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Abstract

An acute respiratory syndrome caused by SARS-
CoV2 was declared a pandemic by the World Health
Organization. Current data in the world and in Brazil
show that approximately 40% of patients who died
have some type of cardiac comorbidity. There are also
robust reports showing an increase in IL-6 / IL-1B /
TNF-alpha and the presence of lymphopenia in patients
with COVID-19. Our team and others have shown that
increased cytokines are the link between arrhythmias/
Left ventricular dysfunction and the immune system
in different diseases. In addition, it has been well
demonstrated that lymphopenia can not only be a good
marker, but also a factor that causes heart failure. Thus,
the present review focused on the role of the immune
system upon the cardiac alterations observed in the
SARS-CoV2 infection. Additionally, it was well described
that SARS-CoV-2 is able to infect cardiac cells. Therefore,
here it will be reviewed in deep.

Introduction

The Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2) is the RNA virus responsible for the
Coronavirus Disease 19 (COVID-19). The epidemics
emerged from the city of Wuhan, in China, in December
2019, and rapidly spread worldwide, being declared a
pandemiconMarch 11 by the World Health Organization.!
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Most deaths in COVID-19 are credited to acute
respiratory distress syndrome (ARDS). In general, ARDS
may be triggered by a variety of inflammatory conditions,
such as severe lung damage, severe pneumonia, and
sepsis, and is caused by damage to alveolar capillaries
endothelia. Such damage causes an increase in lung
vascular permeability, allowing fluid to flow inside
alveoli and creating a thick hydrophilic film, which makes
it difficult for oxygen to access the blood. Moreover,
although most severe symptoms of COVID-19 are
caused lung damage, some patients may develop severe
cardiovascular damage throughout the course of the
disease.? Cardiovascular compromise due to COVID-19
was associated with arrhythmias (16%), myocardial
ischemia (10%), myocarditis (7.2%) and shock (1-2%).3

Among infected persons, hypertension, and
cardiovascular diseases (CVD) are the most common
comorbidities related to severe cases.* An estimated 50%
of hospitalizations of COVID-19 patients are composed
of cardiomyopathy patients® and 60% of deaths occurs
among patients with cardiovascular comorbidities.> The
high prevalence of cardiovascular disease among COVID-19
co-morbidities demonstrate the importance of a special
look on the relations between the coronavirus disease and
its possible consequences on the heart. Even though that
several cases of cardiac impairment were reported, scarce
datais actually available on the presence of SARS-CoV-2in
cardiac tissue. A recent study reported that 78 of 100 patients
recently recovered from COVID-19 (78%) had abnormal
cardiovascular magnetic resonance (CMR) findings.®

Hypoxia, ischemia, and COVID-19

Troponins are proteins that composes the contractility

units of the muscle cells and have a regulatory role on

Mailing Address: Emiliano Medei

Av. Carlos Chagas Filho, 373. Postal Code: 21941-901, Rio de Janeiro, RJ - Brazil.

E-mail: emedei70@biof.ufrj.br

DOI: https://doi.org/10.36660/ijcs.20200266

Manuscript received September 02, 2020; revised manuscript April 01, 2021; accepted July 14, 2021.


https://doi.org/10.36660/ijcs.20200266
mailto:emedei70@biof.ufrj.br
https://orcid.org/0000-0002-6859-7881
https://orcid.org/0000-0002-3970-4086
https://orcid.org/0000-0001-5605-3572
https://orcid.org/0000-0002-0044-1311

Int J Cardiovasc Sci. 2022; 35(3), 410-418

Review Article

Vigdrio et al.

SARS-CoV-2 Cardioimmunology

the contraction-relaxation cycle and high sensitivity
cardiac troponin (hs-cTn) is exclusively expressed in
cardiomyocytes. Extremely sensitive to reduced oxygen
offer, hs-cTn can be used to detect heart tissue injuries
caused by hypoxia, such as to detect heart infarction types
Iand II, coronary syndromes and possible heart injuries
on several respiratory syndromes.”® Elevated blood levels
of hs-cTn were consistently observed in severe COVID-19
and associated with morbidity.” ARDS leads to systemic
hypoxia,® the most likely reason for high hs-cTn blood
levels. The more severe is the hypoxia, the higher are
expected to be the levels of cardiac troponin.” This pattern
appears to be common to ARDS from several etiologies.®
In fact, troponin is useful as a biomarker to help identify
the course of the disease® and high levels of hs-cTn are
usually associated with high mortality rates.®

