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ABSTRACT

Viral respiratory infections are risk factors for cardiovascular disease (CVD). Underlying CVD is also associated with an
increased risk of complications following viral respiratory infections, including increased morbidity, mortality, and health
care utilization. Globally, these phenomena are observed with seasonal influenza and with the current coronavirus disease
2019 (COVID-19) pandemic. Persons with CVD represent an important target population for respiratory virus vaccines,
with capacity developed within 3 large ongoing influenza vaccine cardiovascular outcomes trials to determine the po-
tential cardioprotective effects of influenza vaccines. In the context of COVID-19, these international trial networks may
be uniquely positioned to redeploy infrastructure to study therapies for primary and secondary prevention of COVID-19.
Here, we describe mechanistic links between influenza and COVID-19 infection and the risk of acute cardiovascular
events, summarize the data to date on the potential cardioprotective effects of influenza vaccines, and describe the
ongoing influenza vaccine cardiovascular outcomes trials, highlighting important lessons learned that are applicable to
COVID-19. (J Am Coll Cardiol 2020;76:1777-94) © 2020 by the American College of Cardiology Foundation.
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ABBREVIATIONS
AND ACRONYMS

ACE2 = angiotensin-converting
enzyme 2

COVID-19 = coronavirus
disease 2019

evere acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), a novel
coronavirus, emerged in Wuhan in
December 2019, becoming the primary agent
driving a rapidly spreading outbreak of coro-

CVD = cardiovascular disease

CVOT = cardiovascular
outcome trial

HF = heart failure
MI = myocardial infarction

STEMI = ST-segment elevation
myocardial infarction

navirus disease 2019 (COVID-19). By March
11, 2020, COVID-19 was declared a pandemic
by the World Health Organization (WHO),
with an overall case fatality ratio of ~2.3%.
Its associated cardiopulmonary morbidity
and mortality is likely to become more clear
as we gain a better understanding of the
true denominator of infected persons over
time (1-3). Patients with or at risk of cardio-
vascular disease (CVD) have an increased case fatality
ratio, including 6.0% for hypertension, 7.3% for dia-
betes, and 10.5% for CVD (4). With currently no
proven vaccines or antiviral treatments, standard
public health preventive efforts are being applied,

based on lessons from combatting the 2012 MERS-
CoV outbreak, the 2009 HiN1 influenza pandemic,
the 2003 SARS-CoV epidemic, and the 1918 influenza
pandemic. Increasing public and scientific attention
has been given to early-phase vaccine development
for COVID-19, which may be months away from being
trialed in a broader number of high-risk patients.
Here, we review the current state of influenza vaccine
research in cardiovascular patients at high risk
for cardiopulmonary morbidity and mortality,
comparing what is known from influenza to what
has been learned so far about COVID-19. We provide
a background understanding of the association be-
tween influenza and influenza-like illness with devel-
opment of cardiovascular complications, discuss the
potential cardioprotective effect of standard seasonal
influenza vaccines, and discuss 3 ongoing cardiovas-
cular outcome trials (CVOTs) testing influenza vac-
cines in high-risk cardiovascular patients for
cardiovascular risk reduction. These existing multi-
national trial networks may be positioned to redeploy
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HIGHLIGHTS

e Viral respiratory infections, such as sea-
sonal influenza and COVID-19, are asso-
ciated with elevated risks of
cardiovascular events.

Several international CVOTs are investi-
gating whether seasonal influenza vac-
cine reduces the risk of cardiovascular
events among patients with HF or coro-
nary artery disease.

Existing trial networks may provide an
opportunity to assess primary and sec-
ondary prevention strategies for patients
with CVD at risk of complications from
COoVID-19.

clinical and data coordination along with enrollment
site infrastructure to study strategies for primary
and secondary prevention of COVID-19, or reducing
its cardiopulmonary complications in patients with
or at risk of CVD.

ASSOCIATION OF INFLUENZA INFECTION
AND CARDIOVASCULAR DISEASE

One of the earliest reports of an association between
respiratory infection and higher cardiovascular mor-
tality was during the 1918 influenza pandemic (5).
Seasonal influenza epidemics have subsequently
been associated with population-level increases in
cardiovascular hospitalization and mortality (6-8). In
a typical year, influenza infections are associated
with ~225,000 hospitalizations, 36,000 cardiopul-
monary deaths, and 51,000 deaths in the United
States (6,9). The prevalence of influenza-related
deaths has significantly risen in the last 2 decades,
although it remains unclear whether this is due
to changes in the demographics of the U.S.
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population, altered virulence of circulating strains of
influenza, limitations in vaccination (effectiveness or
uptake), or increased sensitivity of influenza virus
testing (9). For instance, the risk of cardiovascular
complications from respiratory virus infections,
including influenza, has become better recognized
and characterized with improved methods of detec-
tion of subclinical and overt acute myocardial
infarction (MI) and heart failure (HF) events associ-
ated with influenza-like illness among patients with
or at risk of CVD (10).

A number of large population-based observational
studies employing case-control or case-only study
designs have shown an association between primary
care physician visits for suspected acute respiratory
virus infections and subsequent acute MI (11-13).
Smeeth et al. (11) conducted a large self-controlled
case series study to analyze 115,218 individuals hos-
pitalized with MI or stroke. The investigators studied
whether patients had previously been treated by their
primary care practitioner for a respiratory infection or
underwent influenza vaccination, using the United
Kingdom General Practice Research Database. They
found an ~5-fold increase in rate of hospitalization
for acute MI (incidence ratio: 4.95; 95% confidence
interval [CI]: 4.43 to 5.53) and an ~3-fold increase in
rate of stroke (incidence ratio: 3.19; 95% CI: 2.81 to
3.62) in the first 3 days following presentation with
symptoms of a respiratory tract infection (11). Inci-
dentally, there was also a more modest time-
dependent increase in cardiovascular events within
the first 3 days following a diagnosis of urinary tract
infection (MI incidence ratio: 1.66; 95% CI: 1.28 to
2.14; stroke incidence ratio: 2.72; 95% CI: 2.32 to 3.20).
This weaker but significant temporal association may
indicate that infection in general may be a precipitant
for atherothrombotic cardiovascular events, but
nevertheless, the accentuated pulmonary infection
risk has been reproduced in other settings.

Warren-Gash et al. (14) further evaluated the time-
dependent association between respiratory infection
and cardiovascular risk in a time series analysis that
additionally considered potential confounding by
climate factors. After adjusting for seasonality and
relevant environmental confounders (e.g., mean
temperature and relative humidity), the temporally
dependent seasonal associations between influenza
and an increased risk of MI-associated deaths and
hospitalizations were confirmed. Influenza accounted
for a 3.1% to 3.4% population attributable risk of MI-
associated deaths in England and Wales (p < 0.001)
and 3.9% to 5.6% population attributable risk in Hong
Kong (p = 0.018). The corresponding population
attributable risk estimates for MI-associated
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hospitalizations were 0.7% to 1.2% (England and
Wales) and 3.0% to 3.3% (Hong Kong). To further
distinguish between ST-segment elevation myocar-
dial infarction (STEMI) and non-STEMI, the in-
vestigators carried out a self-controlled case series
analysis using the precise dates for acute MI events by
linking the General Practice Research Database and
the Myocardial Ischaemia National Audit Project,
which is a comprehensive cardiac disease registry in
the United Kingdom (15,16). Yet again, they found a
comparable time-dependent incidence ratio for hos-
pitalization with MI, with the highest risk within the
first 3 days following an acute respiratory infection
(incidence ratio: 4.19; 95% CI: 3.18 to 5.53). The risk
then remained elevated while gradually diminishing
until 28 days post-infection, at which time in-
dividuals reverted to their baseline risk.

