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IN DEPTH
The Science Underlying COVID-19

Implications for the Cardiovascular System

ABSTRACT: The coronavirus disease 2019 (COVID-19) pandemic has Peter P. Liu®, MD
affected health and economy worldwide on an unprecedented scale. Alice Blet, MD, PhD
Patients have diverse clinical outcomes, but those with preexisting David Smyth, PhD
cardiovascular disease, hypertension, and related conditions incur Hongliang Li, MD, PhD

disproportionately worse outcome. The high infectivity of severe acute
respiratory syndrome coronavirus 2 is in part related to new mutations in
the receptor binding domain, and acquisition of a furin cleavage site in
the S-spike protein. The continued viral shedding in the asymptomatic and
presymptomatic individuals enhances its community transmission.

The virus uses the angiotensin converting enzyme 2 receptor for
internalization, aided by transmembrane protease serine 2 protease. The tissue
localization of the receptors correlates with COVID-19 presenting symptoms
and organ dysfunction. Virus-induced angiotensin converting enzyme 2
downregulation may attenuate its function, diminish its anti-inflammatory
role, and heighten angiotensin Il effects in the predisposed patients.

Lymphopenia occurs early and is prognostic, potentially associated with
reduction of the CD4+ and some CD8+ T cells. This leads to imbalance
of the innate/acquired immune response, delayed viral clearance, and
hyperstimulated macrophages and neutrophils. Appropriate type |
interferon pathway activation is critical for virus attenuation and balanced
immune response. Persistent immune activation in predisposed patients,
such as elderly adults and those with cardiovascular risk, can lead to
hemophagocytosis-like syndrome, with uncontrolled amplification of cytokine
production, leading to multiorgan failure and death.

In addition to the airways and lungs, the cardiovascular system is often
involved in COVID-19 early, reflected in the release of highly sensitive
troponin and natriuretic peptides, which are all extremely prognostic, in
particular, in those showing continued rise, along with cytokines such as
interleukin-6. Inflammation in the vascular system can result in diffuse
microangiopathy with thrombosis. Inflammation in the myocardium can result
in myocarditis, heart failure, cardiac arrhythmias, acute coronary syndrome,
rapid deterioration, and sudden death.

Aggressive support based on early prognostic indicators with expectant
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management can potentially improve recovery. Appropriate treatment for oy L oTas: angiatensin comering
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heart failure, arrhythmias, acute coronary syndrome, and thrombosis remain coronavirus ® inflammation
important. Specific evidence-based treatment strategies for COVID-19 will :yrzgyrgiédl-nia:cﬁvjsre acute respiratory
emerge with ongoing global collaboration on multiple approaches being

evaluated. To protect the wider population, antibody testing and effective © 2020 American Heart Association, Inc.
vaccine will be needed to make COVID-19 hiStOFy. https://www.ahajournals.org/journal/circ
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2019 (COVID-19) first presented as an outbreak

of atypical pneumonia in Wuhan, China, on De-
cember 12, 2019.'2 Since then, it has spread globally
to infect >1963943 individuals and killed >123635 in
>200 countries as of April 14, 2020. This infection has
affected health and the economy worldwide on an un-
precedented scale.

Whereas COVID-19 is primarily a respiratory infec-
tion, it has important systemic effects including on
the cardiovascular and immune systems. Patients with
preexisting cardiovascular conditions represent large
proportions of patients with symptomatic infection,
and experience disproportionately worse outcomes at
between a 5- and 10-fold increase in mortality (World
Health Organization).?

Although we are learning constantly about the
changing epidemiology, the rapidly evolving underlying
science, together with insights from previous corona-
virus infections, such as severe acute respiratory syn-
drome (SARS), can help us to better understand CO-
VID-19, and, in turn, diagnose and treat our patients
more insightfully.

The coronavirus infection coronavirus disease

CLINICAL SPECTRUM OF
CARDIOVASCULAR INVOLVEMENT IN
COVID-19

In addition to increased propensity and worse outcomes
for COVID-19 in patients with preexisting cardiovascu-
lar diseases (Table 1), patients with new COVID-19 in-
fections can also develop cardiovascular complications,
such as heart failure, myocarditis, pericarditis, vasculitis,
and cardiac arrhythmias.*>

Between 8% and 28% of patients with COVID-19
infections will manifest troponin release early in the
course of the disease, reflecting cardiac injury or
stress.® The presence of troponin elevation, or its dy-
namic increase during hospitalization, confers up to 5
times the risk of requiring ventilation, increases in ar-
rhythmias such as ventricular tachycardia/ventricular fi-
brillation, and 5 times the risk for mortality (Figure 1).°
A similar proportion of patients also manifest eleva-
tions of brain natriuretic peptides. Troponin and brain
natriuretic peptides, together with the presence of un-
derlying cardiovascular diseases or cardiovascular risk
factors, are highly prognostic of the requirement for
intensive care unit admission, ventilation, and death.

UNIQUE PROPERTIES OF THE VIRUS
AND THE DISEASE PHENOTYPE

SARS coronavirus 2 (SARS-CoV-2), the virus causing
COVID-19, is a novel betacoronavirus (large RNA virus)
that shares 80% sequence homology with the earlier
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SARS coronavirus (SARS-CoV) that caused the SARS
outbreak in 2003." The coronavirus surface features
multiple spike glycoproteins (S) consisting of homotri-
mers protruding far from the viral surface, giving it a
halolike appearance (or corona). The spike S protein is
used by the virus to engage its target cell receptor, an-
giotensin converting enzyme 2 (ACE2) (Figure 2). The S
protein has 2 subunits: S1 and S2, facilitating target cell
internalization.

SARS-CoV-2 has evolved several features that make
it @ more efficient virus for infection than SARS-CoV.
The most critical receptor binding domain of SARS-
CoV-2 preserved the overall configuration of the SARS-
CoV binding domain, including 8 of the 14 residues be-
ing completely identical.”® However, the 3-dimensional
structure of the SARS-CoV-2 binding site shows that it
is more compact, has improved binding stability, and
potentially enhanced ACE2 receptor binding affinity."

Another difference is that SARS-CoV-2 contains a
polybasic (furin) cleavage site inserted at the boundary
of the $1/52 subunits of the spike S protein.’ This furin
binding site is unique, can enhance the virus' ability to
internalize into cells, and is a feature shared by several re-
cent highly pathogenic viruses, including avian influenza.

In general, RNA viruses are prone to higher muta-
tion rates, and viruses are known to continue to mutate
during an epidemic. Viruses continue to adapt to local
environments to facilitate their transmission. The ability
to track changes over geography and time can help us
to better understand the disease pathogenesis, clinical
phenotype variation, and its molecular epidemiology.’®

Clinical Implications

The high replication rate of the virus, especially in the
human oral pharynx and upper airway where the ACE2
receptors are located, likely enhances its ability for ef-
ficient person-to-person transfer." This allows shed-
ding of the virus just with normal speaking or singing,
without the need for coughing or sneezing, which may
partially explain its infectivity.

The ability of the virus to proliferate and shed in
completely asymptomatic individuals, including chil-
dren and young adults, and also before symptoms oc-
cur (presymptomatic shedding), further increases its
ability to transmit between individuals (Figure 1).” In
a series of 191 inpatients from Wuhan with COVID-19,
the median duration of viral shedding was 20 days in
survivors, with the longest viral shedding being 37 days,
beyond symptom resolution, and SARS-CoV-2 was de-
tectable until death in nonsurvivors.'

Because of the efficiency of SARS-CoV-2 in viral
transmission, aggressive control measures are critical
for attenuating the COVID-19 pandemic. But with 25%
to 50% of infections being asymptomatic, traditional
containment measures based on symptoms alone are
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Table 1. Death Rate to Date of Patients With COVID-19 Infection and
Specific Preexisting Conditions (World Health Organization Data)

Preexisting Condition Death Rate, %
Cardiovascular disease 10.5
Diabetes mellitus 7.3
Chronic respiratory disease 6.3
Hypertension 6.0
Cancer 5.6
No preexisting conditions 0.9

COVID-19 indicates coronavirus disease 2019.

less effective. Contact tracing that is based on accurate
and rapid diagnostic tests will be necessary. When de-
ployed effectively, these measures can avert hundreds
of thousands of cases."”

