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Abstract

Inflammation participates in the pathogenesis of both cancer and cardiovascular disease. This review examines the
mechanistic commonalities between these two scourges of humanity through the lens of infllmmation biology.
Inflammatory pathways contribute to the initiation, the progression, and the complication of both malignant
tumours and atherosclerotic plaques. Modulation of inflammatory pathways have proven transformative in the
treatment of cancers and have crossed the threshold of clinical reality as treatments to reduce the risk of cardio-
vascular events. The finding that clonal haematopoiesis drives both leukaemia and cardiovascular events provides
yet another link between these two seemingly disparate diseases. The nascent specialty of cardio-oncology has ini-
tially focused on the cardiovascular complications of cancer therapies. The recognition of a more profound patho-
physiologic connection between cancer and cardiovascular diseases should expand the concept of cardio-oncology.
Embracing the mechanistic connection and transcending traditional barriers between disciplines offers immense op-
portunities for speeding innovative research that can address the growing burden of both cancer and cardiovascular
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As long ago as the mid-19th century Virchow' and other keen observers
linked inflammation to cancer and to cardiovascular disease. They drew
these inferences from morphologic findings and careful deductive rea-
soning. Recently, the scientific bases supporting these conjectures has
expanded markedly due to advances on several scientific fronts. The mo-
lecular characterization of inflammatory modulators, both protein (e.g.
cytokines, chemokines, and haematopoietic growth factors) and lipid
(e.g. pro-inflammatory or pro-resolving), provided tools for rigorous ex-
perimental work and evidence-based postulation of pathways. The eluci-
dation of transcriptional programmes for the control of the expression
of these modulators and their production [e.g. nuclear factor kappa B
(NF-kB)] added a layer of mechanistic understanding to the inflamma-
tory response. The elucidation of supramolecular intracellular structures
such as the proteasome and the inflammasome yielded further insight
into the regulation of immune and inflammatory responses.”* The explo-
sion of knowledge of cellular immunity—both innate and adaptive—has
enabled deep insight into the intricate network of host defenses and
their operation in many diseases.*

These advances have provided a firm scientific foundation for inflam-
mation biology, yet the application of these principles to human disease
has remained fragmented. The field of inflammation and immunity in car-
diovascular diseases has flourished. Tumour immunobiology has made
enormous strides and the clinical translation of its findings has already
transformed the practice of haematology and oncology. Indeed, many
excellent contemporary publications refresh the venerable connections
between cancer, cardiovascular disease, and inflammation.”™® But these
two edifices—cardiovascular and cancer medicine—stand in solitude to
the detriment of the potential of freer interchange and more rapid prog-
ress in science and in harvesting its clinical benefits.

Here, we make the case that in very fundamental ways, the pathogen-
esis of these scourges of humanity share important pathophysiologic ele-
ments. The convergence of cytokine biology in these two diseases
provides one type of important mechanistic connection. That blockade
of the pro-inflammatory cytokine interleukin (IL)-1p can reduce both
cardiovascular events and cancer incidence and mortality underscores
the contribution of inflammation to both cardiovascular conditions and
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malignancy.”™"" The emergence of clonal haematopoiesis as a common
and age-related risk factor for cardiovascular disease and for haemato-
logic malignancies provides another novel link between these two cate-
gories of disease traditionally separated by disciplinary divisions, distinct
literatures, and separate cultures. (See the contribution of Patel and
Natarajamn'13 to this series for further details regarding clonal haemato-
poiesis.) The age dependence of clonal haematopoiesis may contribute
to the strong relationship of age with both cardiovascular disease and
cancer.