The aforementioned studies evaluated nonspecific
acute respiratory infection syndromes without a
confirmed microbiologic diagnosis. Kwong et al. (17)
addressed this in a subsequent study that evaluated
the association between different laboratory-
confirmed respiratory virus infections and acute MI
hospitalizations via linkage of multiple health insur-
ance claims databases with public health microbi-
ology testing results. When a specific pathogen was
identified, the authors found a ~10-fold time-
dependent increased incidence of acute MI within
the first 7 days of testing positive for influenza B
(incidence ratio: 10.11; 95% CI: 4.37 to 23.38) and ~5-
fold risk with influenza A (incidence ratio: 5.17;
95% CI: 3.02 to 8.84). They also found time-
dependent increases in acute MI following infection
with respiratory syncytial virus (incidence ratio: 3.51;
95% CI: 1.11 to 11.12) and other respiratory viruses,
including typical coronavirus, parainfluenza virus,
adenovirus, human metapneumovirus, and entero-
virus infections (incidence ratio: 2.77; 95% CI: 1.23 to
6.24). Hence, influenza infection is associated with an
increased risk of cardiovascular morbidity and mor-
tality, but many other respiratory virus infections
similarly trigger acute cardiovascular events.

Several proposed mechanisms support a potential
causal association between influenza infection and
cardiovascular risk. Most serious infections can
destabilize patients with pre-existing CVD through
increased metabolic demand (e.g., demand ischemia
devolving into myocardial injury and plaque disrup-
tion via cytokine storm). When complemented by
hypoxemia, influenza infection may exacerbate un-
derlying CVD through increased vascular tone via
activation of the sympathetic nervous system, inad-
equate coronary artery blood flow with fever and
tachycardia, potential volume overload, and
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arrhythmia (13). Furthermore, influenza infection also
predisposes patients to develop opportunistic in-
fections like bacterial pneumonia, which in itself is
associated with increased cardiovascular risk through
a variety of effects on the cardiopulmonary system,
from the vascular endothelium and peripheral ves-
sels, to cardiac autonomic function and renal function
(18,19). More directly, the influenza virus may pre-
cipitate acute cardiovascular events by stimulating a
potent acute inflammatory response—a known trigger
of acute plaque rupture and global myocardial
depression (20-22). Influenza virus can also directly
infect tissue in the heart, lungs, and blood vessels, as
seen in murine models and human atherosclerotic
plaques (10,23).

ASSOCIATION OF COVID-19 AND CVD

Accumulating data suggest that influenza infection
and COVID-19 share a similar initial clinical presen-
tation once symptoms develop, namely, fever, cough,
and shortness of breath (24). However, although the
virus’ true basic reproduction number (RO) is still
under investigation, COVID-19 appears to be more
transmissible (25). This may be due to significant viral
shedding prior to symptoms or because many infec-
ted persons may be subclinical or have a mild course
of illness, thus facilitating transmission in commu-
nity settings. Most patients develop no more than a
self-limiting mild-to-moderate influenza-like illness.
However, a subgroup of patients develop substantial
cardiac and pulmonary morbidity and mortality,
typically observed within 2 to 4 weeks following
symptom development of COVID-19, similar to the
trajectory described following the onset of acute
respiratory infections and influenza virus (26). Unlike
influenza, COVID-19 is associated with a ~10-fold
higher hospitalization rate and a ~5 to 10 times
higher mortality rate (24,27,28).

Early reports suggest the comorbidities associated
with the highest risk of requiring critical care among
laboratory-confirmed COVID-19 patients are advanced
age, diabetes, hypertension, heart failure, and
atherosclerotic CVD (29-33). Many of these patients
eventually died of acute cardiovascular and cardio-
pulmonary events, such as multiple organ failure,
shock, acute respiratory distress syndrome, myocar-
ditis, HF, and arrhythmias, with a reported ~50%
mortality rate among patients with cardiac injury,
demonstrated by detectable circulating troponin
levels (34,35). After multivariable adjustment, pres-
ence of cardiac injury was also associated with a ~4-
fold higher mortality risk (hazard ratio: 4.26; 95% CI:
1.921t09.49) (31). Other circulating markers that predict
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an adverse event include elevated D-dimer levels,
which have been associated with higher odds of in-
hospital death (odds ratio: 18.42; 95% CI: 2.64 to
128.55; p = 0.0033) (36).

Beyond standard pathways described in the previ-
ous text, in which influenza and other acute respira-
tory infections can destabilize CVD patients, the
specific mechanisms by which SARS-CoV-2 leads to
acute myocardial injury are still emerging. The po-
tential role of angiotensin-converting enzyme 2 (ACE2)
receptor has recently been suggested as a possible link,
perhaps even allowing for direct viral infection of the
myocardium and vascular endothelium (31,32,37).
SARS-CoV-2 infection is triggered by binding of the
spike protein of the virus to the ACE2 receptor, which is
a highly expressed membrane-bound aminopeptidase
in the heart and lungs. The ACE2 receptor has a vital
role in the cardiovascular and immune systems, heart
function, and the development of hypertension and
diabetes mellitus (38). Perhaps because the ACE2 re-
ceptor is also found in alveolar epithelial and endo-
thelial cells, this may be a potential mechanism for
development of thrombosis, including large vessel
clots, deep vein thrombosis/pulmonary embolism, and
disseminated microvascular thrombosis in the heart,
liver, and kidneys among patients with COVID-19
(39-44). However, other immune activation pathobi-
ology may be at play that is unique to COVID-19, such
as the development of antiphospholipid antibodies
among patients presenting with a hypercoagulable
state and disseminated thrombosis (40).

As new evidence emerges, it is clear that athero-
sclerotic CVD and increased thrombogenicity inter-
sect significantly with COVID-19, both as predisposing
factors and downstream sequelae. This instantiates
the need for evidence-based thromboprophylaxis and
antithrombotic treatment in patients with or who are
at risk of thrombotic disease during the COVID-19
pandemic, with several randomized controlled trials
underway. A number of investigational treatments
for COVID-19 may increase risk for thrombotic events
or thrombocytopenia and have the potential for drug-
drug interactions with commonly administered oral
anticoagulants and antiplatelet agents, including
lopinavir/ritonavir, remdesivir, and tocilizumab. This
could be particularly concerning in patients who
develop venous or arterial thrombosis following
COVID-19, or those with pre-existing thrombotic dis-
ease (43). It is also unknown whether treatment with
an anticoagulant or antiplatelet agent provides a net
clinical benefit in patients with COVID-19, consid-
ering the risk of bleeding. Broadly, whether patients
with lower to no baseline CVD risk who recover from
COVID-19 have longer-term CVD sequelae as a result
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Influenza

TABLE 1 A Summary of the Key Features of Influenza and SARS-CoV-2

SARS-CoV-2

Disease Influenza infection

Structure (45,133) Segmented, negative-stranded RNA viruses; the envelope of
influenza A is formed by HA, NA, M1, and M2 proteins,
whereas influenza B is formed by NA, HA, NB, and BM2

who get infected with influenza could also present with fever,
tachycardia, potential volume overload, and arrhythmia.