Patients with cardiovascular diseases are more prone
to viral illness, in general, and thus constitute an already
high-risk group. This is consistent with documented in-
creases of acute myocardial infarction after influenza
epidemics,''® even though this trend has not been
consistently observed with COVID-19.

Science and COVID-19

Whether the virus can directly proliferate in the heart
is unknown. There are very few pathology studies on
patients who have COVID-19. Previous analysis of hu-
man hearts in patients who died of SARS demonstrated
that 7 of 20 (35%) hearts harbored virus in the myocar-
dium.2° Direct viral entry into the myocardium and blood
vessels can certainly enhance the risk for myocardial in-
jury, and subsequent inflammatory response, as well.
It is not known whether the observed cardiac damage
is attributable to viral injury or to an immunologic re-
sponse affecting the myocardium and related structures,
such as the pericardium and conduction system.

VIRAL RECEPTOR ACE2 AND
TRANSMEMBRANE PROTEASE SERINE
2 CONTRIBUTE TO THE DISEASE
PHENOTYPE

ACE2 has been confirmed recently as the SARS-CoV-2
internalization receptor causing COVID-19,?" in con-
cert with the host's transmembrane protease serine 2

Incubation Period Symptoms Resolution _
Viral Symptoms Onset Ventilation Symptoms Organ Failure
Exposure (some remain (if required) Resolution Death
asymptomatic) (in those who recover)
Day0 Day 7 Day 14 Day 21 Day 28
Viral |
Shedding , .
| T Vasculitis/Coagulopathy
hsTroponin )
T Risk of Heart Failure
NTpro/BNP | e
Cytokine Storm
Cytokines i ] el
(CRP, IL-13, IL-6) '
1 Activated Neutrophil
Macrophages \, O
© 1 cDa+ T cells @ Hematophagocytosis
Inappropriate adaptive Dysregulated
immune response — immune response

Figure 1. Clinical course of COVID-19 infection.

The incubation period averages 7 days, but can be up to 14 days. There can be asymptomatic, presymptomatic, or postsymptomatic viral shedding, likely contrib-
uting to its rapid transmission. Cardiac biomarkers such as high-sensitivity troponin (hsTroponin) can be detectable in patients at symptom onset and are prognos-
tic. Continued increases in troponin together with rising cytokines predict the need for intensive care unit stays, ventilation, and vascular complications. Together
with cytokine rise, NTproBNP rise can predict the risk of myocarditis or heart failure. Lymphopenia, with suppression of T cells and inefficient viral clearance, set
the stage for overstimulated macrophages, cytokine amplification, and hemophagocytosis with organ failure, including the heart. COVID-19 indicates coronavirus
disease 2019; CRP, c-reactive protein; IL-1p, interleukin-1p; IL-6, interleukin-6; and NTproBNP, N-terminal pro-brain natriuretic peptide;
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Figure 2. SARS-CoV-2 uses the ACE2 internalization receptor, facilitated by TMPRSS2 protease.

ACE2 can be shed in the circulation, and ACE2 is increased in patients with hypertension, heart failure, or diabetes mellitus. ACE2 can be downregulated follow-
ing viral entry. This partial decrease in ACE2 function leads to dominant angiotensin Il effects, including enhanced inflammation, vasoconstriction, and propensity
for thrombosis. This can also worsen heart failure. ACE2 indicates angiotensin converting enzyme 2; HF, heart failure; ROS, reactive oxygen species; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2; and TMPRSS, transmembrane protease, serine 2.

(TMPRSS2) membrane protease that primes the spike S
protein of the virus to facilitate its cell entry.?? ACE2 is
the same functional receptor of the earlier SARS-CoV.?
The presence of TMPRSS2 significantly enhances viral
infectivity.?* Protease inhibitors against TMPRSS2 ap-
pear to block effectively viral entry and infection of
lung cells in vitro.

ACE2 is a type 1 transmembrane protein, with its
enzymatic domain located on the external surface
of cells where it performs its function of converting
angiotensin Il (1-8) to angiotensin 1-7.2>2¢ The lat-
ter is a vasodilator, and a counterregulator of the
renin-angiotensin system (RAS). In stress states or
proinflammatory conditions, membrane-bound ACE2
protein can be cleaved by the transmembrane disin-
tegrin ADAM17 (a disintegrin and metalloproteinase
17), releasing ACE2 into the interstitium or circulation,
without depleting intracellular ACE levels.?” The lat-
ter conditions are found more commonly in patients
with heart failure and diabetes mellitus. Loss of ACE2
enhances susceptibility to heart failure, and increasing
ACE2 levels prevent and reverse the heart failure phe-
notype. In established heart failure, the expression of
ACE2 is downregulated, although the function may be
upregulated. There is reduced expression on the cell
surface, but increases in circulating ACE2 levels.

ACE2 is expressed in the airway and type 2 pneumo-
cytes in the lung. In models of diabetes mellitus, ACE2
can be found to be increased in renal tubules.?® In hu-
mans, circulating ACE2, shed from endothelial cells, is a
biomarker of hypertension and heart failure,?*3° and of
diabetes mellitus, as well,?' reflecting increased ACE2
activity (Figure 2).

In addition, ACE2 has important immune modula-
tion roles, acting through at least 2 mechanisms. ACE2

Circulation. 2020;142:68-78. DOI: 10.1161/CIRCULATIONAHA.120.047549

can directly interact with macrophages in the setting
of vascular and lung inflammation,3 as demonstrated
by genetic manipulation in a model of SARS, and by
the salutary anti-inflammatory effects of the infusion
of recombinant ACE2.333* In addition, ACE2 reduces
the levels of angiotensin Il, which is directly proinflam-
matory and pro-oxidant. Therefore, ACE2 is important
in controlling excess inflammation in the presence of
danger signals.?*

Clinical Implications

TMPRSS2 and ACE?2 facilitate SAR-CoV-2 entry, and the
copresence of these 2 molecular entities in tissues to a
large extent explains the tropism of viral proliferation.
TMPRSS2 and ACE2 are coexpressed in lung, heart, gut
smooth muscle, liver, kidney, neurons, and immune
cells.®> Their distribution may help to explain patient
symptoms or laboratory findings in COVID-19 (Table 2).
Circulating ACE2 levels in patients are sex depen-
dent, being 50% higher in men than in women in heart
failure.?®3% Whereas circulating levels do not directly re-
flect tissue levels, ACE2 is shed as part of the tissue
response to stress, thereby upregulating ACE2 func-
tion. Of note, the ACE2 gene is located on the X chro-
mosome, such that females have 2 copies of the ACE2
gene, in comparison with a single copy in men. Wheth-
er this ACE2 gene polymorphism is functionally relevant
is unknown. Another intriguing association is the fact
that, in COVID-19 infections, the death rate of males in
comparison to females is much higher (Table 3), despite
adjustment for differences in risk factor profiles.®
Previous investigations of ACE2 polymorphism in
SARS susceptibility or outcomes did not reveal signifi-
cant linkages. However, this attribute is still unknown
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Table 2. Distribution of ACE2 and TMPRSS2 in Organs and Symptoms
of COVID-19

ACE2/TMPRSS2 Distribution Symptoms/Laboratory Findings

Lymphocytes/dendritic cells Fever (>99%), fatigue (70%), myalgia,

lymphopenia

Lung (type 2 pneumocytes,
bronchial epithelium)

Dyspnea (31%), dry cough (60%),
respiratory failure

Gastrointestinal smooth muscle Nausea (30%), diarrhea

Myocardium Myocarditis, heart failure, arrhythmias

Vasculitis, thrombosis,
microangiopathy

Vasculature (smooth muscle)

Neurons Anosmia, hypogeusia, encephalopathy,
seizures, myopathy

Liver Abnormal liver function

Kidney Renal dysfunction

Percentage indicates estimated frequency in patients with COVID-19. ACE2
indicates angiotensin-converting enzyme 2; COVID-19, coronavirus disease
2019; and TMPRSS2, transmembrane protease, serine 2.

in the setting of COVID-19 infection. There appear to
be different population outcomes observed to date (eg,
higher mortality in Italy versus lower mortality in Ger-
many), but this may be related to many other factors,
such as age, health system organization, virus testing,
social behavior, etc. Whether this may be related to dif-
ferent distributions of functional ACE2 polymorphism
in different populations awaits further studies.?”

