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ardiovascular disease (CVD) and cancer are

the leading causes of death worldwide.

Recent studies suggesting that CVD inde-
pendently influences cancer development and pro-
gression have prompted the emergence of a new
discipline often referred to as “reverse cardio-
oncology” or “bidirectional cardio-oncology.” While
studies within the field have encompassed various
CVD diagnoses, this short-form primer explores evi-
dence for the relationship between atherosclerotic
CVD and oncogenesis.

OBSERVATIONAL EVIDENCE

A prospective cohort study published by Hasin et al
in 2016' established the first association between
atherosclerotic CVD and cancer. The authors found
that more than 1,000 patients diagnosed with
myocardial infarction (MI) and subsequent cardiac
sequelae between 2002 and 2010 were more suscep-
tible to the development of cancer than the general
population.’ A nationwide cohort study conducted by
Malmborg et al” later observed that among more than
2 million patients, those diagnosed with MI had a
greater chance of developing malignancies. Addi-
tionally, Berton et al® prospectively evaluated 589
individuals with acute coronary syndrome, discov-
ering that 99 of these patients were diagnosed with
cancer during follow-up, a rate 3 times that which
would be otherwise expected in the general popula-
tion. Those patients who did develop malignancies
following an acute coronary event also had worse

prognoses.® The adverse impact of atherosclerotic
CVD on oncogenesis was further supported by the
finding that patients with peripheral artery disease,
another common sequela of atherosclerosis, are more
susceptible to developing cancer.* Interestingly, Bell
et al® showed higher rates of brain, colon, bladder,
liver, hematologic, and lung cancers and lower rates
of uterine, breast, and ovarian cancers in patients
with atherosclerotic CVD, suggesting that the protu-
morigenic effects of CVD may vary by tumor type.
Finally, an analysis of more than 21,000 patients
demonstrated that atherosclerotic CVD is indepen-
dently associated with increased likelihood of meta-
static disease at time of cancer diagnosis, even after
adjusting for age, sex, smoking status, obesity, and
other shared risk factors.®

MECHANISTIC EVIDENCE

The first mechanistic study into the connection be-
tween CVD and cancer was published in 2018 by
Meijers et al,” who induced MI leading to heart failure
in APC™™ mice predisposed to developing intestinal
tumors. At 6 weeks, mice in the experimental cohort
were found to have a >2-fold increase in tumor
burden compared with mice in the sham cohort, with
an association between tumor growth and degree of
left ventricular dysfunction. Using a heterotopic
transplantation model, the authors demonstrated
that the protumorigenic effects of heart failure are
independent of hemodynamic impairment, thereby
implicating cardiac secreted factors. Screening of
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HIGHLIGHTS

e CVD impacts cancer onset and progres-
sion, yet the underlying mechanisms
remain unclear.

e Cardiac-secreted factors, altered hema-
topoiesis, and innate immune changes
link atherosclerotic CVD to cancer
promotion.

e Addressing common risk factors,
enhancing surveillance, and targeting
inflammation in CVD patients may
improve cancer outcomes.

candidate proteins in the plasma of patients with
heart failure and mice post-MI identified elevated
levels of serpinA3, also known as «-1-anti-
chymotrypsin, as a factor that increased proliferation
and AKT signaling of human colon cancer (HT-29)
cells in vitro. This translational study provided the
first direct evidence that post-MI heart failure can
stimulate tumor formation.

Koelwyn et al® advanced the field in 2020 by
showing that coronary artery ligation leading to
acute MI accelerates breast cancer outgrowth and
cancer-specific mortality by altering antitumor im-
munity. Using both E0771 syngeneic and MMTV-
PyMT genetically engineered mouse models of
breast cancer, they demonstrated that MI caused a
doubling of tumor growth compared with sham sur-
gery control animals. MI-accelerated tumor growth
was accompanied by sustained increases in Ly6Ch&h
monocytes in the circulation, and depletion of these
cells reduced tumor development.® Multiomic anal-
ysis of Ly6C"8" monocyte reservoirs in the bone
marrow showed that MI induced epigenetic reprog-
ramming of these monocytes to an immunosuppres-
sive phenotype that persisted at the transcriptional
level after exit to the circulation and recruitment to
tumors. This was associated with an altered tumor
immune microenvironment characterized by in-
creases in myeloid-derived suppressor cells and reg-
ulatory T cells, both of which contribute to
immunosuppression. Interestingly, the protumori-
genic phenotype after MI could be transferred to
naive mice through bone marrow transplantation,
implicating MI-induced changes to hematopoietic
progenitor cells in the process of altering the immune
response to cancer. A retrospective analysis of more
than 1,700 patients from 2 prospective cohort studies
complemented these mechanistic evaluations by
demonstrating that cardiovascular events increased
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risk of cancer-specific death and recurrence in
individuals with early-stage breast cancer.®
Dysfunctional myelopoiesis is also impli-
cated in cancer growth in the setting of pe-
ripheral atherosclerotic disease. Newman
et al® demonstrated that mice that underwent
femoral artery ligation, a model of peripheral
artery disease, exhibited accelerated growth

of E0771 mammary tumors, as well as increased cir-
culatory monocytes and neutrophils at the expense of
lymphocytes. These changes were correlated with
increased accumulation of immunosuppressive
monocytes and regulatory T cells within tumors.
Single-cell RNA sequencing and assay for transposase-
accessible chromatin with sequencing of the bone
marrow compartment showed that femoral artery
ligation induced transcriptional and epigenetic
changes in myeloid progenitors consistent with
inflammaging. Notably, bone marrow transplantation
demonstrated transmissibility of the accelerated tu-
mor growth and myeloid bias after peripheral
ischemia, indicating long-lasting alterations to anti-
tumoral immunity. In concert with the study by
Koelwyn et al,® these findings implicate dysfunctional
reprogramming of hematopoietic reservoirs following
ischemic injury in promoting cancer growth.