COVID-19

Positive, single-stranded RNA virus with glycoprotein spikes in
the shape of a crown present in its envelope.

proteins.
Global RO 13 2.2
(133,134)
Case fatality rate 0.2% 1%-2%
(133,135,136)
Transmission Respiratory droplets
Incubation time 2-4 days 3-7 days
(133,137)
Diagnosis Molecular test, serology, imaging
(133,137)
Cardiovascular Proinflammatory and prothrombotic effects that increase the Proinflammatory and prothrombotic effects leading to acute MI
complications risks of acute MI and heart failure. Patients with known CVD or myocardial injury and heart failure, disseminated

thrombosis, hypotension, arrhythmia, sudden cardiac death,
and pediatric inflammatory multisystem syndrome.

BM2 = influenza B matrix ion channel 2; CVD = cardiovascular disease; HA = hemagglutinin; M1 = matrix ion channel 1; Ml = myocardial infarction; NA = neuraminidase;
NB = type Ill integral membrane protein; RO = basic reproduction number; RNA = ribonucleic acid; SARS-CoV-2 = severe acute respiratory syndrome coronavirus-2.

of a pathophysiological response to COVID-19 is un-
known and warrants further study as well.

VACCINATION STRATEGIES TO PREVENT
INFLUENZA INFECTION

The general structure of an influenza virus consists of
7 to 8 single strands of ribonucleic acid (RNA) as its
genome, surrounded by a lipid bilayer envelope
(Table 1). Its genome is particularly susceptible to
mutation and adaptation because RNA replication
machinery does not have proofreading capabilities, as
opposed to more stable deoxyribonucleic acid (DNA)
viruses that replicate via DNA polymerase. This al-
lows the virus to avoid the long-term adaptive im-
mune responses in hosts (45). The viral replication
process includes 3 stages: 1) viral entry into the host
cell through neuraminidase binding; 2) viral ribonu-
cleoprotein entry into the host nucleus to assemble
the RNA polymerase replication machinery; and 3)
transcription and replication of the viral genome (45).

Influenza viruses are divided into subtypes and are
classified based on 2 main glycoprotein spikes present
on the viral envelope surface, hemagglutinin (HA)
and neuraminidase (NA). The most virulent subtypes
belong to influenza virus type A, subtypes HA (H1, H2,
and H3), and NA (N1 and N2) (46,47). Influenza virus
type B has 2 well-known lineages: B/Yamagata/16/88-
like, and B/Victoria, which also contribute to the
variability in influenza virulence each year, but with a
lower impact than type A (46,47).

The World Health Organization and the Centers for
Disease Control and Prevention Advisory Committee

on Immunization Practices make annual recommen-
dations for the composition of the influenza vaccine
to manufacturers. These recommendations are usu-
ally based on the circulating strains observed in
Australia and other countries in the Southern Hemi-
sphere, which experience influenza seasons in
discordant times of the year compared with the
Northern Hemisphere (48,49). The viruses chosen for
the seasonal influenza vaccines are then typically
grown and propagated in chicken eggs, followed by
inactivation—a process that has remained relatively
unchanged for the past 40 years and remains the
preferred method for influenza vaccine production,
despite limitations described in the following text
(50,51).

A key factor in determining vaccine effectiveness is
how well the vaccine antigen formulation matches
those of the circulating strains each year. Because
each season can see the emergence of a new virulent
strain of influenza without sufficient prior population
immunity, it is recommended that every individual
receive a new vaccine each season. However, antigen
mismatch can occur due to diversity and drift in
circulating viruses and their evolving antigenic dis-
tance from the corresponding vaccine component
(52). As a result of this natural antigenic drift, pre-
dicting the viral strain makeup to include in the
standard seasonal influenza vaccine is challenging
and is to some extent an imprecise science (52). If the
prediction is inaccurate, the effectiveness of the
seasonal influenza vaccine may be low, as has been
observed in the past 4 years in the United States
(Figure 1) (53). The effectiveness of the influenza
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FIGURE 1 Comparison of Seasonal Influenza Vaccine Effectiveness Between 2015 and 2019
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There has been a modest decrease in overall influenza vaccine effectiveness between 2015 and 2019 among individuals of all ages and those age =65
years, with the largest reduction in vaccine effectiveness seen against H3N2. Zero-valued columns are included to denote cases of missing data from the
Centers for Disease Control and Prevention (CDC) Influenza Effectiveness National Report (132). BV = B/Victoria lineage; BY = B/Yamagata lineage.

vaccine also depends on other clinical factors, such as
age and comorbidities of the recipient, as discussed in
the next section.

Vaccine mismatch can also occur due to mutations
in hemagglutinin during influenza virus replication in
eggs, termed egg-adaptation (50). The H3N2 influenza
strain in particular is prone to glycosylation muta-
tions in the antigenic sites of hemagglutinin (50). In
the 2014 to 2015 season, circulating H3N2 virus was
noted to have developed a new glycosylation muta-
tion (K160T HA) that is not present in current egg-
adapted versions of the H3N2 strains, leading to a
mismatch between the 2 and poor effectiveness of the
resultant vaccine (as seen in Figure 1) (54-56). It was
also shown that this circulating glycosylation muta-
tion cannot be adapted to grow in eggs as easily as in
other cell-based culture systems, which gives
credence to considering novel vaccine production
techniques moving forward.

The low effectiveness against H3N2 has a pro-
nounced impact among the elderly and other high-
risk patients, who also experience the highest
burden of influenza-like illness and related mortality
(53). As a result, although the current egg-based mass
production system is cost-effective, it has limitations

that hinder its efficiency: 1) low effectiveness of the
resultant vaccine due to egg-adaptation and antigenic
drift; 2) a 6-month production lag following annual
World Health Organization predictions; and 3) diffi-
culties in changing a given strain mid-production
when antigenic mismatch occurs between circu-
lating and vaccine strains.

Emerging vaccine development techniques have
the potential for superior efficacy, exploring higher
doses, higher valences, and new vaccine production
technologies beyond egg-based systems (57). For
example, manufacturers have increasingly expanded
toward producing quadrivalent in lieu of trivalent
influenza vaccines, which as a result of their
increased coverage are becoming the standard (48).
Quadrivalent vaccines are composed of the same 2
influenza A strains and influenza B strains as the
trivalent vaccine, but in addition contain the other
most common circulating strain of influenza B (48).
Another development is the utilization of recombi-
nant DNA techniques to produce viral antigen using
mammalian and insect cell culture systems (58). This
method can result in a viable vaccine within 6 to
8 weeks compared with the 6-month horizon required
with the egg harvest technique, and thus is touted as
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a possible solution to vaccine development time lags
in novel pandemics (58). Although enhanced vaccine
efficacy has been seen with innovative production
technologies in preliminary studies, the Centers for
Disease Control and Prevention does not recommend
one formulation over the other, and more studies are
needed to draw conclusive results.

