Mean Diff, Mean difference,
i.e., difference between H-bondmean percent occupancy time of theWT andmutant complexes. Blue and red colors indicate increase and decrease in occupancy
time, respectively, in the mutant complex.
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After our work had become publicly available as a preprint in
January 2020 (Ahmed et al., 2021), several studies reported
characterization of the N501Y mutation, either alone or in
combination with other SARS-CoV-2 spike mutations that exist in
the VOC. For instance, Gobeil et al. (2021), using cryo-electron
microscopy experiments, showed that all three VOC that contain the
N501Y mutation (B.1.1.7, B.1.351, and P.1) have an increased
propensity for the open-state of the spike protein, which is
required for ACE2 binding, and, consequentially, an increased
binding affinity for ACE2 (Gobeil, 2021). Teruel et al. (2021),
using coarse-grained normal mode analysis of a large number

mutants, demonstrated that the N501Y mutation alone markedly
increases the SARS-CoV-2 spike open-state occupancy by increasing
the flexibility of the closed-state and decreasing the flexibility of the
open-state (Teruel et al., 2021) in a manner similar to that of the
D614G mutation (Benton et al., 2021; Zhang et al., 2021). In fact, a
computational study published in early 2020 suggested N501 residue
as being compatible with, but not ideal for, human ACE2 binding
(Wan et al., 2020). In addition to these, some MD simulation studies
reported an enhanced binding affinity of N501Y mutant S1-RBD for
ACE2 (Jawad et al., 2021; Luan et al., 2021; Spinello et al., 2021), with
the possibility of a local conformational change caused by the N501Y

FIGURE 5 | Stabilizing effect of the N501Y mutation on ACE2-S1-RBD interfacial interaction. (A) Cartoon representation showing interfacial residues determined
from the available ACE2-S1-RBD complex (PDB ID: 6m0j) at a cut-off distance of 5Å. A total of 25 residues (blue) and 22 residues (orange) were identified at the interface
in ACE2 and S1-RBD, respectively. (B) Heatmap representing ratio of inter-residue distance fluctuations (standard deviation normalized to average distances) in the
N501Y andWT ACE2-S1-RBD complexes. Note the decrease in the dynamics of Y501 and residues neighboring the mutation site, indicating a stabilizing effect of
the mutation. (C) Schematic showing reduced dynamics of interfacial residues in the N501Y mutant. ACE2 (blue) and S1-RBD (orange) complex showing interfacial
residues with reduced dynamics in the N501Y mutant in comparison to the WT interface.
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mutation (Socher, 2021). However, such a conformational change
was not observed in another MD simulation study performed with
the ACE2-S1-RBD complex of the N501Y containing B.1.1.7 and
B.1.531 SARS-CoV-2 variant spike protein (Villoutreix et al., 2021).
In agreement with our findings, Jawad et al. (2021) (Jawad et al.,
2021) showed that the N501 residue does not form substantial
H-bond interaction with ACE2 residues, and that the N501Y S1-
RBD mutation significantly enhances ACE2 binding by altering
amino acid interactions with ACE2 at the interface. Thus, altered
interfacial residue dynamics allowing for a sustained ACE2-S1-RBD
interaction, likely driving the increased transmissibility of the B.1.1.7
variant, reported here appear to be consistent across multiple studies.

CONCLUSION

To conclude, the MD simulations performed here with the ACE2-S1-
RBD complex provide an unambiguous mechanistic insight into the
increased binding affinity of the N501Y mutant S1-RBD for ACE2.
Specifically, our computational work shows that the mutation of N501
residue into tyrosine (Y) results in a stable interactionwith the Y41 and
K353 residues in ACE2. This is positively impacted by the altered
dynamics of the S1-RBD upon N501Y mutation, which is more
noticeable on residues adjacent to mutation site, and extends to
include certain nonadjacent residues, although the reason behind it
is not entirely clear and will likely require further investigation. The
N501Y S1-RBD mutation, classified as a high-frequency temporal
dynamicsmutation (Justo Arevalo et al., 2021), has gained tremendous
interest from the scientific community given its presence in three of the
SARS-CoV-2 VOC that bymarch accounted formore than two-thirds
of the circulating variants world-wide (Huang et al., 2021). A number
of studies corroborating our conclusions have appeared, which suggest
the essential role of N501Y S1-RBDmutation in the transmissibility of
SARS-CoV-2 variants that carry this mutation by forming a high
affinity and more stable interaction at the ACE2-S1-RBD interface,
possibly by altering interfacial dynamics as is evident from our study.
We believe that the results outlined here will be helpful in efforts
towards thwarting this new wave of COVID-19 by enabling discovery
of potent inhibitors of ACE2-S1-RBD interaction (Andersen et al.,
2020; Choudhary et al., 2020; Shang, 2020; Walls, 2020; Wrapp et al.,