The several coagulopathies events triggered by
COVID-19 such as anti-phospholipid antibodies,!!
lung capillary damage'?'® and high pro-inflammatory
cytokine levels'* seem to be implicated in the ischemic
myocardial damage associated with the disease. In fact,
episodes of heart infarction are frequent in patients with
COVID-19, as well as ischemic strokes'> and episodes of
microvascular and pulmonary thromboembolism.161?
The ischemic heart damage and the cardiac stress
produced by altered hemodynamics are causes of heart
tissue damage.

Heart Arrhythmias in COVID-19

A number of cases of heart arrhythmias have been
described in the course of severe COVID-19, but
understanding the role played by cytokine storm and
putative viral myocarditis or even direct tissue infection
is complicated by the administration of several drugs
that might alter cardiac rhythm, and also by the effects
of refractory hypoxemia on heart conduction system.

In the urge to achieve an efficient treatment to
SARS-CoV-2 infection, several drugs have been tested
worldwide. After an in vitro study?® that prove the
efficiency of Hydroxychloroquine against the virus,
a French research group aimed to evaluate its results
in humans. In an open-label non-randomized clinical
trial, they concluded a drug effect in clearing viral
nasopharyngeal carriage of SARS-CoV-2 in only
three to six days.?! This way, the authors suggested
that, especially in association with Azithromycin,
Hydroxychloroquine could be a possible international

strategy to the fight against Covid-19. Although a
study estimated that 9-11% of the patients receiving
Hydroxychloroquine plus Azithromycin treatment
might develop severe QTc prolongation, > 500 ms,??
this study did not have an appropriate control to QTc
prolongation among COVID-19 patients of similar
gravity and did not result in Torsades de Pointes.?*> On
the other hand, premature ventricular complex followed
by polymorphic ventricular tachycardia (Torsades de
Pointes), with marked QTc prolongation and wave T
inversion, was described in a 64-female patient that had
a medical record of nonischemic cardiomyopathy with
paroxysmal AF, in the setting of refractory hypoxemia.
The patient was being treated with Azithromycin,
that was discontinued, and the patient had no further
episodes of ventricular arrhythmias.?* The separation
between rhythm abnormalities caused by drugs and by
COVID-19 itself is a difficult, important task.

Heart arrythymias may also develop throughout the
course of COVID-19 without any drug association. Bhatla
et al.,” purpose to evaluate the risk of cardiac arrest and
arrythymias in hospitalized patients. They investigated a
cohort of 700 patients and detected 53 arrhythmic events,
including cardiac arrest, with one case of Torsades de
Pointes, Atrial Fibrillation, Bradyarrhythmia and NSVT,
but no heart blocks, sustained VT or VF.25

To understand the mechanisms involved in such
cardiac events, we might reason with previous epidemic
knowledge, especially SARS-CoV infection. Yu et al.,?
analyzed a cohort of 121 patients with SARS-CoV in
2005 and described tachycardia as the commonest
cardiovascular manifestation once it occurred in two thirds
cases among the infected. Neither fever nor hypotension
could explain such alteration in cardiac rhythm, as
tachycardia was sustained even in the third week if
infection, when febrile manifestation was not present, and
in a comparatively small number of patients presenting
low blood pressure levels. Nevertheless, sinus bradycardia
was a less common condition, but also affected 15% of
patients, although it was somewhat transient compared
with sinus tachycardia. Moreover, five possible causes for
cardiac arrest were pointed by Pau et al: (1) the lung injury
caused by the SARS-CoV virus leads to hypoxemia and
thus an unsteady state of the myocardial electricity; (2)
SARS-CoV virus directly causes injury to the myocardial
cells and/or the conduct system; (3) SARS-CoV infection
aggravates the original myocardial pathological change,
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worsening the conduct block; (4) extreme anxiety leads to
extra secretion of catecholamine, which causes instability

of myocardial electricity.?”