Given the imprecision in current vaccine design,
there is a demonstrated need for a different antigenic
target that may yield a “universal” influenza vaccine.
Such a vaccine would ideally induce cross-protective
immunity against all influenza viruses for several
years, potentially protecting against future influenza
pandemics as well. Innovative vaccine technologies
being explored toward this goal include nucleic acid-
based delivery, alternate viral vectors, recombinant
proteins (including DNA-/RNA-based), and the use of
viral-like particles (57). However, most of these
technologies have not been tested beyond phase I
clinical trials (57). As production costs decrease,
scalability increases, and efficacy and/or effective-
ness is demonstrated, more manufacturers will invest
in further innovative vaccine technologies.

VACCINATION STRATEGIES TO PREVENT
COVID-19 INFECTION

With COVID-19, the first known vaccine candidate to
be tested in a randomized controlled trial used
innovative mRNA-based technology. Although this
technology is reported to allow for faster production,
it has never led to a licensed vaccine for sale (59). As
of August 28, 2020, the World Health Organization
listed 143 candidate vaccines in preclinical evaluation
and 33 already in clinical trials (60). If any are suc-
cessful, the challenge to implementation will likely be
the time and infrastructure required to mass-produce
a new vaccine during the COVID-19 pandemic.
Beyond the challenges faced with influenza vaccine
manufacturing, there are other challenges facing the
rapid development of a COVID-19 vaccine. For
instance, commonly circulating coronaviruses ac-
count for 10% to 30% of upper respiratory tract in-
fections—none of which have existing vaccines (61).
SARS-CoV-2 has also shown a similar profile to
SARS-CoV for susceptible cell lines, which unfortu-
nately suggests that embryonated eggs will not sup-
port SARS-CoV-2 replication as a culture system (62).
Also, although not seen yet, it is unclear how stable
the SARS-CoV-2 genome is with regard to antigenic
drift, as RNA viruses like influenza tend to mutate.
The current lack of immune pressure for SARS-CoV-2
works in favor of its genomic stability; therefore, the
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COVID-19 (60)

TABLE 2 Comparison of Vaccine Platforms for Influenza and COVID-19
Vaccine Technology/Platform Influenza (138)
Licensed for use
Inactivated virus v
Live-attenuated virus I
Protein subunit v X
Clinical evaluation
Inactivated virus X I
Live-attenuated virus I I
Protein subunit I v
Virus-like particle v I
DNA I v
RNA 7 17
Nonreplicating viral vector I v
Replicating viral vector X I
Preclinical evaluation
Inactivated virus v v
Live-attenuated virus v »
Protein subunit I 174
Virus-like particle v I
DNA 17 17
RNA » 17
Nonreplicating viral vector I v
Replicating viral vector I I
COVID-19 = coronavirus disease 2019; DNA = deoxyribonucleic acid; RNA = ribonucleic acid.

hope of developing a vaccine that could offer near-
term protection is high (63).

There is also ongoing research to verify that im-
munity is established and can be prolonged following
COVID-19 recovery, which is key for vaccine devel-
opment. Recent evidence underscores the need for an
effective vaccine because the production of neutral-
izing antibodies following COVID-19 infection has
been suboptimal and short-lived, with levels
declining substantially in <3 months, particularly in
asymptomatic persons (64,65). This phenomenon
raises significant issues about the risk of reinfection.
In addition, the adaptive immune response in COVID-
19 convalescent individuals may be via detectable
neutralizing antibodies that correlate with the
numbers of virus-specific T cells (66-70). T cell
response-derived immunity may be more important
than antibody response for COVID-19, but it remains
unclear if T cell responses preclude recurrent infec-
tion (71). Given these immune correlates, experi-
mental COVID-19 vaccine platforms are based on
humoral and/or cell-mediated immunity (Table 2). In
contrast, licensed seasonal influenza vaccines focus
on humoral immunity because of evidence of its
importance in protection against influenza (72); the
cell-mediated responses produced by influenza vac-
cines are weak (73,74).
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INFLAMMAGING AND IMMUNOSENESCENCE

The highest-risk patients in need of an effective
vaccine against influenza infection or COVID-19 are
older individuals (typically age 60 years and older)
and those with chronic comorbidities, including CVD.
Paradoxically, as shown in Figure 1 for older in-
dividuals, such patients are also at high risk for
showing reduced effectiveness from the standard
seasonal influenza vaccine, as demonstrated by an
inadequate immune response post-vaccination. This
phenomenon may represent a complex pathobio-
logical interplay between immunosenescence and
inflammaging, seen in patients with CVD and other
chronic diseases common among the elderly.

“Immunosenescence” refers to an altered immune
response seen with increasing age and many chronic
medical conditions, including cancer, autoimmune
diseases, and CVD (75-78). Inflammaging refers to the
chronic, sterile, low-grade inflammation seen with
increasing age, and implicated in the pathogenesis of
chronic age-related diseases, like CVD (79). These
phenomena may explain why older individuals and
those with or at risk of CVD display an elevated risk
for developing severe respiratory infections with
associated adverse events, compared with milder
presentations in younger people or those without
multiple comorbidities (80-82). For instance, the
worst prognosis and outcomes with COVID-19 infec-
tion have been among older patients and those with
cardiovascular comorbidities. In Wuhan, patients age
>60 years had more systemic symptoms and more
severe pneumonia than younger patients (37,83), and
the median age of patients requiring critical care is
~60 years (29). Although a similar epidemiology has
been observed with seasonal influenza and the prior
2009 HiN1 influenza pandemic, the lower rates of
severe illness in neonates and young children with
COVID-19 is a notable discrepancy that remains
unexplained.

Regarding influenza, there are 2 currently
approved vaccine formulations that were developed
with the intent to boost the lackluster immune
response seen among the elderly to standard influ-
enza vaccine. One approach has been to add an
adjuvant ingredient, namely MF59, to standard egg-
based influenza vaccines to enhance antigen po-
tency and cross-reactivity (84). Studies of adjuvant
vaccines have demonstrated improved immunity;
however, no definitive outcome trials have been re-
ported (85). An alternative approach has been to
inoculate older patients with higher amounts of
inactivated viral particle antigen, considered a
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higher-dose influenza vaccine (86-92). Outcome data
to support this strategy comes from a landmark ran-
domized controlled trial that compared a 4-fold more
concentrated high-dose trivalent influenza vaccine
(60 pg/strain) with a standard-dose trivalent influ-
enza vaccine (15 pg/strain) in 31,989 adults age 65
years and older during the 2011 to 2013 influenza
seasons. Compared with standard-dose vaccine, pa-
tients treated with high-dose vaccine had a relative
risk of 0.76 (95% CI: 0.63 to 0.90) for developing
laboratory-confirmed influenza illness (86,87). Influ-
enza hemagglutination inhibition assay titers and
seroprotection rates were significantly higher in the
high-dose vaccine group as well. As a result, the high-
dose vaccine is currently indicated for individuals age
65 years and older, whereas standard-dose vaccine is
indicated for all other individuals, starting from age
6 months, and is the North American standard of care
at present (48).