2020) or the development of high affinity ACE2 variants for use as
decoys (Chan et al., 2020; Glasgow et al., 2020; Chan et al., 2021; Jing
and Procko, 2021).
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Case report: Individualized
pulsed electromagnetic field
therapy in a Long COVID patient
using the Adaptive Force as
biomarker
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1Regulative Physiology and Prevention, Department of Sports and Health Sciences, University

Potsdam, Potsdam, Germany, 2Practice of Integrative Medicine Bittmann, Potsdam, Germany

The increasing prevalence of Long COVID is an imminent public health

disaster, and established approaches have not provided adequate diagnostics

or treatments. Recently, anesthetic blockade of the stellate ganglion was

reported to improve Long COVID symptoms in a small case series, purportedly

by “rebooting” the autonomic nervous system. Here, we present a novel

diagnostic approach based on the Adaptive Force (AF), and report sustained

positive outcome for one severely a�ected Long COVID patient using

individualized pulsed electromagnetic field (PEMF) at the area C7/T1. AF

reflects the capacity of the neuromuscular system to adapt adequately to

external forces in an isometric holding manner. In case, maximal isometric

AF (AFisomax) is exceeded, the muscle merges into eccentric muscle action.

Thereby, the force usually increases further until maximal AF (AFmax) is

reached. In case adaptation is optimal, AFisomax is ∼99–100% of AFmax.

This holding capacity (AFisomax) was found to be vulnerable to disruption

by unpleasant stimulus and, hence, was regarded as functional parameter.

AF was assessed by an objectified manual muscle test using a handheld

device. Prior to treatment, AFisomax was considerably lower than AFmax for

hip flexors (62 N = ∼28% AFmax) and elbow flexors (71 N = ∼44% AFmax); i.e.,

maximal holding capacity was significantly reduced, indicating dysfunctional

motor control. We tested PEMF at C7/T1, identified a frequency that improved

neuromuscular function, and applied it for ∼15min. Immediately post-

treatment, AFisomax increased to ∼210 N (∼100% AFmax) at hip and 184 N

(∼100% AFmax) at elbow. Subjective Long COVID symptoms resolved the

following day. At 4 weeks post-treatment, maximal holding capacity was still

on a similarly high level as for immediately post-treatment (∼100% AFmax) and

patient was symptom-free. At 6 months the patient’s Long COVID symptoms

have not returned. This case report suggests (1) AF could be a promising

diagnostic for post-infectious illness, (2) AF can be used to test e�ective

treatments for post-infectious illness, and (3) individualized PEMF may resolve

post-infectious symptoms.

KEYWORDS

individualized pulsed electromagnetic field, Adaptive Force, muscular holding

capacity, case report, Long COVID, post-COVID syndrome, muscle weakness, fatigue
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1. Introduction

“Long COVID” receives increasing attention due to the high

number of affected persons during SARS-CoV-2 pandemic. Six

month post-infection 57% of COVID-19 survivors show one or

more sequelae, after 1 year still half of them present at least

one symptom (1, 2), regardless of infection severity (3). Long

COVID shows similarities to myalgic encephalomyelitis/chronic

fatigue syndrome (ME/CFS) (4–9), which is known since

decades and can arise after viral infections (7–12). For post-

infectious syndromes a dysfunction of the autonomous nervous

system (ANS) was discussed to be the cause or at least a

component (4, 7–9). The underlying mechanisms, the causality

and the influence of pre-existing health conditions are not

sufficiently known (1, 13). Innovative diagnostics and efficient

causal therapies are urgently needed (14, 15).