Cytokine Storm and Heart Function

Once the virus enters the organism, it uses the ACE2
receptor to invade cells, and then, replicate itself. Type Il
pneumocytes, epithelial cells of kidneys and ileum, and,
also, cardiomyocytes have high ACE2 expression,? but
which tissues are in fact usually infected is still a matter of
debate. The infection can even directly affect the immune
system, once macrophages, monocytes and dendritic cells
also express ACE2 on their surfaces, characterizing SARS-
CoV-2’s other targets.?® After invading those immune
cells, the virus may induce changes in the cytokine and
chemokine expressions pattern, increasing their release,
in the so-called cytokine storm.? Several cytokines could
be released as interferons and also, tumor necrosis factor
alpha (TNF-«), and interleukin-1 (IL-1), IL-6, and IL-18
are also released.”

After lower airway infection by SARS-CoV-2, some
authors have noticed elevated levels of interleukin-6
(IL-6) in patients’ bloodstream, as described by Le et al.?
Development of ARDS in COVID-19 is associated to high
IL-6 levels® and does not seem to be closely associated
to the viral load, but rather to the host’s inflammatory
response.®? Tocilizumab, an anti-IL-6 antibody, acts to
reduce the levels of inflammatory markers such as CRP,
and although an observational single-arm study did not
show much benefit,® there is an ongoing randomized trial
in which preliminary results show tocilizumab prevents
mechanical ventilation or death,? indicating a pivotal
role for IL-6 in the physiopathology of ARDS. Moreover,
Tocilizumab reverses the lymphopenia, the decrease in
HLA-DR’ cells and the inhibition of cytotoxic cells induced
by the virus,®% demonstrating that there is an immune
dysregulation mediated by an exaggerated inflammatory
response in which IL-6 predominates.

Several works have pointed out the important role
played by IL-6 326 and other several cytokines on cardiac
rhythmic and mechanical function. Interleukin-6 was
measured in 2329 patients [89.4% with a left ventricular
ejection fraction (LVEF) <40%] of the BIOSTAT-CHF cohort.
The authors described an elevated IL-6 levels in more than
50% of patients. Elevated IL-6 levels were associated with
iron deficiency, reduced LVEF, atrial fibrillation and
poorer clinical outcomes. In this line, Aromolaran et al.,%”
showed that IL-6 inhibits potassium repolarizing current

“IKr”, resulting in action potential prolongation through
IL-6R and JAK pathway. This finding might help better
understanding the basis for the observed clinical QT
interval prolongation and is corroborated by a decrease
in QTc after anti-IL-6 administration to rheumatoid
arthritis patients.?® An increment in IL-6 levels (~10 to 100
times more than reference values) and high circulating
levels of TNFa and IL-1 were associated with longer QTc
interval and TdP events in chronic inflammatory arthritis
patients.® All these evidences point to a possible effect of
IL-6 mediating arrhythmias in COVID-19.

Myocardial IL-6 mediates cardiac inflammation and
contractile dysfunction after burn plus sepsis. Other works
reported that subcutaneous administration of IL-6 to rats
leads to a dose-dependent myocardial contractile function
deterioration.® In vitro, IL-6 has a direct negative inotropic
effect on isolated papillary muscle, probably related
to up-regulation of myocardial nitric oxide synthase
2.4 In addition, IL-6 down-regulates the sarcoplasmic
reticulum Ca2p — ATPase (SERCAZ2) in isolated cardiac
myocytes.# Finally, administration of IL-6 to rat cardiac
myocyte cultures results in reduced expression of a myosin
heavy chain, b-myosin heavy chain, and cardiac actin.
Collectively, these data support the notion that both IL-6
have a specific direct role in the cardiac function and could
directly be involving on the physiopathology different
cause of heart failure.