The nascent specialty of cardio-oncology has evolved as a concerted
strategy to address the cardiovascular complications of cancer therapies.
The emergence of cardio-oncology has already begun to ease the tradi-
tional boundaries. Here, we argue that recognition of a more profound
pathophysiologic commonality between cancer and atherosclerosis
should expand the concept of cardio-oncology, and contribute to the
growing co-operation between practitioners of two traditionally dispa-
rate disciplines. Broadening the concept of cardio-oncology can certainly
yield benefits to patient care in the short term. Moreover, embracing the
mechanistic connections and transcending traditional barriers between
disciplines offers immense opportunities for speeding innovative re-
search that can address the growing burden of both cancer and cardio-
vascular disease, particularly as we face a global aging of the population.
The commonalities between cancer and atherosclerosis operate on
many levels: disease initiation, the growth and progression of lesions that
likely involves a prolonged ebb and flow in both circumstances, and the
invasion, propagation, and complications of the respective lesions, pro-
cesses that share mechanistic similarities.

1. Disease initiation

Current thinking attributes acquired genetic alterations as an initial path-
ogenic step in carcinogenesis (Figure 1, top left). Many mutations deemed
causal for cancers evoke inflammatory responses. Examples include the
oncogenes RET, Ras, Myc, and Src. Several authoritative reviews provide
details regarding the ability of mutations in these oncogenes to elicit
overproduction of pro-inflammatory mediators.>'* Estimates in the liter-
ature attribute the origin of approximately a fifth of cancers directly to
inflammatory stimuli. Vice versa, inflammation itself may trigger mutagen-
esis that can cause cancer. Notorious examples include overproduction
of reactive oxygen species extracellularly (e.g. from hypochlorous acid
produced by the plentiful granulocyte enzyme myeloperoxidase) or
from within the cell due to mitochondrial overproduction.

Substantial findings from observational epidemiology link adiposity to
cancer (reviewed in'®). Numerous plausible mechanisms can explain
how inflammatory mediators derived from adipose tissue may drive on-
cogenesis. Infections such as Helicobacter pylori, human papillomavirus,
Epstein—Barr virus, and hepatitis viruses link infection to oncogenesis.
Many environmental stimuli elicit inflammation and can prove mutagenic
and hence carcinogenic. Examples include asbestos promoting mesothe-
lioma, and particulates and cigarette smoke as aetiologic agents in lung
cancer. Not only pathogen-associated molecular patterns but intrinsi-
cally derived damage-associated molecular patterns (DAMPs) can elicit
inflammatory responses that can promote malignant transformation of
cells.

Many of the stimuli listed above can activate members of the inflam-
masome family. The prototypical NLRP3 inflammasome generates active
IL-1B and IL-18 from their inactive precursors. This mechanism provides
insight into some of the molecular machinery that links carcinogenic

conditions and agents with increased inflammation that may drive muta-
genesis and other aspects of early carcinogenesis within the microenvi-
ronment of the nascent malignancy. Many pro-inflammatory cytokines
act by activating NF-kB, which in turn can generate further cytokines
providing an amplification loop for inflammatory processes. The role of
NF-kB in combatting cell death also likely contributes to tumour pro-
gression as described below (Figures T and 2).

Recent work has highlighted the contribution of epithelial to mesen-
chymal transition as a key element malignant transformation and invasive
behaviour of tumours'® (Figure 1). A number of inflammatory mediators
can participate in epithelial to mesenchymal transition. Epigenetic altera-
tions that can promote oncogenesis may also operate subject to modu-
lation by inflammatory mediators. Thus, inflammation can participate in
the earliest phases of carcinogenesis through several routes.

The initiation of atheroma formation resemble in many, but not all, cir-
cumstances outlined above for carcinogenesis. Somatic mutations prob-
ably play a minor role during human atherogenesis. (An exception,
worthy of exploration might be accelerated athero- or arterio-sclerosis
following radiation, e.g. for Hodgkin’s disease.) Yet, many of the factors
that drive mutagenesis implicated in carcinogenesis overlap substantially
with contributors to early malignant transformation. Situations that pro-
mote chronic inflammation associate with adverse cardiovascular
events'’ (Figure 1, top right). Drivers of the chronic inflammation associ-
ated with increased risk of atherosclerotic events include visceral adipos-
ity, certain acute and chronic infections, oxidative stress, and diabetes.
Cigarette smoking represents another common risk factor for cancer
and cardiovascular disease.