Recently, Liu and Duricka reported sustained positive

clinical outcomes for two Long COVID patients after stellate

ganglion block (SGB), i.e., injecting local anesthetics near

the stellate ganglion (4). Based on the rapid resolution

of symptoms the authors concluded the “system needs to

‘reboot’ to produce functional recovery” (4). The positive

effect of SGB was suggested to be based on “sympathectomy,”

which “produces its beneficial effects. . . by attenuating

chronic sympathetic hyper responsiveness, improving

cerebral and regional blood flow, and recalibrating the

autonomic nervous system toward pre-COVID homeostasis” or

“rebalancing the interaction between the nervous and immune

system” (4).

Despite of delaying broad acceptance as valid treatment (4),

therapeutic local anesthesia to sympathetic ganglia is supposed

to be a promising approach for relieving severe conditions (16–

20). It is applied since decades to treat several conditions, e.g.,

acute/chronic pain, functional disorders, dysautonomia, and

chronic inflammation (16, 21). SGB, e.g., reduced the symptoms

in patients with posttraumatic stress disorders (22, 23), may

modulate the immune response (24), or stabilized ventricular

rhythm (25). The local injection is claimed to be safe (4, 21),

however, it is invasive and involves some risks (21, 26).

Another approach to influence the ANS is the use of

weak, low-frequency pulsatile electromagnetic fields (PEMF)

(27). Animal studies support the hypothesis that PEMF

can be useful in therapy (27–30), e.g., in cardiac diseases

(27, 30, 31). In humans, PEMF could normalize dysautonomia

in children (32, 33) and was found to be effective to treat

neuropathic/postsurgical pain and edema as well as several

other indications (34–37). PEMF acupuncture of BL15 (bladder

meridian and paravertebral T5) was found to activate the

parasympathetic nervous system (38). Moreover, PEMF

showed positive effects in cancer treatment (39). It modulated

the physiology and electrochemistry of cancer cells and

had immunomodulatory and systematic effects (39–41).

PEMF was suggested to be a “suitable therapeutic approach

with neuroimmunomodulatory, anti-inflammatory, anti-

hyperglycemic, anti-hyperalgesic, and anti-allodynic actions”

(35). Despite of those findings, development of PEMF therapy

is slow due to the lack of scientifical evidence-based knowledge

(36). Furthermore, the application parameters of PEMF were

claimed to be “quite diverse, with no clear rationale for why

particular parameters are chosen” (35).

Based on the above-mentioned knowledge and own

clinical experience, we hypothesize (1) individualized PEMF

in the sense of non-invasive neural therapy can be useful

for treatment of dysautonomia in Long COVID; (2) the

appropriate and helpful application parameters of PEMF can

be tested by Adaptive Force (AF); (3) The AF can serve as

biomarker (diagnostic/follow-up).

The AF characterizes the holding capacity of the

neuromuscular system, which can be assessed, e.g., by a

manual muscle test (MMT) objectified by a handheld device

(42–44). During MMT, the tester applies a smoothly increasing

force on the patient’s limb in direction of muscle lengthening up

to a considerably high force level. In case, the patient can adapt

the muscle tension maintaining the isometric position during

the entire force increase, the MMT is rated as “stable” and the

maximal AF (AFmax) is reached under isometric conditions

[AFmax = maximal isometric AF (AFisomax)]. An “unstable”

adaptation is characterized by yielding of the limb during force

increase. The patient is not able to adapt adequately. AFisomax

is considerably low and AFmax is reached during eccentric

muscle action (43–45).

Healthy persons usually show stable adaptation (AFisomax
AFmax ≥

99%) (43–45). Based on own practical experience, patients

with, e.g., post-infectious syndromes show unstable adaptation.

Common measurements of maximal strength (e.g., hand grip

force) usually do not show a significant difference between

patients and controls (46, 47). Two studies revealed a

significantly reduced force in ME/CFS (48, 49). However, one

did not describe sex effects. Females were overrepresented in

ME/CFS group (96 vs. 62% in controls) (49), which might

explain the lower strength. The findings are inconclusive and

highlight that common maximal strength assessments might

not be appropriate to investigate motor function in post-

infectious states. We hypothesize AFisomax might be a decisive

motor function to investigate and uncover clear differences

between patients and controls. Moreover, AFisomax can react

immediately to positive and negative inputs (43–45). A proposed

neurophysiological explanation was given previously (42–45).

Hence, the AF might be a useful biomarker to investigate

patients and to determine helpful treatments, such as the

individual PEMF.