VIRUS-RECEPTOR INTERACTION AND
POTENTIAL CONSEQUENCES

During virus engagement of the ACE2 receptor in the
presence of TMPRSS2, the virus can enter the target
cell through endocytosis or membrane fusion. The posi-
tive strand viral RNA is then transcribed by the host cell
ribosome while also being transported to the endoplas-
mic reticulum to mediate transcriptional activation and
production of viral component proteins. These are ul-
timately assembled into intact viruses and discharged
from the cell. This process can disable or destroy the
host cell, leading to the release of potential danger sig-
nals to activate the host’s innate immune responses.
There is also evidence in preclinical models us-
ing the SARS-CoV virus of significant downregulation
of ACE2 in the heart as a result of virus engagement
of the ACE2 receptor during infection.?® This is likely
part of the host defense mechanism in response to the

Table 3. Mortality in Confirmed Cases, or in All Cases, by Sex
Distribution in Patients With COVID-19

Death Rate, %

Sex Confirmed Cases All Cases
Male 4.7 2.8
Female 2.8 1.7

COVID-19 indicates coronavirus disease 2019.
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infection to limit continued viral proliferation. However,
the potential consequence of this interaction is that the
biologically essential role of ACE2 is also significantly
diminished. This can lead to unopposed angiotensin |I
effects, including proinflammatory, prothrombotic, and
pro-oxidant risks.

This virus does proliferate, likely at low levels, in the
host's heart, possibly involving inflammatory responses,
because troponin can be released very early during dis-
ease presentation and portends poor prognosis.” This
may lead to further release of potential danger signals
to the immune system to trigger downstream exagger-
ated responses. However, no replicable SARS-CoV-2 vi-
rus has been recovered in blood; thus, the quantity of
replicated virus in the circulation is not high, in contrast
with that present in the oral and respiratory systems.'*

There has been much controversy regarding the role
of RAS-interfering agents, such as ACE inhibitors or an-
giotensin receptor blockers, on the levels of ACE2 ex-
pression, hence susceptibility to SARS-CoV-2 infection.
There have been good review articles on this contro-
versy and will not be repeated here.383°

Clinical Implications

The initial phase of this virus infection can be marked by
evidence of cardiac injury with the release of troponin.
This portends a poor prognosis. Whereas the release
of troponin is relatively modest, this may be an indica-
tion of either viral- or immune-mediated cardiac injury.
The release of danger signals from the heart in patients
with heightened immune response can further amplify
myocardial damage. Patients with continued increases
in biomarker release are usually marked by an amplified
inflammatory response and worse outcomes. Thus, pa-
tients with cardiac injury or stress marker release war-
rant more careful monitoring and institution of cardio-
protective agents to minimize ongoing damage.

Downregulation of ACE2 with viral infection may
predispose to relatively unopposed angiotensin Il ef-
fects, such as hypertension, enhanced inflammation,
and thrombosis (Figure 2).34 Although there are no de-
finitive data on the risk versus benefit of ACE inhibitors
or angiotensin receptor blockers in COVID-19, most
cardiac professional organizations have recommended
continuation of RAS inhibitors in patients who have
been prescribed them. In fact, there is cautious emerg-
ing data to suggest that the benefit may outweigh
the risk in patients with COVID-19 and hypertension
when prescribed ACE inhibitors or angiotensin receptor
blockers. However, ongoing randomized trials will help
to provide definitive answers to these questions.

The virus-receptor interaction step also provides
many opportunities for potential intervention, and a
number of therapeutic trials are currently ongoing. In-
fusion of recombinant human ACE2 may act as a decoy

Circulation. 2020;142:68-78. DOI: 10.1161/CIRCULATIONAHA.120.047549
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to interfere with viral replication. Chloroquine or hy-
droxychloroquine may interfere with cellular endocyto-
sis of the virus, and viral proliferation can be blocked at
multiple stages, including inhibition of RNA polymerase
with remdesivir, among many others.

VIRUS-RECEPTOR AND THE IMMUNE
SYSTEM INTERACTIONS

The SARS-CoV-2 infection can generate a diverse range
of responses in patients, ranging from completely as-
ymptomatic virus shedding to a severe inflammatory
response including cytokine stormlike outcomes that
are accompanied by high mortality. Current epidemi-
ology suggests that 81% of infected individuals have
mild symptoms, 14% have severe symptoms requir-
ing hospitalization, whereas 5% become critically ill
requiring ventilation. The differences in response are
likely the result of degree of viral load, host immune
response, age of the patient, and the presence of co-
morbidities. This is similar to many types of respiratory
infections, including the flu.

In terms of cardiac manifestations of infection, the
spectrum is also similar to conditions such as viral myo-
carditis. After infection with common RNA viruses such
as coxsackievirus, most exposed patients may experi-
ence only a transient viral syndrome with no significant
cardiac dysfunction. However, those with an exuber-
ant immune response can manifest acute myocarditis
with heart failure or cardiogenic shock, accompanied
by hypercytokinemia and inflammatory cell infiltration
of the heart.*® With support, the patients can recover,
but some persist with inflammatory cardiomyopathy.*!

Analysis of the inflammatory response to SARS-
CoV-2 is relatively limited. A consistent finding is lym-
phopenia that occurs in >80% of patients. The degree
of lymphopenia is a very important prognostic indicator
early in the course of infection. Among the most promi-
nent findings in early analyses of patients succumbing
to COVID-19 are marked reductions in circulating lev-
els of CD4+ and CD8+ T lymphocytes, and a relative
dominance of mononuclear cells (monocytes and mac-
rophages) in target injury tissues, where the lung was
primarily assessed (Figure 1).4243

In parallel with the SARS infection, in which lympho-
penia was also observed to be highly prognostic, re-
ports showed an early reduction in T cells, in particular,
a reduction in CD4+ more than CD8+ T cells.** Recovery
of lymphocyte count coincided with clinical improve-
ment. Pathology in select patients with SARS revealed
the spleen featuring atrophic white pulp with lymphoid
depletion (without local viral signatures), whereas the
bone marrow appeared to show normal activity.*> This
suggests that T cells (possibly CD4+) are selectively de-
stroyed, possibly by the immune system, although one

Circulation. 2020;142:68-78. DOI: 10.1161/CIRCULATIONAHA.120.047549
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cannot rule out the possibility of direct viral infection
of T cells.