In parallel with epithelial to mesenchymal transition in carcinogenesis,
many investigators accord a role for endothelial-mesenchymal transition
in the generation of arterial diseases'® (Figure 1). Epigenetic alterations
linked to inflammatory processes and oxidative stress also likely contrib-
ute to early atherogenesis.'® Indeed, cardiovascular events attributable to
some of the mutations that cause clonal haematopoiesis likely arise from
epigenetic regulation of pro-inflammatory gene expression.13 These par-
allels illustrate the pathways shared between many cancers and athero-
sclerotic cardiovascular disease even if the initial trigger events may vary
with mutagenesis less prominent in atherosclerosis than in cancer.

2. Disease progression

Accumulation of bulk characterizes both advanced solid tumours and
atherosclerotic plaques. Simplistic early formulations focused primarily
on cellular proliferation as a mechanism contributing to the volume of
both tumours and atheromata.”**' A much more elaborate and subtle
construction has replaced the simple focus on proliferation. The mass of
both malignant tumours and atheromata depends not only on the malig-
nant cells or arterial smooth muscle cells but also on a complex and mal-
leable extracellular matrix (ECM). The proliferative stimuli for the
cancer cell, tumour stromal cells, or the arterial smooth muscle cell may
vary, but overlap considerably, particularly in the downstream signal
transduction (often via kinases) and transcriptional control (cell-cycle
control) mechanisms (Figure 1).

Malignant transformation implies autonomous growth. An oft-
invoked stimulus for smooth muscle cell proliferation, platelet-derived
growth factor, arises from the simian sarcoma virus proto-oncogene Sis.
Yet, although smooth muscle cells can elaborate the ¢-Sis gene product,”
no consistent evidence suggests that a mutation in the oncogene confers
autonomous growth upon human arterial smooth muscle cells during
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Common mechanisms and mediators in cancer and in atherosclerosis
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Figure I Common mechanisms and mediators in cancer and in atherosclerosis. Cancer and atherosclerosis share many common pathological mecha-
nisms as depicted. Numerous mediators implicated in these two seemingly diverse diseases operate in both. FGF, fibroblast growth factor; MMP, matrix met-
alloproteinase; PDGF, platelet-derived growth factor; TGF-, transforming growth factor beta; VEGF, vascular endothelial growth factor.

atherogenesis. In addition to the malignant cells or accumulating vascular
smooth muscle cells and ECM, stromal cells contribute to the bulk of
tumours and also participate actively in creating the tumour microenvi-
ronment that can foster or frustrate growth, evolution, and the invasive
behaviour of tumours (Figure 2).

Leucocyte invaders also contribute decisively to the progression of
tumours as well as of atherosclerotic lesions (Figure 7). Tumour-infiltrating

mononuclear phagocytes of various subtypes have garnered much interest
in this regard. These cells can engage in cross talk with other leucocyte
classes such as dendritic cells or CD8+ cytotoxic lymphocytes.”> Many
excellent reviews have pursued this topic in depth.>™ A similar focus on
mononuclear phagocytes dominated thinking about leucocyte participa-
tion in atherosclerosis for several decades. The heterogeneity of mononu-
clear phagocytes also contributes to the pathogenesis of cardiovascular
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The balance between pro- and anti-proliferative and apoptotic pathways determines
cell accumulation in both cancer and in atherosclerosis
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Figure 2 Regulation of cell accumulation in cancer and in atherosclerosis. The accumulation of cells in both cancer and atherosclerosis depends on the
balance of growth stimulators and growth suppressors. In addition, some mediators promote cell death including programme cell death by apoptosis, and
other pathways oppose cell death. The text and Figure T mention some of the mediators involved in regulating this balance between proliferation, cytostasis,

and cell death.

diseases including atherosclerosis, myocardial infarction, and heart fail-
ure.?* In both tumour biology and atherosclerosis research, the role of
the polymorphonuclear leucocyte has gained foothold as another leuco-
cytic participant in the pathogenesis of both cancer and the complications
of atherosclerosis. A large literature also supports the operation of other
leucocyte lineages in both oncogenesis and atherogenesis and allied
conditions.®%®