This case report presents the positive clinical outcome

for one Long COVID patient after a single treatment with

individualized PEMF using the AF as biomarker.
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2. Patient information

A 24-year-old female (168 cm, 65 kg; student since 2016;

student assistant since 2020) presented herself in our practice of

integrative medicine in August 2021. She reported a non-critical

course of COVID-19 infection in December 2020 which lasted

2–3 weeks with symptoms as fever, loss of smell/taste, muscle

pain and headache.

Afterwards she felt quite good for ∼8 weeks. In March

2021 a state of Long COVID arose with severe symptoms

as pronounced fatigue, fast exhaustion, post-exertional

“crashs,” weakness, concentration problems, loss of speaking

abilities, headache, muscle pain/cramps, sensitivity to stimuli

(light/noise) and loss of smell. Less pronounced were nausea,

nerve tingling, visual disturbances, memory, and sleeping

problems and heavy perspiration. She was not able to proceed

her Bachelor thesis, work as assistant or participate in social

life. She appeared to be emotionally strong with good family

bonding, although she naturally perceived her condition as very

burdensome, especially because of the prospect of the clinicians

she had to be patient, wait and pace herself.

She had a borreliosis infection in 2016. No

other pre-existing health issues were reported

(infections/hormonal/digestive/psychological). She always

was sportive but sometimes not able to climb stairs in the

current condition.

She already received exercise and physiotherapy,

reflective breathing massage, tried supplements/vitamins

and melatonin pills for sleeping problems. None of them led to

a considerable condition improvement. Pacing herself resulted

in a state in which she partly could resume work/studies.

However, as soon as she went beyond her (low) limits

(physically/cognitive/emotionally), a crash resulted (recovery:

few days).

3. Clinical findings

The intensity of common Long COVID symptoms was

inquired on a numerical scale [0-no to 10-very strong;

according to Liu and Duricka (4)] retrospectively for pre-

COVID baseline, during Long COVID (post-COVID) as well

as 1-day, 4-weeks, and ∼6-month post-treatment (Figure 1).

Fatigue, memory/concentration issues, headache, muscle pain,

loss of smell/taste, depression/anxiety, dizziness, and post-

exertion malaise were rated by≥ 9 post-COVID.

For physical examination, the AF of nine different

muscles/muscle groups was assessed on both sides by the MMT

[hip flexors/adductors/abductors/extensors, foot dorsiflexors,

pectoralis major (sternal and clavicular part), deltoid, and elbow

flexors]. For left elbow/hip flexors, the AF was objectified (see

below, Figure 2). All tested muscles showed a clearly unstable

behavior in MMTs pre-treatment.

4. Timeline

Figure 3.

5. Diagnostic assessment

Diagnostic challenges for Long COVID appear because

diagnosis is currently based on exclusion (15, 50). The patient

provided documentation of a received extensive diagnostic

assessment from a medical clinic (diagnosis: Long COVID). All

other possible causes were excluded therein.

Besides the symptom intensity at five timepoints (Figure 1),

the AF of left elbow and hip flexors was objectified by a

handheld device which records reaction force (N) between

tester and patient as well as limb position [angular velocity

(◦/s)]. It consists of strain gauges (co. Sourcing map, model:

a14071900ux0076, precision: 1.0 ± 0.1%, sensitivity: 0.3

mV/V) and kinematic sensor technology (Bosch BNO055,

9-axis absolute orientation sensor, sensitivity: ± 1%) (42–

45). Data were AD converted, buffered (sampling rate:

180Hz) and sent (Bluetooth 5.0) to a tablet with measuring

software (sticky notes). Data processing and evaluation were

performed according to Schaefer et al. (43–45) in NI DIAdem

20.0 (National Instruments, Austin, TX, USA). Signals were

interpolated (1 kHz) and filtered (Butterworth, filter degree

5, cut-off frequency 20Hz). For visualization (Figure 2) the

angular velocity was additionally filtered (degree: 3, cut-off:

10Hz) to smoothen the oscillations (note: this leads to slightly

different results between visual inspection in Figure 2 and results

given below).

The following parameters were extracted: (1) AFmax (N):

peak value of the whole trial. This can be reached either during

isometric or eccentric muscle action. (2) AFisomax (N): the

maximal isometric AF refers to the highest force under isometric

conditions. This was defined as the force at the moment in

which the gyrometer signal increased above zero, indicating a

yielding of the limb (breaking point). In case the gyrometer

signal oscillated ∼0 during the entire trial, AFmax = AFisomax.