Transcriptomic analyses of tumoral gene expres-
sion following MI have further illuminated oncogenic
signaling mechanisms. Utilizing a mouse model in
which 4T1 mammary cancer cells were implanted
2 weeks post-MI, Tani et al'® noted that gene path-
ways related to tumor progression, particularly the
PI3K-AKT pathway, were enriched in tumors of mice
5 weeks post-MI. Increased phosphorylation of
tropomyosin receptor kinase A (TRKA), an upstream
regulator of the PI3K-AKT pathway, was detected in
tumors post-MI, and administration of the TRKA in-
hibitor GW441756 decreased tumor volume without
affecting cardiac function. Last, nerve growth factor
(NGF), a known ligand of TRKA that was upregulated
within the myocardium and in the peripheral circu-
lation after MI, increased tumor cell proliferation and
AKT signaling in vitro. Though NGF serves a car-
dioprotective function at the infarct border zone in
the immediate aftermath of a cardiac ischemic event
by protecting against reactive oxygen species, these
findings suggest that signaling via NGF also aug-
ments mammary tumor growth.'®

CURRENT THERAPEUTICS AND
FUTURE PERSPECTIVES

Though CVD and cancer have traditionally been
treated as distinct clinical diagnoses, evidence

ABBREVIATIONS
AND ACRONYMS

MI = myocardial infarction
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CVD = cardiovascular disease

NGF = nerve growth factor

TRKA = tropomyosin receptor
kinase A
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FIGURE 1 Cancer Development in Atherosclerotic CVD
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Cancer development in the context of cardiovascular disease (CVD) is driven by shared
risk factors (top right) and molecular mechanisms identified in in human cohorts and
preclinical animal models (top left). There may be a role for augmented surveillance
protocols (bottom left) to monitor cancer survivors for the development of CVD, as well
as to screen CVD patients for new cancer diagnoses. While no therapies have been
specifically approved for these bidirectional cardio-oncologic treatment paradigms,
existing therapies (bottom right) may target the mechanistic pathways contributing to
cancer progression in the setting of CVD.

increasingly suggests that these pathologies are
driven by shared risk factors including aging, smok-
ing, hyperlipidemia, obesity, diabetes, and hyper-
tension, as well as common pathophysiologic
mechanisms (Figure 1)."" Thus, appropriate guideline-
directed management of these determinants could
combat the influence of CVD on oncogenesis.
Current scope of practice encompasses several
existing pharmacologic therapies that, while not
explicitly approved for oncologic therapy, have
demonstrated some promise in the treatment of can-
cer in the setting of CVD. As cancerous cells may rely
on cholesterol for accelerated growth, cholesterol-
lowering medications including statins and in-
hibitors of PCSK9 (proprotein convertase subtilisin/
kexin type 9) may provide antitumorigenic benefits,
with early investigations suggesting some efficacy in
hepatic, pancreatic, esophageal, hematologic, and
colorectal malignancies (reviewed in Newman et al'').
Exercise has also been associated with decreased rates
of breast, kidney, endometrial, bladder, and prostate
cancers (reviewed in Newman et al'').
Anti-inflammatory therapies may also represent a
promising pathway for intervention. Chronic inflam-
mation has been hypothesized to mediate cross-
disease communication between atherosclerotic CVD
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and tumors, a connection that may be driven by clonal
hematopoiesis, which has been connected to the
development of atherosclerosis and cancers.'” Indeed,
administration of canakinumab, an anti-interleukin-
1B monoclonal antibody, induced a 67% decrease in
total incidence of cancer and a 77% decrease in fatal
incidence of cancer in patients with prior MI but
without prior cancer diagnosis.'* Even so, the use of
targeted anti-inflammatories to decrease oncogenesis
remains speculative. A recent evaluation of tran-
scriptomic datasets in both atherosclerosis and cancer
identified pathways regulating inflammation, hypox-
ia, and epithelial to mesenchymal transition as shared
pathogenic mechanisms.'* Subsequent application of
the OCTAD (Open Cancer TherApeutic Discovery) drug
repurposing software identified approved and pre-
clinical therapeutic compounds able to reverse gene
expression signatures for both pathologies. While
such an approach has yet to be evaluated in clinical trials,
these results indicate that certain antitumor therapies
may concurrently combat atherosclerotic CVD.'*

Augmented clinical care guidelines may also
improve patient outcomes. Consider, for instance,
the implementation of robust cancer screening
guidelines for patients who have experienced at least
1 cardiac event. Just as all men between 65 and
75 years of age who have ever smoked are recom-
mended to undergo abdominal ultrasound to eval-
uate for abdominal aortic aneurysm, patients who
have a diagnosis of MI, heart failure, or peripheral
artery disease could be recommended to get imaging
or laboratory testing on a specified cadence.

Cancer and CVD impact billions of people world-
wide. As the general population lives longer and
consequently shoulders increased risk of developing
either or both of these diseases, it becomes increas-
ingly necessary to understand the pathologic symbi-
oses between these diagnoses. The field of
bidirectional cardio-oncology holds immense poten-
tial to illuminate crucial findings for the benefit of
patients and all those who support them.
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