The important role of CD4+ T cells was further de-
lineated in a primary infection model with SARS-CoV in
senescent mice. CD4+ T cells were found to enable the
production of neutralizing antibodies and a balanced
immune response. Without CD4+ T cells, there was
much more severe interstitial pneumonitis. When both
CD4+ and CD8+ T cells were depleted, there was a pre-
dominance of neutrophils and innate immune macro-
phages in the lesions.*

Accompanying the loss of CD4+ T cells, there is an
unusual macrophage predominance in SARS lung infil-
tration. This can be accompanied by hemophagocytosis
in lung and spleen, compatible with severe immune cy-
tokine dysregulation.*” This syndrome results from the
ineffective activation of cytotoxic CD8+ T lymphocytes
and Natural Killer T lymphocytes, resulting in ineffective
viral clearance and weak antibody production. This, in
turn, stimulates further macrophage activation and the
loop of self-amplification can be uncontrolled, leading
to cytokine-storm syndrome and multiorgan failure. In-
deed, patients who died of COVID-19 infection show
continued virus shedding at the time of death.®

Other indications that SARS-CoV-2 induces a rela-
tively mild immune response is the fact that there is
prolonged virus shedding in many individuals. Virus
proliferation is extremely rapid in COVID-19, yet many
patients are asymptomatic. This suggests that, al-
though the immune system is mounting a response, it
is not adequate to attenuate viral replication potential.
In 1 study of serial viral and immunologic monitoring in
hospitalized patients, the virus was capable of inducing
immunoglobulin M and immunoglobulin G. But viral
proliferation is not affected, suggesting lack of neutral-
izing effect and ineffective early viral clearance.'

To gain insight into the successful attenuation of the
virus without severe disease, we may search for clues in
nature. In bats, where the virus may have originated, it
is able to reside at low levels chronically without severe
disease. The bat immune system has much lower NLRP3
(NOD-like receptor protein 3) inflammasome activation,
thus limiting an excessive inflammatory response, with
lower levels of interleukin-1p (IL-1p). It also has a Natu-
ral Killer cell repertoire with dominant inhibitory signal-
ing. Furthermore, bats manifest an enhanced response
to infection with 22 interferon-w genes,*® in coordina-
tion with a continuously activated interferon regula-
tory factor 3 leading to interferon regulatory factor 7
upregulation,* providing an adequate amount of type
I interferons. This overall general anti-inflammatory mi-
lieu, while effectively controlling infections, has been
invoked to explain the extraordinary lifespan of bats
(30-40 years) for their body size.

Type | interferon production is important for in-
nate defense against SARS-CoV, as demonstrated by

July 7, 2020 73

4
=
m
(=]
=
-
==
m
>
=
-




[
o
<t
wl
X
=
L
(=]
=
=
7}

020z ‘0T AInc uo Aq Bio'seusnofeye//:dny wouy papeojumoq

Liu et al

protection in a rhesus macaque infection model,*
and in limited clinical studies, as well. Several studies
of SARS and related Middle East respiratory syndrome,
also the result of a coronavirus infection, have illustrat-
ed the importance of type | interferon to potentiate ef-
fective antiviral immunity. Murine modeling and clinical
evidence suggest that interferon-a production, mainly
by plasmacytoid dendritic cells, is necessary for control
of viral infection.”" In Middle East respiratory syndrome
studies, type | interferons were found to be rapidly up-
regulated,>? whereas one study suggested that success-
ful clearance of Middle East respiratory syndrome de-
pended on appropriately rapid induction of high levels
of type | interferons.>

Conversely, in the ageing immune system, there
is progressive lymphopenia with CD4+ T-cell attrition
and decreased regulatory T-cell function, leading to
homeostatic lymphocyte proliferation, with propen-
sity for autoimmune and excessive inflammatory re-
sponses.>* This can be compounded by decreased
capacity to phagocytose apoptotic cells by senescent
macrophages, leading to a general proinflammatory
state. The imbalanced aged immune system is then
exacerbated by infection such as COVID-19, which
further exacerbates the depletion of CD4+T cells and
inflammatory macrophage response. The net conse-
quence of inadequate interferon response and inef-
ficient viral clearance therefore is detrimental to the
patient, with development of inappropriate cytokine
storm, inadequate sustained immune response, and
lack of effective formation of immunologic memory.
Consistent with this phenomenon, studies in an aged
mouse model showed that mice produced increased
levels of immunosuppressive prostaglandin D,, lead-
ing to impairment of dendritic cell recruitment and
reduced T-cell function.

Clinical Implications

In patients with COVID-19 infection, in addition to lym-
phopenia, there appears to be a heightened level of
IL-1B inflammatory response, in particular, in those with
a poor prognosis. As the infection progresses, building
on IL-1(3 elevation, there is also increasing production
of interleukin-6 (IL-6), which can presage an impending
cytokine storm.

In patients with potential dysfunctional immune re-
sponses, there are early warning signals, such as lym-
phopenia, troponin release, elevated brain natriuretic
peptides, rising inflammatory markers such as c-reactive
protein, IL-1B, and IL-6; these patients should be fol-
lowed closely, monitored for organ failure, with efforts
made to restore immune balance. If viral proliferation
is still continuing, strategies to attenuate the virus may
be critical. The ability to restore immune balance, with
approaches such as type | interferon, immunoglobulin,
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and recovered serum, may be considered. Utility of anti-
inflammatory strategies, whether anti-IL-1 or anti-IL-6
approaches, will be best determined in time through
randomized trials. However, intervention will likely need
to be instituted early, before the immune amplification
process is fully underway.

THE EFFECT OF ADVANCED DISEASE
ON THE MICROVASCULAR SYSTEM
AND COAGULATION

Vascular smooth muscle has both ACE2 receptor and
TMPRSS2 protease to facilitate local viral entry and pro-
liferation. Pathological evaluation of lung tissue and
other affected organs has uncovered evidence of mi-
crovascular inflammation together with microvascular
thrombi. There have also been clinical observations of
distal vasculitis with acrosyndrome and dyshidrosis in
terminal digits of patients with COVID-19. These cuta-
neous vasculitis signs have been discussed as early indi-
cations of SARS-CoV-2 infection.

Activated macrophages can release cytokines, in-
cluding IL-18 and IL-6, which will promote the expres-
sion of adhesion molecules for endothelial activation,
inflammatory cell infiltration, and vascular inflamma-
tion. This may be locally enhanced if there is smooth
muscle cell harboring of viral proliferation and cellular
damage. Endothelial cells release proinflammatory cy-
tokines that contribute to propagation of microcircula-
tory lesions.> The dysfunctional endothelium becomes
proadhesive and procoagulant.®®

Localized macrophages can also release procoagu-
lant factors such as plasminogen activators. With the
retreat of ACE2 and activation of angiotensin II, the
production downstream of plasminogen activator in-
hibitor-1 is also enhanced. This combination further
accelerates vascular inflammation and enhances a pro-
thrombotic state. This is often seen in patients with ad-
vanced disease with laboratory evidence of increases in
IL-6 together with p-dimer elevation.

The presence of microangiopathy and microthrom-
bi can also predispose the patient to microinfarcts
within multiple organs, such as the liver, heart, or
kidney, further exacerbating the state of multiorgan
injury and failure.

Clinical Implications

The presence of vasculitis and prothrombotic state can
lead to increased frequency of pulmonary embolism,
which worsens hypoxemia by increasing shunting in
these already highly hypoxemic patients with acute re-
spiratory distress syndrome. This, in combination with
systemic inflammatory or cytokine storm, can worsen
cardiac injury, heart failure, and the prognosis.

Circulation. 2020;142:68-78. DOI: 10.1161/CIRCULATIONAHA.120.047549



020z ‘0T AInc uo Aq Bio'seusnofeye//:dny wouy papeojumoq

Liu et al

Patients with clinical evidence of vasculitis, or lab-
oratory indicators of progressive inflammation, such
as rising IL-6 and p-dimer levels, should be consid-
ered early for anti-inflammatory measures. Many of
these patients should also be considered for full anti-
coagulation, such as heparin, depending on individu-
al risk versus benefit. Patients can also be enrolled in
ongoing clinical trials evaluating different mitigation
strategies.

THE EFFECT OF COVID-19 ON THE
HEART

Between 8% and 28% of patients with COVID-19
infections show evidence of cardiac injury with el-
evated troponin.” In a series of patients from Seattle,
the first major COVID-19 center in the United States,
several patients presented with cardiomyopathy.>’
Patients with evidence of cardiac involvement had a
marked increase in mortality, confirming the major
effect of the cardiovascular system in the prognosis
of these patients.