(3) Slope: the slope of force rise before AFisomax of all trials

was calculated by the difference quotient to control the increase.

Reference points (time, force) were 70% and 100% of averaged

AFisomax of all as unstable assessed MMTs. The decadic

logarithm was taken from values [lg(N/s)] since force rise is

exponential. Arithmetic means (M) and standard deviations

(SD) of each parameter were calculated of the three trials for

each muscle and timepoint (Table 1).

Figure 2 shows the signals of the three trials of left elbow/hip

flexors at each timepoint (pre, post, and end), Table 1 shows

the respective values. The entry MMTs were clearly unstable,

indicated by low AFisomax ≈ ∼71N (elbow) and ∼62N (hip).

The muscle started to lengthen at∼44± 25% of AFmax (elbow)

and ∼28 ± 6% (hip). The slope was slightly smoother for pre
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FIGURE 1

Intensity of Long COVID symptoms over time. Data was collected retrospectively for pre-COVID. Y-axis was set to −1 to visualize a score of

zero [visualization was chosen following Liu and Duricka (4)].

vs. post vs. end (Table 1). Thus, the conditions for adaptation

should have been even better in pre-tests.

After initial AF assessment, we tested the individual

supportive PEMF frequency. For that, we placed the coil

anteriorly centered to the area of stellate ganglion (C7/T1) and

performed the MMT repeatedly whereby before each test we

adjusted the frequency. As soon as the muscle showed stability,

we used this frequency for treatment. The stabilized holding

capacity indicates that exactly this configuration is supportive

for the patient’s system. Hence, the motor output leads us to

the helpful PEMF frequency by instantaneously gaining stability.

The PEMF has a reach of∼20 cm and, therefore, it had no special

lateral effect.

Immediately after PEMF application (see below), all muscles

were clearly stable in MMT. Results of AF values are given

(Figure 2C, Table 1). The first trial of elbow flexors was not

fully stable, indicated by a deviation of gyrometer signal above

zero. However, the breaking point (AFisomax) was on a high

force (174 N ≈ 99% of AFmax). All other trials post-treatment

showed full stability with high AFmax reached during isometric

conditions [M ± SD: AFisomax
AFmax = 99.6 ± 0.7% (elbow); 100

± 0% (hip)]. The isometric holding capacity was immediately

increased by 2.6 (elbow) and 3.4-fold (hip) force compared to

pre-treatment. The patient was able to maintain the isometric

position of muscles during the entire force increase in contrast

to pre-state. Those results support the manually assessed motor

function as immediate reaction to the individual PEMF therapy.

6. Therapeutic intervention

Individualized PEMF therapy using bioMATRIX driver

(Roland Pechan GmbH & Co.KG; sinusoidal signal, 100–

1,000Hz, max. 3 mT) was applied via coil to the area of C7/T1

assuming that it affects the stellate ganglion in order to “reboot”

the ANS in the sense of a non-invasive neural therapy. The

individual PEMF frequency of 550Hz (flux density 1 mT) was

tested by the AF andwas applied for∼15min. Established PEMF

devices work with up to 10 mT (51). Only one treatment was

performed since the condition improved immediately.

7. Follow-up and outcomes

The symptoms intensity improved immediately 1-day post-

treatment and sustained until now (6-month post-treatment;

Figure 1). The day after treatment she gave feedback (e-mail;

translated): “I woke up this morning for the first time since

months without a feeling of hangover. I don’t have headache;

my head feels broad and open (. . . ). An incredible feeling.

I don’t have any nausea, I feel as 1,000 kg burden were

removed from my body. I feel totally easy and energetic. I

had no problems to fall asleep yesterday and slept through

without melatonin pills. This morning I got out of bed without

any difficulties, directly felt like doing Yoga and went for

a bicycle trip.” She also felt like having “drunk 10 cups
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FIGURE 2

AF recordings of left elbow and hip flexors. (A) Force (N) of all trials before (pre), directly after (post) and 4 weeks after treatment (end). (B) Force

(N) and angular velocity (◦/s) of AF recordings pre-treatment, (C) directly post-treatment, and (D) 4-weeks post-treatment (end). All signals were

filtered (butterworth; force: filter degree 5, cut-o� frequency: 20 Hz; angular velocity: filter degree: 10, cut-o�: 3 Hz). Dotted lines indicate zero

for angular velocity.
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FIGURE 3

Timeline from acute SARS-CoV-infection over the ∼6-month Long COVID period until the individualized PEMF treatment resulting into

sustained recovery (∼6-month post-treatment).