“Cytokine storm” is the phenomenon caused by several
different inflammatory cytokines secreted in response to
acute SARS-CoV-2 infection, and the levels of IL-13 are
under scrutiny as a putative participant.**4* The effects
of IL-13 on cardiac electrical function have been explored
by many works.*>4 We previously demonstrated that
IL-1(3 was able to prolong the ventricular action potential
decreasing a transient outward potassium repolarizing
current (Ito) in a type-1 diabetes mouse model.#” In renal
ischemia/reperfusion, it was observed that the treatment
with Anakinra (Kineret®) was able to rescue the cardiac
function.*® In COVID-19, a recent study demonstrated
the potential therapeutic action of Anakinra in patients
who were admitted to hospital for severe forms of
COVID-19 with symptoms indicative of worsening
respiratory function.*” The results shown that the high
dose Anakinra was able to reduce both need for invasive
mechanical ventilation in the ICU (cumulative mechanical
ventilation-free 72% Anakinra x 50% non-treated controls)
and mortality (21 days cumulative survival 90% Anakinra
x 56% non-treated controls) among patients with severe
forms of COVID-19, without serious side-effects.5?
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Although no reports exist yet concerning the heart effects
of this therapeutics, it is likely that it will prevent some
COVID-19-associated arrhythmias, at least the ones
promoted by hypoxia.

Lymphopenia and Heart Function

Endothelial cells are then incited on releasing even
more chemokines and stimulating factors, in a positive
feedback of proinflammatory response.’® This role of
proinflammatory protein release, triggered by SARS-
CoV-2, may be exacerbated, which would be classically
called “the cytokine storm”.5! This typical immunological
pattern, found among patients with COVID-19, is
currently correlated with the evolution of the disease to
more severe stages.5! The “cytokine storm” is associated
to the pathophysiology of the pneumonia and the Acute
Respiratory Distress Syndrome (ARDS), on SARS-CoV-2
positive patients.>! In the heart, inflammation plays a critical
role on CVDs, like acute coronary events, left ventricular
remodeling and heart failure.®? Thus, the cytokine storm
must raise attention to the cardiovascular consequences
in COVID-19, since its cardiac deployments are already
described.> In this line, autopsies performed on COVID-19
deceased individuals have shown infiltration of interstitial
mononuclear inflammatory cells on the myocardium,
corroborating that the cytokine storm may lead to cardiac
outcomes, in which myocarditis could be one of these
possible consequences.?

Furthermore, lymphopenia was also documented on
COVID-19 patients, specially associated to low levels of
CD4+ and CD8+ T cells, despite the late high levels of
antiviral factors interferons (IFN-y), which are secreted,
mainly, by CD4+ T cells.?® Lymphopenia is reversed by
Tocilizumab, the anti-IL-6 antibody.> This kind of immune
patternis usually correlated with the evolution of the disease
and associated with more severe cases when compared to
moderate ones.% Studies already demonstrated that white
blood cells count can be excellent predictor of coronary heart
disease, as well as heart failure worst prognosis.5? One of the
first works to demonstrate the association of lymphopenia
and heart failure was the work of Hurdle, Gyde, &
Willoughby in 1966.% The authors reported an association
between the heart failure patients and the 'cold’ controls in
respect of lymphopenia, eosinopenia, and cortisol levels.>
In agreement with this data, a previous study have associate
lymphopenia with worse outcomes in patients with heart
failure, chronic ischemic heart disease and acute coronary
syndromes.5” Also, the lymphopenia was proposed a

key prognostic marker in heart failure. In this line it
was demonstrated that lymphocyte count was inversely
associated with survival at 1, 2 and 3 years after adjusting
for clinical, laboratory, and pharmacological variables.>
As described above, within the cytokines, IL-1B plays an
important role in the SARS-CoV-2 physiopathology. Other
recent work also related the preoperative lymphopenia with
worse survival in LVAD patients.”

Interferons, mainly type I/III, play a pivotal role when
secreted early on viral infections, while its late secretion
by the CD4+ T cells, which occurs on some COVID-19
patients, is correlated with poor prognosis.?® In addition,
this unbalance between the CD4 cells and IFN concentration
helps to explain, at least in part, the characteristic T cells
exhaustion observed in these patients.?8

As described above, both immune system and lung
injury could be involving in the SARS-CoV-2-induced
cardiac impairment. Since the cardiac cells also express
ACE2 receptor, a direct infection could also justify tissue
damage, by consequence of an increase apoptosis. In
this direction, it was recently report evidences of a direct
infection of cardiomyocytes by SARS-CoV-2.° The most
recent work of Lindner and coworkers (2020) documented
the presence of SARS-CoV-2 in the heart of 24 of 39 patients
(61.5%).% Additionally, the authors described viral load
above 1000 copies per pug RNA in 16 of 39 patients (41.0%).
Interesting, there are studies that elucidates the possibility
of viral infection on cardiac tissues, such as occurred by the
influenza virus, resulting in myocarditis, which indicates
that a direct infection should be directly involving in the
cardiac physiopathology.**