Many patients with COVID-19 infections die of car-
diac arrest, probably as a result of a combination of pri-
mary cardiac involvement, or manifestation of systemic
involvement such as severe hypoxia, multiorgan dys-
function syndrome, or systemic inflammatory response
syndrome, among others.

In the 2003 SARS outbreak, Oudit from our group
demonstrated SARS-CoV viral presence in 7 of 20 hearts
of patients with SARS on autopsy.?° Viral proliferation
was likely enabled by ACE2 and TMPRSS2 receptor ex-
pressions. However, there was also reduced expression
of ACE2 following infection, likely contributing to the
enhanced inflammation.

We have demonstrated previously that viral infection
of the heart, modeled with another RNA virus, coxsacki-
evirus, can activate the intrinsic innate immune system
very rapidly.>®>® However, the balance of the immune
response determined the ultimate outcome.®*-%? Down-
stream activation of toll-like receptor signal regulators,
such as IRAK4 (interleukin-1 receptor associated kinase
4) leading to TRAF6 (tumor necrosis factor receptor—
associated factor 6)-nuclear factor-xB activation, can
modify monocyte migration and accelerate myocardi-
tis.%3%4 On the other hand, early enhancement of in-
terferon regulatory factor 3-interferon regulatory factor
7-type | interferon production can mediate more viral
attenuation while reducing overall inflammation.®* This
can also be enhanced by augmenting the regulatory
T-cell population, while allowing adequate interferon
production.® Therefore, the balance of nuclear factor-
kB- versus interferon regulatory factor 3-related signal
amplification and that between the innate and acquired
immunity are critical to outcome and recovery.®
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Clinical Implications

The early presence of cardiac injury and stress, as
evidenced by biomarkers of elevated troponin and
natriuretic peptides, are important to ascertain es-
pecially in higher-risk patients, and appropriate ex-
pectant treatments to monitor and prevent cardiac
and systemic complications are warranted. Enrolling
these high-risk patients into therapeutic trials will be
the vital next step.

A small proportion of patients may have direct car-
diac involvement including cardiomyopathy, myocardi-
tis, or heart failure. Again these features have a major
influence on the patient’s overall outcome. Because the
inflammatory response is self-amplifying, the early rec-
ognition and attenuation can have a potentially impor-
tant effect on outcomes.

In patients with suspected acute myocarditis or
inflammatory cardiomyopathy, appropriate investi-
gations, such as magnetic resonance imaging where
feasible and safe to perform, can be helpful.® In
patients with heart failure, appropriate heart fail-
ure medications, including RAS inhibitors, should be
considered.

Arrhythmias, such as atrial fibrillation, are also more
frequent in COVID-19 cardiomyopathy, occurring in
up to half of patients admitted to an intensive care
unit, because inflammation is a substrate for atrial ar-
rhythmias.®” Ventricular arrhythmias are also observed
and may accompany cardiac arrest in these patients.
QT prolongation will need to be monitored, because
this may occur as a combination of myocarditis and
also concomitant side effects from medications such as
chloroquine and hydroxychloroquine. Appropriate use
of anticoagulants evaluating risk versus benefit will be
important.

POTENTIAL THERAPEUTIC
OPPORTUNITIES

Because COVID-19 is a new disease, there are cur-
rently no proven treatments. There are good evidence-
based websites collating up-to-date information:
https://covdb.stanford.edu/search/?study=clinical-
studies&virus=SARS-CoV-2. The medical community,
biotechnology, and pharmaceutical partners have
already come together and proposed >500 ongoing
clinical trials to date, such as [https:/www.transpar-
imed.org/single-post/2020/03/27/COVID-19-clinical-
trials-information-sources] or https://clinicaltrials.gov.

The most important public health solution is an ef-
fective vaccine for the broad population remaining
at risk. The spike glycoprotein S of SARS-CoV-2 is an
ideal antigenic target for vaccine development, and
there are multiple candidates now beginning to enter
clinical trials.
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A very partial list of potential targeted processes and
examples of candidate agents now entering clinical tri-
als is provided in Table 4.

POTENTIAL LONG-TERM
CONSEQUENCES AND REMAINING
QUESTIONS

While the pandemic is evolving its course, there will be
a growing population of recovered patients. The major-
ity will do well. However, many unanswered questions
remain. Will exposed patients have adequate long-term
immunity? Does the immunoglobulin G produced have
adequate neutralization capacity?

Those with complications may have a more challeng-
ing course of recovery and long-term sequelae. The im-
mune activation and dysfunction can lead to target tissue
fibrosis and microangiopathy, as was observed in some
patients after SARS. This can affect long-term lung func-
tion, or if the heart is involved, residual cardiomyopathy.
There was also increased cardiometabolic risk reported
in patients who recovered from SARS, possibly related to
steroid treatment and ongoing RAS imbalance.%®

From an epidemiological point of view, an impor-
tant question is how many people in the population

Table 4. Potential Processes in COVID-19 Infection Amenable to
Therapeutic Targeting, With Examples of Candidate Agents

Potential Targeted Process Candidate Agent

Antiviral/anti-inflammatory Convalescent serum (patients with

general COVID-19), type | interferon,
immunoglobulins, mesenchymal stem cells
ACE2 entry Soluble recombinant ACE2

TMPRSS2 protease S priming Protease inhibitor (camostat mesylate)

Receptor endocytosis Chloroquine or hydroxychloroquine

RNA polymerase for replication | Remdesivir, favipiravir

Viral proteases Lopinavir/vitonavir

Importin nuclear transport Ivermectin

Interleukin-1 excess activation Anakinra, canakinumab, colchicine

Angiotensin Il excess ACE inhibitors/angiotensin receptor

blocker, recombinant ACE2

Torcizumab, sarilumab, or siltuximab
(interleukin-6 inhibitors) or baricitinib
(JAK inhibitor), lenzilumab (granulocyte-
macrophage colony-stimulating factor
inhibitor)

Cytokine storm

Oxidative stress Deferoxamine, vitamin C

Fibrosis Nintedanib

Bacterial infection/inflammation | Azithromycin

Coagulopathy Normal or high-dose anticoagulation

regimen

Severe acute respiratory
syndrome coronavirus 2

Multiple vaccine candidates, including
Bacille Calmette-Guerin

ACE2 indicates angiotensin-converting enzyme 2; COVID-19, coronavirus
disease 2019; and TMPRSS2, transmembrane protease, serine 2.
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ultimately acquire immunity to SARS-CoV-2 as anti-
body testing becomes more available. Will there be an
effective vaccine for the remaining unexposed popula-
tion? Will there be continued mutation of the virus?
Does the virus have a natural reservoir? Are there
enough asymptomatic carriers that can restart another
infectious cycle?

GLOBAL COLLABORATION TO
ADVANCE SCIENCE AND MEDICINE ON
COVID-19

These are unprecedented times in health and medicine
worldwide. However, the pandemic has also brought
together the medical community to share information
and seek rapid solutions for so many patients. It has
also underscored the critical importance of science and
data-driven decision making in times of uncertainty.

Much more will be learned about COVID-19 in the
ensuing months and years. We are only at the begin-
ning of this journey together.

ARTICLE INFORMATION

Correspondence

Peter P. Liu, MD, University of Ottawa Heart Institute, 40 Ruskin St, Rm
H2238, Ottawa, Ontario, K1Y 4W7, Canada. Email peter.liu@utoronto.ca or
pliu@ottawaheart.ca

Affiliations

University of Ottawa Heart Institute (PPL., A.B., D.S.), Departments of Medicine
and Cellular & Molecular Medicine (PP.L., D.S.), University of Ottawa, Ontario,
Canada. Department of Anesthesiology, Critical Care and Burn Center, Lari-
boisiére - Saint-Louis Hospitals, DMU Parabol, AP-HP Nord, University of Paris,
France (A.B.). Inserm UMR-S 942, Cardiovascular Markers in Stress Conditions
(MASCOT), University of Paris, France (A.B.). Department of Cardiology, Renmin
Hospital (H.L.), Medical Science Research Center, Zhongnan Hospital (H.L.), Ba-
sic Medical School (H.L.), Wuhan University, China.