TABLE 1 Results of Adaptive Force (AF) of left elbow and hip flexors.

AFisomax (N) AFmax (N) AFisomax
AFmax (%) Slope [lg(N/s)]

Pre Post End Pre Post End Pre Post End Pre Post End

Elbow flexors

1 111.45 174.24 202.34 161.45 176.29 202.34 0.69 0.99 1.00 1.89 1.96 1.90

2 28.50 196.23 192.39 142.64 196.23 192.39 0.20 1.00 1.00 1.68 1.85 1.94

3 73.50 181.62 192.43 177.16 181.62 192.43 0.41 1.00 1.00 2.01 1.95 1.99

M 71.15 184.03 195.72 160.42 184.71 195.72 0.44 1.00 1.00 1.86 1.92 1.95

SD 41.52 11.19 5.73 17.28 10.33 5.73 0.25 0.01 0.00 0.17 0.06 0.05

CV 0.58 0.06 0.03 0.11 0.06 0.03 0.57 0.01 0.00 0.09 0.03 0.02

Hip flexors

1 - 194.70 206.05 190.83 194.70 206.05 - 1.00 1.00 1.59 1.98 1.91

2 71.33 232.72 211.09 218.49 232.72 211.09 0.33 1.00 1.00 1.66 1.87 1.86

3 51.76 202.60 199.68 215.53 202.60 199.68 0.24 1.00 1.00 1.81 2.08 1.69

M 61.54 210.01 205.61 208.28 210.01 205.61 0.28 1.00 1.00 1.69 1.98 1.82

SD 13.84 20.06 5.72 15.19 20.06 5.72 0.06 0.00 0.00 0.11 0.11 0.12

CV 0.22 0.10 0.03 0.07 0.10 0.03 0.22 0.00 0.00 0.07 0.06 0.06

Single values of each trial, the arithmetic means (M), standard deviations (SD), and coefficients of variation (CV) of the maximal isometric AF (AFisomax), the maximal AF (AFmax), their

ratio (%), and of the slope of force rise [lg(N/s)] are given for each timepoint (pre: before treatment, post: directly after treatment, end: 4-weeks after treatment).

of coffee. I don’t know where to go with my energy. It

almost feels uncomfortable since my body is so twitchy.” It

appears that the treatment led to sympathetic hyper activation.

However, this adverse unanticipated reaction dissolved the

next day.

Two weeks post-treatment she reported she still feels

physically and mentally healthy. She was able to exercise as

intensive as before COVID-infection (85 km bicycle trip without

problems), she had no concentration issues and meetings with

several persons were no problem anymore. “I am grateful and

happy to have my life back.”

At follow-up appointment 4-weeks post-treatment, she

felt well and healthy (Figure 1). All above-mentioned muscles

showed stability in MMT, supported by AF recordings

(Figure 2D, Table 1). The patient was able to stabilize themuscles

in isometric holding conditions despite of the external increase
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until a considerably high AFisomax = AFmax = 195.7 ± 5.7N

(elbow) and 205.6± 5.7 N (hip).

Approximately 6-weeks post-treatment she received a lymph

drainage (head and shoulder girdle) independent of our

intervention and reported of headache, fatigue, concentration

problems and sensitivity to stimuli afterwards for 3 days. She

had another appointment in our practice ∼1 week later. The

muscles were still stable in entry MMTs. They became unstable

after lymph drainage performed in our practice indicating that

it irritated her system. By applying an individually newly tested

PEMF frequency (590Hz) the muscles were stabilized again.

After the next lymph drainage independent of our intervention,

she perceived headache for 1 hour but felt well afterwards.

Approximately 10-weeks post-treatment she reported “I feel

currently wonderful”. The sustainability was underpinned by the

last assessment (January 2022; Figure 1). She reported, she is

physically completely on the level before COVID, “if not better.”

However, after emotional stress fatigue sometimes returns, but

not in the previous extent.

8. Discussion

This case report suggests that low-frequency PEMF to the

area of stellate ganglion with individually tested frequency using

the AF might be an effective therapy in Long COVID patients.