SARS-CoV-2 Infect Cardiomyocytes

Several studies have shown presence of SARS-CoV-2
genome in the heart, as well as signs of viral myocarditis
in COVID-19 infected individuals.®**¢*%* Furthermore, the
infection by the novel coronavirus also implicates in a large
spectrum of symptoms, which may include arrhythmia and
heart failure, as well as elevation of cardiac biomarkers.**
However, until now, the mechanisms involved in cardiac
injury remains uncleared. Necropsy of myocardium from
COVID-19 infected patients revealed, via PCR, that SARS-
CoV-2 viral RNA was detected in the heart.®® Indeed, it is
notable that ACE2 receptor is expressed in cardiac tissue
and that is upregulated during dilated and hypertrophic
cardiomyopathy.® Taken together, these findings give
rise to the scientific community to hypothesize a direct
infection of the novel coronavirus in cardiomyocytes (CM)
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as leading to possible cardiac disfunction. Elucidating the
pathogenic mechanism of cardiac injury in COVID-19 in
vitro could ultimately guide therapeutic strategies.*

In vitro research with human cardiomyocytes (CMs)
is a challenge to science, once they are difficult to obtain
and maintain throughout the course of tests. Improved
methods to convert human induced pluripotent stem
cells (hiPSCs) to multiple somatic lineages have enabled
in vitro mass production of patient-specific cells, including
hiPSC-derived CMs (hiPSC-CMs).” The hiPSC-CMs can be
differentiated by promoting the production and activation
of an adult human CM-like protein pattern, in addition to
be endowed with the capacity of spontaneous contraction.
The whole process lasts few weeks, and it is made by using
defined differentiation protocols, customized with genome
editing.®® Currently, hiPSC-CMs are a well-established in
vitro model to study the mechanisms of direct CM viral
infection, especially in the context of viral myocarditis.®

The invasion of SARS-CoV-2 occurs by the interaction
between the viral Spike glycoprotein and the target cells'
ACE2 receptor. It is worth mentioning that the level of
expression of ACE2 in hiPSC-CMs is comparable to those
of VERO cells,”” a primate kidney epithelial line with
established SARS-CoV-2 tropism. Normally, the Spike-
protein / ACE2 interaction is stabilized by the presence of
TMPRSS2. However, both hiPSC-CM and adult human
CM did not express this serine transmembrane protease.”
In contrast, single-cell RNA-sequencing analysis detected
high levels of endosomal cysteine proteases CTSB and
CTSL, generally co-expressed with ACE.® This viral
processing factors are important since they may cleave
the glycoprotein spike and lead to endomembrane
fusion-mediated release of SARS-CoV-2 genome inside
the cytoplasm.®7° Interestingly though, some scientists
reported decreased viral detection of SARS-CoV-2
in CTSL inhibition, whereas blocking CTSB did not
attenuate viral levels. In this regard, SARS-CoV-2 would
bind to hiPSC-CMs via the ACE2 receptor and utilize a
CTSL (but not CTSB)-dependent endolysosomal route
to infection, independent of TMPRSS2/serine protease-
mediated activation at the cellular membrane.”

In a recent study, Pérez-Bermejo et al.” used analysis
of single-cell RNA-sequencing and immunofluorescence
staining of infected CM to revealed double-stranded
RNA (indicative of replicating virus) and the viral spike
protein initially placed near the nucleus, in endoplasmic
reticulum-golgi intermediate compartment, suggesting
a potential replication center. At 48h after the infection,
they visualized the dsRNA signal already dispersed

throughout the cytoplasm. And, by 72h post infection,
SARS-CoV-2 was spread throughout the culture and a
large portion of the CMs had died, with the remaining
cells displaying dissociation from neighboring cells,
heavily reduced sarcomeric staining and SARS-CoV-2
virions in large vesicles near to the nucleus.