Acknowledgments

We thank the team members of Ottawa Heart Institute Heart Function Labora-
tory for key contributions to this manuscript, including Drs Akolkar, Al-Khalaf,
Qiujiang Du, Hanbin Lin, Erin Liu, and Liyong Zhang.

Sources of Funding

This work is supported in part by research grants from the Canadian Institutes
of Health Research, the Heart & Stroke Foundation, and Research Funds from
the University of Ottawa of Heart Institute.

Disclosures

None.

REFERENCES

1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W,
Lu R, et al; China Novel Coronavirus Investigating and Research Team. A
novel coronavirus from patients with pneumonia in China, 2019. N Engl J
Med. 2020;382:727-733. doi: 10.1056/NEJM0a2001017

2. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si HR, Zhu
Y, Li B, Huang CL, et al. A pneumonia outbreak associated with a new

Circulation. 2020;142:68-78. DOI: 10.1161/CIRCULATIONAHA.120.047549


mailto:peter.liu@utoronto﻿.ca﻿
mailto:pliu@ottawaheart.ca

020z ‘0T Alnc uo Aq Bio'seusnofeye//:dny wouy papeojumoq

Liu et al

20.

coronavirus of probable bat origin. Nature. 2020;579:270-273. doi:
10.1038/541586-020-2012-7

. Bonow RO, Fonarow GC, O’'Gara PT, Yancy CW. Association of

coronavirus disease 2019 (COVID-19) with myocardial injury and
mortality [published online March 27, 2020]. JAMA Cardiol. doi:
10.1001/jamacardio.2020.1105. https://jamanetwork.com/journals/jama-
cardiology/fullarticle/2763844

. Inciardi RM, Lupi L, Zaccone G, ltalia L, Raffo M, Tomasoni D, Cani DS,

Cerini M, Farina D, Gavazzi E, et al. Cardiac involvement in a patient with
coronavirus disease 2019 (COVID-19) [published online March 27, 2020].
JAMA Cardiol. doi: 10.1001/jamacardio.2020.1096. https://jamanetwork.
com/journals/jamacardiology/fullarticle/2763843

. Guo T, Fan Y, Chen M, Wu X, Zhang L, He T, Wang H, Wan J, Wang X,

Lu Z. Cardiovascular implications of fatal outcomes of patients with coro-
navirus disease 2019 (COVID-19) [published online March 27, 2020].
JAMA Cardiol. doi: 10.1001/jamacardio.2020.1017. https://jamanetwork.
com/journals/jamacardiology/fullarticle/2763845

. Lippi G, Lavie CJ, Sanchis-Gomar F. Cardiac troponin | in patients

with coronavirus disease 2019 (COVID-19): evidence from a meta-
analysis [published online March 10, 2020]. Prog Cardiovasc Dis. doi:
10.1016/j.pcad.2020.03.001. https://www.sciencedirect.com/science/ar-
ticle/pii/'S0033062020300554

. Shi'S, Qin M, Shen B, Cai Y, Liu T, Yang F, Gong W, Liu X, Liang J, Zhao Q,

et al. Association of cardiac injury with mortality in hospitalized patients
with COVID-19 in Wuhan, China [published online March 25, 2020].
JAMA Cardiol. doi: 10.1001/jamacardio.2020.0950. https://jamanetwork.
com/journals/jamacardiology/fullarticle/2763524

. Chapman AR, Bularga A, Mills NL. High-sensitivity cardiac troponin can

be an ally in the fight against COVID-19 [published online April 6, 2020].
Circulation. doi: 10.1161/CIRCULATIONAHA.120.047008. https:/www.
ahajournals.org/doi/10.1161/CIRCULATIONAHA.120.047008

. Clerkin KJ, Fried JA, Raikhelkar J, Sayer G, Griffin JM, Masoumi A, Jain SS,

Burkhoff D, Kumaraiah D, Rabbani L, et al. Coronavirus disease 2019 (CO-
VID-19) and cardiovascular disease. Circulation. 2020;141:1648-1655.
doi: 10.1161/CIRCULATIONAHA.120.046941

. Llan J, Ge J, Yu J, Shan S, Zhou H, Fan S, Zhang Q, Shi X,

Wang Q, Zhang L, et al. Structure of the SARS-CoV-2 spike receptor-bind-
ing domain bound to the ACE2 receptor. Nature. 2020;581:215-220. doi:
10.1038/541586-020-2180-5

. ShangJ, Ye G, ShiK, WanY, Luo C, AiharaH, Geng Q, Auerbach A, LiF. Struc-

tural basis of receptor recognition by SARS-CoV-2. Nature. 2020;581:221-
224. doi: 10.1038/s41586-020-2179-y

. Coutard B, Valle C, de Lamballerie X, Canard B, Seidah NG, Decroly E.

The spike glycoprotein of the new coronavirus 2019-nCoV contains a
furin-like cleavage site absent in CoV of the same clade. Antiviral Res.
2020;176:104742. doi: 10.1016/j.antiviral.2020.104742

. Grubaugh ND, Ladner JT, Lemey P, Pybus OG, Rambaut A, Holmes EC,

Andersen KG. Tracking virus outbreaks in the twenty-first century. Nat
Microbiol. 2019;4:10-19. doi: 10.1038/541564-018-0296-2

. Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Muller MA,

Niemeyer D, Jones TC, Vollmar P, Rothe C, et al. Virological assessment of
hospitalized patients with COVID-2019. Nature. 2020;581:465-469. doi:
10.1038/541586-020-2196-x

. Fauci AS, Lane HC, Redfield RR. Covid-19 - navigating the uncharted. N

Engl J Med. 2020;382:1268-1269. doi: 10.1056/NEJMe2002387

. Zhou F, Yu T, DU R, Fan G, Liu Y, Liu Z, Xiang J, Wang Y, Song B, Gu X,

et al. Clinical course and risk factors for mortality of adult inpatients
with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet.
2020;395:1054-1062. doi: 10.1016/S0140-6736(20)30566-3

. Tian H, Liu Y, Li Y, Wu CH, Chen B, Kraemer MUG, Li B, Cai J, Xu B, et al.

An investigation of transmission control measures during the first 50 days
of the COVID-19 epidemic in China. Science. 2020;368:638-642. doi:
10.1126/science.abb6105

. Kwong JC, Schwartz KL, Campitelli MA, Chung H, Crowcroft NS,

Karnauchow T, Katz K, Ko DT, McGeer AJ, McNally D, et al. Acute myo-
cardial infarction after laboratory-confirmed influenza infection. N Engl J
Med. 2018;378:345-353.