Since Liu and Duricka found a similar outcome after SGB (4),

we assume that PEMF to the area C7/T1 affect the stellate

ganglion. Based on our case and their suggestion that “cervical

sympathetic chain activity can be blocked with local anesthetic,

allowing the regional autonomic nervous system to ‘reboot”’ (4),

we propose the same effect might be gained by individualized

PEMF therapy. A rationale for the mechanisms behind the

hypothesis rebooting the ANS was given by Liu and Duricka (4).

The benefit of PEMF is that it is non-invasive, the patient

does not feel anything of the intervention (see below) and

no side effects are known (36, 39, 52). However, a successful

treatment will not be that easy in every Long COVID patient.

Some will have more severe pre-existing health issues which

might hinder the positive outcome of a single treatment.

From our current experience, three main factors in Long

COVID occur: dysautonomia, pre-existing, and/or current

mental stress and previous infections affecting the lymphatic

system, which might lead to lymphatic entrapments post-

COVID. Based on psychoneuroimmunology it is known that

those factors interact (53). This is underpinned by the present

case, since the patient relapsed after lymph drainage but could

be switched back by one re-treatment. The switching between

both states as immediate responses to disturbing or helping

interventions speaks for a regulative character of Long COVID

condition, at least in part. This would explain the instant

reversibility observed in some cases. It is suggested that the

complex psychoneuroimmunological network might still be

vulnerable after “rebooting” the ANS. Lymphatic and mental

stress might impede an immediate positive outcome or lead

to a relapse. Consequently, such conditions must be treated,

too. However, the ANS dysfunction—presumably triggered

by SARS-CoV-2 infection—could benefit from individualized

PEMF therapy determined by the holding capacity (AFisomax)

of the neuromuscular system.

AFisomax was suggested to be especially sensitive regarding

interfering inputs entering the complexmotor control processes.

At least the thalamus, cerebellum, inferior olivary nucleus, red

nucleus, basal ganglia, cingulate cortex, and the sensorimotor

cortex are involved in processing adaptive motor control

(54–95). Due to the strong interconnections between those

areas (73, 84) and since they also process other inputs (e.g.,

emotions/nociception) (63, 65, 68, 69, 73, 96–99), it was

proposed that the motor output in the sense of AFisomax can

be modified by different stimuli—positive and negative ones.

The pro-inflammatory cytokine/chemokine profile (100), organ

damage, lymphatic stress and/or the dysautonomia in Long

COVID might impair that motor function. In case this is based

on malfunction, it can be resolved immediately by applying the

helpful therapy, e.g., individualized PEMF. The instantaneous

improvement of AFisomax by 2.6 and 3.4-fold by applying the

individualized PEMF frequency clearly demonstrated this. This

effect cannot be reached by training. It must be the result of a

functional readjustment of the patient’s system. In contrast to

maximal forces (as AFmax or MVIC), which can be reached

also in dysfunctional state [as found here or in other studies

(46, 47)], the holding capacity might uncover the dysfunction.

In case the patient must adapt in an isometric holding manner

to an increasing external force, the maximal force cannot be

demanded under isometric conditions anymore. The adjustment

of tension under stable muscle length fails and the limb gives

way on significantly low forces. The AFisomax improved though

immediately by applying the helpful PEMF. As was postulated

by Mert (35), there is no rationale which PEMF parameters

should be applied. So, why not “ask” the patient’s system? The

holding capacity seems to lead the way to the individual helpful

parameters. Applying any frequency would not have this positive

effect. Therefore, it is necessary to test the PEMF frequency

individually by adequate biomarkers, as the neuromuscular

holding capacity.

9. Conclusion

In conclusion, we suggest (1) to include pre-existing health

issues of Long COVID individuals, especially concerning mental

stress and previous infections and to examine the lymphatic

system regarding flow restrictions. (2) The AF provides a

valuable biomarker which can be used as functional diagnostic

parameter for patients in post-infectious states, to determine

the individual appropriate cause-related therapy and to monitor

follow-up, since it seems to correlate with the patient’s condition.

(3) Soft, low-frequency PEMF with an individually tested
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frequency for each patient at the actual timepoint seems to

be useful to “reboot” the dysfunctional ANS and might be

an alternative non-invasive neural therapy. Further research is

needed to verify and pursue this approach.
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