To examine the broader real-world impact of this
recommendation, Gravenstein et al. (93) conducted a
cluster-randomized pragmatic trial in 823 Medicare-
certified nursing homes in the United States,
comparing the effect of the high-dose versus
standard-dose vaccines on reducing hospital admis-
sions related to pulmonary illness and influenza-like
illness. The incidence of these hospital admissions
was found to be significantly lower in nursing homes
randomized to administer the high-dose vaccine
(0.185 per 1,000 resident-days or 3.4% over 6 months
vs. 0.211 per 1,000 resident-days or 3.9% over
6 months; adjusted relative risk: 0.87; 95% CI: 0.78 to
0.98; p = 0.023). The secondary outcome, which
looked at all-cause hospital admissions, was also
found to be lower in the high-dose vaccine group
(1.021 per 1,000 resident-days vs. 1.113 per 1,000
resident-days; adjusted relative risk: 0.91; 95% CI:
0.86 to 0.97; p = 0.0028), which may be explained by
reductions in the downstream consequences of
influenza infection.

Beyond age, there are data showing that patients
with established CVD, such as ischemic and non-
ischemic HF, have a reduced humoral and altered
cell-mediated response to standard-dose influenza
vaccine (90,91,94). This suggests that patients with
CVD that are particularly at increased risk for
influenza-related complications may not derive suf-
ficient protection with a standard-dose vaccination.
Van Ermen et al. (88) were among the first to conduct
a randomized pilot study in patients with HF (age 54
to 74 years), using a double-dose of influenza vaccine
(30 upg/strain), compared with the standard dose
(15 pg/strain), investigating vaccine antibody titers at
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baseline, 2 to 4 weeks, and 4 to 6 months post-
vaccination. Their results showed that at 2 to
4 weeks, double-dose hemagglutination unit changes
were significantly higher than those of the standard
dose (3.3 vs. 1.6 for influenza A/H3N2; p < 0.001; 1.9
and 1.1 for influenza A/H1N1; p = 0.009; and 1.7 and 1
for influenza B-type; p = 0.02). The increased hu-
moral response seen with the higher dose vaccine in
patients with pre-existing CVD may be associated
with a lower risk of adverse outcomes, irrespective of
age. This study provided further rationale for con-
ducting sufficiently powered CVOTs.

CARDIOPROTECTIVE EFFECTS OF
INFLUENZA VACCINE

Although COVID-19 and other respiratory virus in-
fections are associated with acute MI and other car-
diovascular events, influenza has the best evidence
of a safe vaccine option for cardiovascular risk
reduction to date. Several observational (95-98) and
small randomized (99-104) studies have suggested
that influenza vaccination may serve as a preventa-
tive measure against adverse cardiovascular out-
comes. In 2013, Udell et al. (105) conducted a meta-
analysis of 6 randomized controlled trials assessing
the benefit of influenza vaccine in reducing cardio-
vascular events or reported cardiovascular-related
adverse events within trials of influenza vaccine.
The included trials were either studying vaccine
effectiveness and collected cardiovascular events as
part of their safety evaluation or were studies
intended to determine the potential efficacy of
vaccination for cardioprotection. The primary
outcome was a composite of major adverse cardio-
vascular events, including cardiovascular death,
hospitalization for MI, unstable angina, stroke, HF, or
urgent coronary revascularization. The authors found
that influenza vaccination was associated with a
lower risk of composite cardiovascular events than
placebo (in the blinded studies) or standard care
without vaccination (among open-label trials) (2.9%
vaccine vs. 4.7% placebo/control; relative risk: 0.64;
95% CI: 0.48 to 0.86; absolute risk difference: 1.74%;
95% CI: 0.81% to 2.67%; p = 0.003). A treatment
interaction was detected between participants with
and without recent acute coronary syndrome (p
interaction = 0.03), where vaccination was associated
with a lower risk of major cardiovascular events
among participants with recent acute coronary syn-
drome (10.25% vaccine vs. 23.1% placebo/control;
relative risk: 0.45; 95% CI: 0.32 to 0.63; absolute risk
difference: 12.9%; 95% CI: 7.75% to 18.0%; p < 0.001)
compared with participants with stable coronary
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artery disease (6.9% vaccine vs. 7.4% placebo/con-
trol; relative risk: 0.94; 95% CI: 0.55 to 1.61; p = 0.81),
suggesting perhaps that acute cardiovascular patients
with higher risk (such as acute coronary syndrome)
may benefit the most regarding cardiovascular risk
reduction from a once-annual influenza vaccine.
Several mechanisms may be at play to explain these
findings. In addition to preventing infection and thus
avoiding disruptions in homeostasis, the vaccine it-
self may interact with immune and inflammatory
systems to promote plaque stabilization (106).
Vaccine-induced antibodies may also interact with
the bradykinin 2 receptor, leading to increased nitric
oxide production (107).

Influenza vaccination may also have important
implications for protecting high-risk cardiovascular
patients in the context of the ongoing respiratory
viral pandemic, particularly if patients with COVID-
19 infection are at risk for superimposed secondary
infections, such as influenza. Despite early reports
from China suggesting that coinfection with other
respiratory infections are rare (34), increasing ex-
amples of respiratory viral and bacterial coin-
fections are emerging in the published data
(108-115). Vaccination will reduce the risk of influ-
enza and may offer some incremental cardiorespi-
ratory protection until a definitive COVID-19
vaccination is available.

However, despite international guidelines recom-
mending routine influenza and pneumococcal vacci-
nation (4) for patients with cardiovascular disease,
uptake is substantially lacking and is often depriori-
tized, including at the time of a cardiovascular hos-
pitalization (116). In patients hospitalized with HF at
centers in the GWTG (Get With The Guidelines)-HF
registry from October 2012 to March 2017, approxi-
mately 1 of 3 patients were not vaccinated for influ-
enza or pneumococcal disease. These rates failed to
show any improvement over 5 years of study (117).
These findings underscore that despite the emerging
evidence from observational and trial data, there re-
mains skepticism that an influenza vaccine can
reduce cardiovascular risk. Specifically, trials to date
have been considerably underpowered to demon-
strate an effect of influenza vaccine for individual
cardiovascular endpoints, especially all-cause and
cardiovascular-related death, and some were even
unblinded. More compelling data derived from larger
double-blind outcome trials conducted over multiple
consecutive seasons, among patients with or at high
risk of developing cardiovascular events, could clarify
remaining questions and provide convincing evi-
dence for patients, providers, payers, and policy
makers.
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INVESTED

TABLE 3 Overview of the Influenza Vaccine Cardiovascular Outcome Trials

1AMI

RCT-IVVE

Trial title
NCT number

Trial design

Recruitment started

Anticipated
enrollment

Estimated
study completion

Intervention

Comparator

Key inclusion criteria

Recruitment time

Trial participants, n

Primary endpoints

Regions

No. of sites
Substudy (Y/N)

INfluenza Vaccine to Effectively Stop cardioThoracic Influenza Vaccination After

Events and Decompensated heart failure
NCT02787044

Pragmatic, randomized, quadruple-masked,
parallel-assignment, active-controlled trial

September 2016
9,300

February 2021

High-dose trivalent inactivated influenza
vaccine (IIV3-HD)

Standard-dose quadrivalent inactivated
influenza vaccine (11V4)