. Udell JA, Zawi R, Bhatt DL, Keshtkar-Jahromi M, Gaughran F,

Phrommintikul A, Ciszewski A, Vakili H, Hoffman EB, Farkouh ME, et al.
Association between influenza vaccination and cardiovascular outcomes
in high-risk patients: a meta-analysis. JAMA. 2013;310:1711-1720.
Oudit GY, Kassiri Z, Jiang C, Liu PP, Poutanen SM, Penninger JM, Butany J.
SARS-coronavirus modulation of myocardial ACE2 expression and inflam-
mation in patients with SARS. Eur J Clin Invest. 2009;39:618-625. doi:
10.1111/.1365-2362.2009.02153.x

Circulation. 2020;142:68-78. DOI: 10.1161/CIRCULATIONAHA.120.047549

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Science and COVID-19

Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure,
function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell.
2020;181:281-292.e6. doi: 10.1016/j.cell.2020.02.058

Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S,
Schiergens TS, Herrler G, Wu NH, Nitsche A, et al. SARS-CoV-2 cell entry
depends on ACE2 and TMPRSS2 and is blocked by a clinically proven prote-
ase inhibitor. Cell. 2020;181:271-280.e8.doi: 10.1016/j.cell.2020.02.052
Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA, Somasundaran M,
Sullivan JL, Luzuriaga K, Greenough TC, et al. Angiotensin-converting
enzyme 2 is a functional receptor for the SARS coronavirus. Nature.
2003;426:450-454. doi: 10.1038/nature02145

Matsuyama S, Nao N, Shirato K, Kawase M, Saito S, Takayama I, Nagata N,
Sekizuka T, Katoh H, Kato F, et al. Enhanced isolation of SARS-CoV-2 by
TMPRSS2-expressing cells. Proc Natl Acad Sci USA. 2020;117:7001-
7003. doi: 10.1073/pnas.2002589117

Oudit GY, Crackower MA, Backx PH, Penninger JM. The role of ACE2 in
cardiovascular physiology. Trends Cardiovasc Med. 2003;13:93-101. doi:
10.1016/s1050-1738(02)00233-5

Crackower MA, Sarao R, Oudit GY, Yagil C, Kozieradzki |, Scanga SE,
Oliveira-dos-Santos AJ, da Costa J, Zhang L, Pei Y, et al. Angiotensin-
converting enzyme 2 is an essential regulator of heart function. Nature.
2002;417:822-828. doi: 10.1038/nature00786

Pedersen KB, Chodavarapu H, Porretta C, Robinson LK, Lazartigues E.
Dynamics of ADAM17-mediated shedding of ACE2 applied to pancre-
atic islets of male db/db mice. Endocrinology. 2015;156:4411-4425. doi:
10.1210/en.2015-1556

Ye M, Wysocki J, Naaz P, Salabat MR, LaPointe MS, Batlle D. Increased
ACE 2 and decreased ACE protein in renal tubules from diabetic mice:
a renoprotective combination? Hypertension. 2004;43:1120-1125. doi:
10.1161/01.HYP.0000126192.27644.76

Fagyas M, Uri K, Siket IM, Filép GA, Csat6 V, Daragé A, Boczan J,
Banyai E, Szentkiralyi IE, Maros TM, et al. New perspectives in the renin-
angiotensin-aldosterone system (RAAS) II: albumin suppresses angiotensin
converting enzyme (ACE) activity in human. PLoS One. 2014;9:e87844.
doi: 10.1371/journal.pone.0087844

Uri K, Fagyas M, Manyiné Siket I, Kertész A, Csanadi Z, Sandorfi G,
Clemens M, Fedor R, Papp Z, Edes |, et al. New perspectives in the renin-
angiotensin-aldosterone system (RAAS) IV: circulating ACE2 as a biomark-
er of systolic dysfunction in human hypertension and heart failure. PLoS
One. 2014,9:€87845. doi: 10.1371/journal.pone.0087845
Soro-Paavonen A, Gordin D, Forsblom C, Rosengard-Barlund M, Waden J,
Thorn L, Sandholm N, Thomas MC, Groop PH; FinnDiane Study Group.
Circulating ACE2 activity is increased in patients with type 1 diabe-
tes and vascular complications. J Hypertens. 2012;30:375-383. doi:
10.1097/HJH.0b013e32834f04b6

ThomasMC, PickeringRJ, Tsorotes D, Koitka A, SheehyK, BernardiS, ToffoliB,
Nguyen-Huu TP, Head GA, Fu Y, et al. Genetic Ace2 deficiency accentuates
vascular inflammation and atherosclerosis in the ApoE knockout mouse.
Circ Res. 2010;107:888-897. doi: 10.1161/CIRCRESAHA.110.219279
Imai Y, Kuba K, Rao S, Huan Y, Guo F Guan B, Yang P
Sarao R, Wada T, Leong-Poi H, et al. Angiotensin-converting enzyme 2
protects from severe acute lung failure. Nature. 2005;436:112-116. doi:
10.1038/nature03712

Wang K, Gheblawi M, Oudit GY. Angiotensin converting enzyme 2: a
double-edged sword [published online March 26, 2020]. Circulation. doi:
10.1161/CIRCULATIONAHA.120.047049.  https://www.ahajournals.org/
doi/10.1161/CIRCULATIONAHA.120.047049

Bertram S, Heurich A, Lavender H, Gierer S, Danisch S, Perin P, Lucas JM,
Nelson PS, Pohimann S, Soilleux EJ. Influenza and SARS-coronavirus ac-
tivating proteases TMPRSS2 and HAT are expressed at multiple sites in
human respiratory and gastrointestinal tracts. PLoS One. 2012;7:35876.
doi: 10.1371/journal.pone.0035876

Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A,
Cereda D, Coluccello A, Foti G, Fumagalli R, et al; for the COVID-19
Lombardy ICU Network. Baseline characteristics and outcomes of 1591
patients infected with SARS-CoV-2 admitted to ICUs of the Lombardy Re-
gion, Italy. JAMA. 2020;323:1574-1581. doi: 10.1001/jama.2020.5394
Cao Vv, Li L, Feng Z, Wan S, Huang P, Sun X, Wen F, Huang X, Ning G,
Wang W. Comparative genetic analysis of the novel coronavirus (2019-
nCoV/SARS-CoV-2) receptor ACE2 in different populations. Cell Discov.
2020;6:11. doi: 10.1038/541421-020-0147-1

Vaduganathan M, Vardeny O, Michel T, McMurray JJV, Pfeffer
MA, Solomon SD. Renin-angiotensin-aldosterone system inhibitors
in patients with Covid-19. N Engl J Med. 2020;382:1653-1659. doi:
10.1056/NEJMsr2005760

July 7, 2020 77

(7]
=
m
(=]
=
-
==
m
>
=
-




-
oc
<t
Ll
X
-
L
(=]
=
=
7}

020z ‘0T Alnc uo Aq Bio'seusnofeye//:dny wouy papeojumoq

Liu et al

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

78

Kuster GM, Pfister O, Burkard T, Zhou Q, Twerenbold R, Haaf P, Widmer AF,
Osswald S. SARS-CoV2: should inhibitors of the renin-angiotensin system
be withdrawn in patients with COVID-19? Eur Heart J. 2020;41:1801-
1803. doi: 10.1093/eurheartj/ehaa235

Sagar S, Liu PP, Cooper LT Jr. Myocarditis. Lancet. 2012;379:738-747. doi:
10.1016/S0140-6736(11)60648-X

Schultheiss HP, Fairweather D, Caforio ALP, Escher F, Hershberger
RE, Lipshultz SE, Liu PP, Matsumori A, Mazzanti A, McMurray J, et
al. Dilated cardiomyopathy. Nat Rev Dis Primers. 2019;5:32. doi:
10.1038/541572-019-0084-1

Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, Wang T, Zhang X,
Chen H, Yu H, et al. Clinical and immunologic features in severe and mod-
erate coronavirus disease 2019. J Clin Invest. 2020;130:2620-2629. doi:
10.1172/JCI137244

Wang F, Nie J, Wang H, Zhao Q, Xiong Y, Deng L, Song S, Ma Z,
Mo P, Zhang Y. Characteristics of peripheral lymphocyte subset altera-
tion in COVID-19 pneumonia. J Infect Dis. 2020;221:1762-1769. doi:
10.1093/infdis/jiaa150

He Z, Zhao C, Dong Q, Zhuang H, Song S, Peng G, Dwyer DE. Effects of
severe acute respiratory syndrome (SARS) coronavirus infection on periph-
eral blood lymphocytes and their subsets. Int J Infect Dis. 2005;9:323—
330. doi: 10.1016/,.ijid.2004.07.014