Aiming to evaluate the electrophysiological properties
of infected hiPSC-CM, Marchiano et al.,®® culture these
cells with SARS-CoV-2 by the multiplicity of infection (i.e.,
the number of infectious viral particles per cell) rate of 0.1
and 5. After 72 hours of observation, the analysis revealed,
in different proportions, reduced beating rate, lower
depolarization spike amplitude and decreased electrical
conduction velocity of the cells. Indeed, in a specific model
of stem cells-derived cardiomyocytes, the hESC-CMs, an
increase in the duration of the field potential (FPD) was
noticed. This fact may pave the way for further studies,
once FPD may be interpreted as an in vitro surrogate of the
QT interval measured by an electrocardiogram.® Once QT
prolongation is well-established as pro-arrhythmogenic,
the authors suggests that the infection of the novel
coronavirus in cardiomyocytes may lead to changes in
electrophysiological properties that could even directly
create a substrate for arrhythmias. Likewise, contractile
properties of hiPSC-CMs were evaluated and a decrease
of the maximal twitch force was detected after 72 hours of
infection, and even after 144 hours. Taken together, these
facts may contribute to whole-organ cardiac dysfunction
seen in COVID-19 patients.

Transcriptomic analysis via RNA sequencing of
infected hiPSC-CMs were performed to identify gene
expression changes mediated by SARS-CoV-2. Sharma et
al.*” described a correlation between the raise of cleaved
caspase-3 levels and dsRNA positive cells, indicating a
possible virus-induced apoptosis process. Furthermore,
the analysis revealed that some immunomodulators,
such as interleukins, were significantly upregulated
in infected samples, along with antiviral response
pathways genes such as OAS3. In contrast, the author
described that the expression of CM markers TNNT2 and
TNNCI1 were significantly reduced in infected samples,
along with mitochondrial genes related to oxidative
phosphorylation, such as CKMT2, encoding for creatine
kinase. In addition, consistent with prior reports in
myocardium,” ACE2 was significantly downregulated
in SARS-CoV-2-infected hiPSC-CMs. To summarize, it
is possible conclude that the infection of SARS-CoV-2 in
hiPSC-CMs drove to a downregulation of transcriptional
pathways related to mitochondrial function, oxidative
phosphorylation, and cardiac function, whereas
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upregulated pathways included responses to organic
substance, immune system processes, such as production
of type I and type III interferons,* and apoptosis.

Taken together, the data obtained in a SARS-CoV-2
direct infection upon hiPSC-CM experiments strongly
suggest a direct deleterious effect of the virus upon
cardiac cells are possible.

Conclusions

In summary the data collected here allow us to propose
that the cardiac impairment by SARS-CoV-2 could
be due: i. cytokines storm that a) directly impair the
heart function or b) indirectly affects other organs, like
lung, that impact the cardiac function; ii. secondarily to
hypoxemia and respiratory failure; iii. as a consequence
of lymphopenia; iv. Since the SARS-CoV-2 was detected
in cardiac tissue and it infect hiPSC-CM a direct effect
might be a new clinical entity as a “cardiac viruses”
related to SARS-CoV-2. (See Figure 1)

Potential Conflict of Interest

No potential conflict of interest relevant to this article
was reported.

Sources of Funding

This study was funded by Fundagio Carlos Chagas Filho de
Amparo a Pesquisa do Estado do Rio de Janeiro E-26/210.155/2020,
E-26/203.169/2017, E-26/210.191/2020, and E-26/210.253/2020;
CNPq: 310681/2018-9), CAPES, FINEP.

Study Association

This study is not associated with any thesis or

dissertation work.

Ethics approval and consent to participate

This article does not contain any studies with human

participants or animals performed by any of the authors.

Author contributions

Conception and design of the research: Vigério LC,
Muradas G, Neto Paiva C, Medei E. Writing of the
manuscript: Vigério LC, Muradas G, Neto Paiva C, Medei
E. Critical revision of the manuscript for intellectual
content: Vigario LC, Neto Paiva C, Medei E.

Figure 1 - The cartoon depicts the potential mechanisms involved on cardiac damage mediated by SARS-CoV-2. A — Represent the
cytokine storm and the main cytokines involved; B — Cardiac impairment as a consequence of respiratory or respiratory disease; C- Direct
SARS-CoV-2 infection upon cardiac tissue; D — The lymphopenia was pointed out as important marker and involving in heart disfunction.
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