=18 yrs of age
Documented history of either:
Hospitalization for spontaneous (type 1) or

secondary (type 2) MI within 1 yr of baseline
visit, or HF hospitalization within 2 yrs of the

baseline visit.
1+ additional risk factor, e.g.:
Age =65 yrs

Diabetes mellitus
Obesity (BMI =30 kg/m?)
Smoker
CKD (eGFR = 60)
Reduced LVEF (<40%)
Prior MI or HF hospitalization
Peripheral artery disease
Ischemic stroke

4 influenza seasons

5,266 enrolled as of October 9, 2019

Time to first occurrence of all-cause death or
cardiopulmonary hospitalization up to 3 yrs

North America (United States and Canada)

190
Yes, vaccine immunogenicity

Myocardial Infarction

NCT02831608

Prospective registry-based, randomized,
quadruple-masked, parallel-assignment,
placebo-controlled trial

October 2016

4,400
September 2021

Standard-dose trivalent inactivated
influenza vaccine (11V3)

Standard-dose quadrivalent inactivated
influenza vaccine (11V4)

Placebo, intramuscular saline injection

Meet study definition for either:

STEMI, or NSTEMI

Stable CAD =75 yrs of age undergoing
angiography/PCl AND with
1+ additional risk factor

AND =18 yrs of age

A finalized coronary angiography/PCl
(optional for sites in Bangladesh)

4 influenza seasons
2,573 enrolled as of March 2, 2020

Composite endpoint of time to all-cause
death, a new Ml or stent thrombosis
(first occurring, ICD-10 codes), at 1 yr

Europe, Australia, Asia (8 countries)

30
Yes, vaccine immunogenicity

Influenza Vaccine to Prevent
Adverse Vascular Events

NCT02762851

Randomized, quadruple-masked,

parallel-assignment,
placebo-controlled trial

June 2016
5,000

May 2021

Standard-dose trivalent
inactivated influenza vaccine
(1v3)

Placebo, intramuscular saline
injection

=18 yrs of age

New York Heart Association

functional class II, III,
and IV HF

3 influenza seasons

4,871 enrolled as of January 14,
2019

Composite of cardiovascular
death, nonfatal MI, nonfatal
stroke, and hospitalizations
for HF at 6 months

Asia, Middle East, and Africa
(10 countries)

10

Yes, serological substudy to
assess influenza infection

myocardial infarction.

BMI = body mass index; CAD = coronary artery disease; CKD = chronic kidney disease; eGFR = estimated glomerular filtration rate; HF = heart failure; IAMI = Study on the Effect of Influenza
Vaccination After Heart Attack on Future Cardiovascular Prognosis; ICD-10 = International Statistical Classification of Diseases and Related Health Problems-10th Revision; INVESTED =
INfluenza Vaccine to Effectively Stop Cardio Thoracic Events and Decompensated Heart Failure; LVEF = left ventricular ejection fraction; Ml = myocardial infarction; NSTEMI = non-ST-
segment elevation myocardial infarction; PCl = percutaneous coronary intervention; RCT-IVVE = Influenza Vaccine To Prevent Adverse Vascular Events; STEMI = ST-segment elevation

ONGOING INFLUENZA VACCINE CVOTs

There are currently 3 large ongoing CVOTs examining
the cardioprotective effects of varying formulations
of influenza vaccine on a global scale (Table 3).

The IVVE (Influenza Vaccine to Prevent Adverse
Vascular Events; NCT02762851) is a placebo-
controlled randomized trial (n = 5,000) to test if
standard-dose trivalent inactivated influenza vac-
cine, compared with intramuscular saline placebo,

reduces a composite of adverse cardiovascular
events in high-risk adults with New York Heart
Association functional class II to IV HF (118). The
trial is recruiting from clinical centers spanning
Asia, the Middle East, and Africa, where the influ-
enza vaccine is not standard of care, and will follow
patients over 3 consecutive years. Given that pa-
tients with HF are generally recommended to
receive annual influenza vaccination, this trial will
permit background usage of influenza vaccine to


https://clinicaltrials.gov/ct2/show/NCT02762851
https://clinicaltrials.gov/ct2/show/NCT02787044?term=NCT02787044&amp;draw=2&amp;rank=1
https://clinicaltrials.gov/ct2/show/NCT02831608?term=NCT02831608&amp;draw=2&amp;rank=1
https://clinicaltrials.gov/ct2/show/NCT02762851?term=NCT02762851&amp;draw=2&amp;rank=1
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preserve trial equipoise. This will result in a small
proportion of participants receiving 2 vaccinations
within the same season, which does not have any
safety concerns. The primary outcome measure will
be a composite of cardiovascular death, nonfatal MI,
nonfatal stroke, and hospitalizations for HF using
standardized criteria over 6 months. Cardiovascular
death at 6 months will be a secondary outcome.
Recruitment is still ongoing, with the estimated
study completion date being May 2021.

The IAMI (Influenza Vaccination After Myocardial
Infarction; NCT02831608) trial is a placebo-controlled,
registry-based randomized clinical trial testing the in-
hospital administration of standard-dose trivalent
inactivated influenza vaccine in patients with STEMI
or non-STEMI undergoing coronary angiography
(n = 4,400) (119). IAMI uses a hybrid registry-based
randomized clinical trial methodology, wherein
baseline information will be collected from national
heart disease registries in Sweden and Denmark, and
from conventional electronic case report forms in
Norway, the Czech Republic, Scotland, Latvia,
Australia, and Bangladesh (120). Follow-up will be
performed using both registries and a structured
telephone interview, and events will be adjudicated.
The primary endpoint is time to all-cause death,
hospitalization for a new MI, or stent thrombosis (first
occurring) within 1 year. Like IVVE, recruitment is
still ongoing, with the estimated study completion
date being August 2021.

To address the issue of immunosenescence and
identify whether one strategy of influenza vaccina-
tion is more cardioprotective, a third trial is being
conducted in North America that also dispenses with
concerns of equipoise by foregoing assignment to
placebo. The INVESTED (INfluenza Vaccine to Effec-
tively Stop cardioThoracic Events and Decom-
pensated heart failure; NCT02787044) is the first
and largest active-controlled randomized controlled
trial (n = 9,300) comparing a high-dose trivalent
inactivated influenza vaccine to a standard-dose
quadrivalent influenza vaccine, over 4 influenza sea-
sons, in high-risk cardiovascular patients with a
recent history of MI or hospitalization for HF (75). The
primary endpoint is time to first occurrence of all-
cause death or cardiopulmonary hospitalization. Pa-
tients can participate for up to 3 consecutive years and
remain assigned to the same therapy they received at
baseline. Moreover, given the active comparator
design of INVESTED with high-dose influenza vac-
cine, the trial provides a unique opportunity to
explore the association among inflammaging, immu-
nosenescence, and treatment effect within a substudy
that will analyze participants’ immune response with
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outcomes (n ~ 1,000). This will help address whether
the high-dose vaccine produces a more pronounced
humoral response in cardiovascular patients
compared with the standard dose, as well as whether
higher antibody concentrations correlate with a
reduction in the composite endpoint of all-cause
mortality and cardiopulmonary hospitalization. A
genomic substudy will explore the potential associa-
tion between carrier status for a genetic profile that
predisposes individuals to develop a severe influenza
infection and predilection for cardiopulmonary out-
comes. For instance, the human interferon-inducible
transmembrane protein-3 (IFITM3) plays a pivotal
role in defense against influenza viral infection (98).
There is a mutation (rs12252) in the IFITM3 gene with a
highly variable minor allele (C allele) frequency
(ranging in prevalence between 4% to 53%) that re-
sults in expression of a truncated protein rendering
affected patients’ immune systems vulnerable to
influenza (98). Having 1 (heterozygote) or 2 (homo-
zygote) alleles has been found in multiple case-
control studies to impact a patient’s ability to
restrict virus replication transforming a mild infection
into greater susceptibility for a severe influenza
infection complicated by cardiopulmonary events and
death (98,99). It has been proposed that pre-
emptively screening for carriers of the IFITM3 geno-
type might predict which patients are most suscepti-
ble to cardiopulmonary complications from influenza.
Moreover, such a strategy could influence decision
making for preventive therapy, such as high-dose
influenza vaccine. These findings may also have
important implications for preventative or treatment
strategies being designed for COVID-19, such as ge-
netic screening to detect susceptibility for adverse
events and vaccine development (Central Illustration).