Wong RS, Wu A, To KF, Lee N, Lam CW, Wong CK, Chan PK, Ng MH,
Yu LM, Hui DS, et al. Haematological manifestations in patients with severe
acute respiratory syndrome: retrospective analysis. BMJ. 2003;326:1358—
1362. doi: 10.1136/bmj.326.7403.1358

ChenJ, Lau YF Lamirande EW, Paddock CD, Bartlett JH, Zaki SR, Subbarao K.
Cellular immune responses to severe acute respiratory syndrome corona-
virus (SARS-CoV) infection in senescent BALB/c mice: CD4+ T cells are
important in control of SARS-CoV infection. J Virol. 2010;84:1289-1301.
doi: 10.1128/JV1.01281-09

Fisman DN. Hemophagocytic syndromes and infection. Emerg Infect Dis.
2000;6:601-608. doi: 10.3201/eid0606.000608

Pavlovich SS, Lovett SP, Koroleva G, Guito JC, Arnold CE, Nagle ER,
Kulcsar K, Lee A, Thibaud-Nissen F, Hume AJ, et al. The Egyptian Rousette
genome reveals unexpected features of bat antiviral immunity. Cell.
2018;173:1098-1110.e18. doi: 10.1016/j.cell.2018.03.070

Banerjee A, Falzarano D, Rapin N, Lew J, Misra V. Interferon regulatory
factor 3-mediated signaling limits Middle-East respiratory syndrome
(MERS) coronavirus propagation in cells from an insectivorous bat. Vi-
ruses. 2019;11:152. doi: 10.3390/v11020152

Haagmans BL, Kuiken T, Martina BE, Fouchier RA, Rimmelzwaan GF,
van Amerongen G, van Riel D, de Jong T, Itamura S, Chan KH, et al.
Pegylated interferon-alpha protects type 1 pneumocytes against SARS
coronavirus infection in macaques. Nat Med. 2004;10:290-293. doi:
10.1038/nm1001

Acosta-Ramirez E, Pérez-Flores R, Majeau N, Pastelin-Palacios R,
Gil-CruzC,Ramirez-SaldafiaM, Manjarrez-OrdufioN, Cervantes-BarraganL,
Santos-Argumedo L, Flores-Romo L, et al. Translating innate response into
long-lasting antibody response by the intrinsic antigen-adjuvant prop-
erties of papaya mosaic virus. Immunology. 2008;124:186-197. doi:
10.1111/.1365-2567.2007.02753.x

Scheuplein VA, Seifried J, Malczyk AH, Miller L, Hocker L, Vergara-Alert J,
Dolnik O, Zielecki F, Becker B, Spreitzer |, et al. High secretion of interfer-
ons by human plasmacytoid dendritic cells upon recognition of Middle
East respiratory syndrome coronavirus. J Virol. 2015;89:3859-3869. doi:
10.1128/JV1.03607-14

Channappanavar R, Fehr AR, Zheng J, Wohlford-Lenane C, Abrahante JE,
Mack M, SompallaeR, McCray PB Jr, Meyerholz DK, Perlman S. IFN-I response

July 7, 2020

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Science and COVID-19

timing relative to virus replication determines MERS coronavirus infection
outcomes. J Clin Invest. 2019;130:3625-3639. doi: 10.1172/)C1126363
Simon AK, Hollander GA, McMichael A. Evolution of the immune system
in humans from infancy to old age. Proc Biol Sci. 2015;282:20143085.
doi: 10.1098/rspb.2014.3085

Nencioni A, Trzeciak S, Shapiro NI. The microcirculation as a diagnostic
and therapeutic target in sepsis. Intern Emerg Med. 2009;4:413-418. doi:
10.1007/s11739-009-0297-5

Boisramé-Helms J, Kremer H, Schini-Kerth V, Meziani F. Endothelial dys-
function in sepsis. Curr Vasc Pharmacol. 2013;11:150-160.

Bhatraju PK, Ghassemieh BJ, Nichols M, Kim R, Jerome KR, Nalla AK,
Greninger AL, Pipavath S, Wurfel MM, Evans L, et al. Covid-19 in critically ill
patients in the Seattle region - case series. N Engl J Med. 2020;382:2012—
2022. doi: 10.1056/NEJM0a2004500

Valaperti A, NishiiM, Liu Y, NaitoK, Chan M, ZhangL, Skurk C, Schultheiss HP,
Wells GA, Eriksson U, et al. Innate immune interleukin-1 receptor-associ-
ated kinase 4 exacerbates viral myocarditis by reducing CCR5(+) CD11b(+)
monocyte migration and impairing interferon production. Circulation.
2013;128:1542-1554. doi: 10.1161/CIRCULATIONAHA.113.002275
Fuse K, Chan G, Liu Y, Gudgeon P, Husain M, Chen M, Yeh WC, Akira S,
Liu PP. Myeloid differentiation factor-88 plays a crucial role in the patho-
genesis of Coxsackievirus B3-induced myocarditis and influences
type | interferon production. Circulation. 2005;112:2276-2285. doi:
10.1161/CIRCULATIONAHA.105.536433

Opavsky MA, Martino T, Rabinovitch M, Penninger J, Richardson C,
Petric M, Trinidad C, Butcher L, Chan J, Liu PP. Enhanced ERK-1/2 acti-
vation in mice susceptible to coxsackievirus-induced myocarditis. J Clin
Invest. 2002;109:1561-1569. doi: 10.1172/JCI13971

Irie-Sasaki J, Sasaki T, Matsumoto W, Opavsky A, Cheng M, Welstead G,
Griffiths E, Krawczyk C, Richardson CD, Aitken K, et al. CD45 is a JAK
phosphatase and negatively regulates cytokine receptor signalling. Na-
ture. 2001;409:349-354. doi: 10.1038/35053086

Liu P, Aitken K, Kong YY, Martino T, Dawood F, Wen WH, Opavsky MA,
Kozieradzki I, Bachmaier K, Straus D, et al. Essential role for the tyrosine
kinase p56lck in coxsackievirus B3 mediated heart disease. Nature Med.
2000;6:429-434.

Xu M, Liu PP, Li H. Innate immune signaling and its role in metabol-
ic and cardiovascular diseases. Physiol Rev. 2019;99:893-948. doi:
10.1152/physrev.00065.2017

Epelman S, Liu PP, Mann DL. Role of innate and adaptive immune mecha-
nisms in cardiac injury and repair. Nat Rev Immunol. 2015;15:117-129.
doi: 10.1038/nri3800

Shi'Y, Fukuoka M, Li G, Liu Y, Chen M, Konviser M, Chen X, Opavsky MA,
Liu PP. Regulatory T cells protect mice against coxsackievirus-induced
myocarditis through the transforming growth factor beta-coxsackie-
adenovirus receptor pathway. Circulation. 2010;121:2624-2634. doi:
10.1161/CIRCULATIONAHA.109.893248

Ferreira VM, Schulz-Menger J, Holmvang G, Kramer CM, Carbone |,
Sechtem U, Kindermann I, Gutberlet M, Cooper LT, Liu P, et al. Cardio-
vascular magnetic resonance in nonischemic myocardial inflammation:
expert recommendations. J Am Coll Cardiol. 2018;72:3158-3176. doi:
10.1016/j.jacc.2018.09.072

Wang EY, Hulme OL, Khurshid S, Weng LC, Choi SH, Walkey AJ,
Ashburner JM, McManus DD, Singer DE, Atlas SJ, et al. Initial precipi-
tants and recurrence of atrial fibrillation. Circ Arrhythm Electrophysiol.
2020;13:e007716. doi: 10.1161/CIRCEP.119.007716

Wu Q, Zhou L, Sun X, Yan Z, Hu C, Wu J, Xu L, Li X, Liu H, Yin P, et al.
Altered lipid metabolism in recovered SARS patients twelve years after
infection. Sci Rep. 2017;7:9110. doi: 10.1038/s41598-017-09536-z

Circulation. 2020;142:68-78. DOI: 10.1161/CIRCULATIONAHA.120.047549