PERSPECTIVES AND FUTURE DIRECTIONS

Although morbidity and mortality presently appear
higher with COVID-19 compared with circulating
influenza, it is still unclear how much similarity is
shared between their transmission dynamics,
including the extent and duration of immunity
following infection (121). With growing herd immu-
nity and the development of preventative strategies,
including vaccination, recurrent waves of novel
coronavirus may regress to a rate of morbidity and
mortality that is similar to seasonal influenza. How-
ever, when compared with the public perception of
COVID-19, individuals and policy makers may
underappreciate the continuous, annual broad toll of
seasonal influenza epidemics. In the United States
alone, an estimated 35.5 million people were infected
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CENTRAL ILLUSTRATION Leveraging Influenza Vaccine Cardiovascular Outcome Trials for Coronavirus
Disease 2019

Influenza Vaccine mass ~ Standard-dose High-dose Vaccine
virus production influenza influenza administration
vaccine vaccine
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Global influenza vaccine
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Implications
for new viral
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Behrouzi, B. et al. J Am Coll Cardiol. 2020;76(15):1777-94.

Lessons learned from seasonal influenza vaccine development and mass production as well as 3 international influenza vaccine cardiovascular outcome trials assessing
its cardioprotective effects in high-risk patients (INVESTED [INfluenza Vaccine to Effectively Stop cardioThoracic Events and Decompensated heart failure], IAMI
[Influenza Vaccination After Myocardial Infarction], and IVVE [Influenza Vaccine to Prevent Adverse Vascular Events]) can inform future efforts geared at developing
and evaluating novel therapies, including vaccine strategies, for coronavirus disease 2019 (COVID-19). On the world map, regions in dark blue, teal, and light blue
represent countries involved in the INVESTED, IVVE, and IAMI trials, respectively.




JACC VOL. 76, NO. 15, 2020
OCTOBER 13, 2020:1777-94

Behrouzi et al.
Influenza Vaccines to Prevent Cardiovascular Events—Insights for COVID-19

TABLE 4 Current Guidelines on Influenza Vaccine Administration

Institution General Population

High-Risk Population(s)

complications (139)

Centers for Disease Control and
Prevention (CDC) - Advisory
Committee on Immunization
Practices (ACIP)t

contraindications (48)

European Centre for Disease
Prevention and Control*

National Advisory Committee on
Immunization (NACI) - Canadat
months (46)

American Heart Association (AHA)/
American College of Cardiology
(ACOt

European Society of Cardiology (ESC)t

American Diabetes Association (ADA)*

Diabetes Canadat

American College of Physicians
(ACP)*

College of Family Physicians of
Canada (CFPO)*

As per ACIP's recommendations

World Health Organization (WHO)* Seasonal influenza vaccination is recommended Priority groups include children between the ages of 6
for people of all ages to help prevent the
spread of disease and associated

Routine annual influenza vaccination for all
persons age =6 months who do not have

All Europeans who are recommended to get the Strongly recommends seasonal influenza immunization
influenza vaccine should be vaccinated, with
emphasis on high-risk groups (140)

Early inoculation at the beginning of the fall
season for all persons older than 6

As per NACI's recommendations (145)

and 59 months, elderly, health care workers, and
individuals with chronic medical conditions.
Pregnant women are considered the highest-
priority group and should receive seasonal
inoculation when trying to conceive and during
pregnancy (139)

Early inoculation at the beginning of the season, using a
quadrivalent formulation like quadrivalent
inactivated influenza vaccine or quadrivalent
recombinant influenza vaccine, is recommended for
people with asthma, HF, and diabetes (48)

for all groups considered high-risk, which include
older adults (usually =65 yrs), persons with chronic
health conditions (=6 months of age), persons with
conditions that may aggravate a respiratory illness,
persons with immunocompromise or immune-
suppression, pregnant persons, and health care
workers (140)

Special emphasis on the importance of vaccination in
high-risk populations (46)

Strongly recommends the influenza vaccination in all
patients with CVD (4,141)

Annual influenza vaccination for patients with
established CVD, especially the elderly (class IB
recommendation) (142)

Annual vaccination against influenza is recommended
for all people =6 months of age, especially those
with diabetes (143)

Annual inoculation against the influenza virus in all
patients with diabetes (144)

As per ACIP's recommendations

As per NACI's recommendations (145)

CVD = cardiovascular disease, HF = heart failure.

*Information obtained from public statements on the corresponding institutions websites. tInformation obtained from publicly available and approved guidelines.

with influenza during the 2018 to 2019 season,
490,600 patients were hospitalized, and 34,200 died
(53,54). Globally, the World Health Organization es-
timates that influenza kills as many as 650,000 peo-
ple every year, citing it as a top 10 leading cause of
death among people of all ages, especially those with
1 or more comorbidities like CVD (122). As a result,
clinical guidelines recommend annual influenza
vaccination for the general population for influenza-
like illness risk reduction with special emphasis of
its importance in high-risk individuals (Table 4).
With the ever-looming threat of future global res-
piratory viral outbreaks and their potential for
downstream cardiovascular consequences, it is
increasingly recognized that: 1) it is impossible to
predict the next pandemic and its agent of cause
(123,124); and 2) our existing vaccine technologies
and mass production infrastructures are not built to
address pandemics in a timely manner to minimize
human cost (125,126). It is also known that although

the seasonal influenza vaccine is better than nothing,
it is not nearly as effective as it can be, having ranged
from 10% to 60% in estimated effectiveness in recent
years (75). In 2018 to 2019, the adjusted vaccine
effectiveness for all influenza vaccines across all age
groups was only 29%, which has only served to fuel
vaccine hesitancy among the general public (127).
Hence, there is a need for a collaborative shift in focus
toward developing and evaluating stronger formula-
tions of the influenza vaccine, towards the goal of
increased effectiveness and uptake, and perhaps ul-
timately, a universal influenza vaccine (128,129).
Notwithstanding the research recommendations for
influenza and COVID-19 provided throughout this
review (summarized in Table 5), a unified, top-down
policy approach will be integral to combatting out-
breaks from both viruses. To reduce the hundreds of
thousands of preventable deaths from influenza and
COVID-19, it is necessary to leverage the global
research investments made for both viruses to inform
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TABLE 5 A Summary of the Key R

h
ch Rec

Recommendation

ions for Influenza and COVID-19 Vaccines

Impact

Ongoing research efforts

Influenza vaccine CVOTs in high-risk CVD populations,
e.g., INVESTED, IAMI, and IVVE

Observational studies looking at short-term cardiovascular outcomes of
COVID-19 in real-world, high-risk patients, e.g., INVESTED-COVID-19

Delineate and substantiate correlates of immunity for both viruses
and promising new vaccines

Future research efforts

Ongoing influenza CVOTs being redeployed to study COVID-19 vaccines
in high-risk CVD patient populations, e.g., INVESTED, IVVE, and IAMI

Observational studies looking at short- and long-term cardiovascular
outcomes of COVID-19 in the general and high-risk populations,
e.g., those with pre-existing CVD

Preclinical evaluation of the mechanisms underlying the potential
cardioprotective effects of different influenza and/or COVID-19
vaccine strategies

Safety and efficacy/effectiveness clinical trials for newly developed
universal influenza vaccines in high-risk patient populations,
e.g., those with pre-existing CVD

Knowledge translation and implementation of evidence via unified and
interdisciplinary global policy and decision-making approaches

Generating high-quality evidence on hard clinical outcomes that are important in these
patient populations

Ensuring evidence is externally valid and generalizable to global, diverse patient
populations

Evaluating a low-cost and ubiquitous intervention for a high morbidity and mortality
disease phenotype

Identifying the best influenza vaccine type for this high-risk patient population

Arming cardiologists and CV specialists with evidence and patient education tools to
properly combat vaccine hesitancy beyond the primary care setting

Identifying clinical, social, and genetic determinants of incidence and severity of
COVID-19-like illness in high-risk CVD patients

Assessing the relationship between humoral response to influenza vaccination and
susceptibility to COVID-19-like illness and its severity in high-risk CVD patients

Establishing the strength and longevity of the adaptive immune response following
the use of promising universal vaccine candidates for influenza

Outlining the relationship between humoral and cell-mediated immunity following
natural infection, as well as following the use of promising vaccine candidates for
COVID-19

Establishing the strength and longevity of the adaptive immune response
following the use of promising vaccine candidates for COVID-19

Leverage already existing global clusters of trialists and participants who meet the
inclusion criteria for RCTs focused on high-risk CVD populations, who are also at
high-risk for COVID-19 and downstream complications

Potential vaccine candidates are first tested in healthy volunteers only, whereas
potential treatment agents are immediately tested in current or high-risk patients;
thus, it is important to also evaluate vaccine outcomes in high-risk populations

Same as noted above for the impacts of ongoing influenza vaccine CVOTSs,
contextualized to COVID-19 vaccines

Generate necessary evidence to fortify prevention, treatment, and supportive planning
for patients facing vast uncertainties following a novel disease

Generate necessary evidence on coinfections that may complicate disease and/or
treatment course, e.g., influenza coinfection

Generate necessary evidence on potential vaccination strategies and drug-drug
interactions, e.g., between antithrombotic agents and COVID-19 treatments

Gain more information on the pathophysiology and molecular mechanisms underlying
various CVD phenotypes

Generate necessary evidence for further establishing a causal association

Produce knowledge that can point to other potential prevention and/or treatment
candidates for these infections in high-risk patients

Improve the cost-effectiveness of available vaccines for high-risk populations that
have proven to show a poor response to currently licensed vaccines, e.g., high-risk
CVD patients

Same as noted above for the impacts of ongoing influenza vaccine CVOTs

Use lessons learned from informing global influenza vaccination guidelines and
policies with the latest evidence to create guidance for COVID-19 vaccination

Use lessons learned from global influenza vaccination guidelines and policies to
catalyze implementation of corresponding guidance for COVID-19 vaccination

Leverage momentum and investments made into combatting COVID-19 globally to
also efficiently tackle other common viral respiratory epidemics and pandemics
with high morbidity and mortality, especially in ubiquitous high-risk CVD patients

CVOT = cardiovascular outcome trial; RCT = randomized controlled trial; other abbreviations as in Table 1.

sustainable policy efforts that are driven through
interdisciplinary collaboration among scientists, pol-
iticians, health care systems, and other key
stakeholders.

The possibility to reduce cardiovascular morbidity
and mortality via a simple and cost-effective strategy
like the influenza vaccine is a compelling rationale for
its investigation in the 3 large CVOTs: IVVE, IAMI, and

INVESTED. It is hypothesized that the effect size from
influenza vaccination is comparable to existing sec-
ondary cardiovascular prevention strategies (130).
Collectively, these trials offer an opportunity to
explore the cardioprotective effects of both the
standard- and high-dose influenza vaccines in pa-
tients with varying CVD phenotypes. If the influenza
vaccine is rigorously demonstrated to reduce adverse
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cardiovascular events, it will represent an important
change in how prevention of these events is consid-
ered on a global scale. In the interim, given the cur-
rent COVID-19 pandemic, these active multinational
trial networks may be well-positioned to redeploy
their clinical coordination and data management
infrastructure to study investigational strategies for
primary prevention of COVID-19 or reducing its sub-
sequent cardiopulmonary complications in patients
with or who are at risk of CVD. Ongoing efforts
include analyzing the strength of the association of
clinical, social, and genetic risk factors among study
participants and the incidence and severity of devel-
oping COVID-19, including immune responses to
investigational vaccine treatments. As a
multinational-represented, deeply  phenotyped
cohort of cardiovascular patients at high risk of
developing COVID-19 infection, surveillance of these
trial patients for COVID-19-related outcomes may
enable further evaluation of which factors are asso-
ciated with the highest risk for complications,
including baseline treatment with angiotensin inhib-
itor therapies, acetylsalicylic acid, and nonsteroidal
anti-inflammatory drugs.

The participating site investigators and research
coordinators of these influenza vaccine CVOTs are
also front-line cardiovascular clinicians who are well-
positioned to advocate for influenza vaccination in
their high-risk patients to combat low rates of vaccine
uptake. Looking to the future, when promising
COVID-19 vaccine candidates are identified in trials of
healthy volunteers, the INVESTED, IAMI, and IVVE
trial networks can then serve as an international

Behrouzi et al.
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platform for evaluating the effectiveness of these
vaccines among higher-risk patients with established
CVD who have expressed a willingness to study vac-
cinations for cardiovascular risk reduction.

To conclude, the cardiac complications of
COVID-19 are “approximately commensurate with
SARS and influenza analogs” (4). There are rigorous
epidemiological data linking influenza infection with
subsequent cardiovascular complications and several
ongoing investigations of the potential risk reduction
derived from standard and innovative influenza vac-
cine strategies. Three large, ongoing influenza vac-
cine CVOTs have an opportunity to contribute further
to our understanding of the underlying comorbidities
in these patients that may be driving morbidity and
mortality associated with COVID-19 infection. These
cohorts may also be an opportunity to explore novel
infection prevention therapies beyond influenza
vaccination in patients who have already volunteered
to participate in a respiratory virus vaccine cardio-
vascular outcome study. While developing new vac-
cines, we will also learn soon whether influenza
vaccination is an effective, low-cost, widely available
therapy that reduces cardiovascular risk, which may
further help prevent fatal and nonfatal cardiovascular
complications of COVID-19 (37,131).
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Udell, Cardiovascular Division, Toronto General
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