Beyond proliferation of cells within the tumour or atheroma, consid-
erable defects in cell death or in clearance of dead cells (efferocytosis)
may contribute to cell accumulation within the lesions of both diseases.
(Figures 1 and 2) As described above, pro-inflammatory cytokines gener-
ally activate NF-kB which can exert anti-apoptotic actions through aug-
menting expression of Bcl-2 and Bcl-xL (Figures 1 and 2). The cellular
accumulation depends not only on proliferation but also on impaired
clearance of cells through apoptosis and other forms of cell death.
Avoidance of immune attack and evading suppression through well-
documented tumour suppressive mechanisms likely play a greater role
in cancer than in atherosclerosis. Yet, regulatory T cells furnish one
source in the atheroma for transforming growth factor-beta that can
prove cytostatic under some circumstances (Figure 2).°

The recruitment of leucocytes to tumours and to plaques share con-
siderable commonality (Figure 1).2*® Adhesion molecules for leucocytes
contribute in both cases and the locomotion of adherent cells into the
lesions depends on the action of chemokines. Once resident in the
lesions, be they malignant tumours or atheromata, the cells can amplify
local immune responses and modify the local microenvironment through
release of growth factors, reactive oxygen species, proteinases, and an-
giogenic factors. Systemic inflammatory responses in both the malignant
state and in atherosclerotic individuals can stimulate haematopoiesis in

the bone marrow from whence cells that enter lesions derive.?’

Not only innate but also adaptive immunity operate prominently dur-
ing both oncogenesis and atherogenesis. T cells of various subtypes can
promote or mute the development of both types of lesions.**2 In can-
cer, immune checkpoints confer one mechanism for avoiding immune at-
tack that can enhance survival of malignant cells. Cytokines can elicit the
expression of Fas in human smooth muscle cells, heightening their sensi-
tivity to death through apoptosis.>® Indeed, harnessing anti-cancer thera-
pies to target T lymphocyte activation might prove useful in limiting
atherogenesis >**

Remodelling of the ECM characterizes both oncogenesis and athero-
genesis (Figure 1). The expansion of a tumour and of an atherosclerotic
plague requires an alteration in the ECM to accommodate to the expan-
sion. In the case of atherosclerotic plaques, a compensatory outward
remodelling of arteries maintains lumen caliber until the later stages of
the disease. A multidimensional relationship between cancer cells, stro-
mal cells, and the ECM contributes to the particular microenvironment
of a given tumour. Similar interactions between the ECM and endothelial
and smooth muscle cells also govern the remodelling of atherosclerotic
lesions.

As championed by the late Judah Folkman, angiogenesis promotes tu-
mour growth. Rich plexi of neovessels also occur in human atheroscle-
rotic lesions (Figure 1).¢ A number of mediators and mechanisms of
angiogenesis have emerged. Some angiogenic factors such as vascular en-
dothelial growth factor (VEGF) have become targets for anti-tumour
therapy. Changes in metabolic programming arise in both cancer and
atherosclerosis. Hypoxia characterizes the centre of both growing
tumours and of atherosclerotic plaques alike.*” Regions of low oxygen
tension through hypoxia inducible factor and inactivation of the tumour
suppressor von Hippel Lindau augment glycolysis and drive the produc-
tion of angiogenic factors such as VEGF. During the progression of
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tumours and of atherosclerotic plaques alike, local thrombosis as evi-
denced by accumulations of fibrin may contribute to the evolution of the
respective lesions.*®*’

During tumour progression and atherogenesis alike, defective resolu-
tion of inflammation due to chronic pro-inflammatory stimulation or in-
effective of pro-resolving mediators including lipid mediators of
resolution and anti-inflammatory cytokines such as IL-10 may occur.***'
An increasing interest in the relationship of the microbiome with athero-
genesis and cancer has emerged providing yet another connection be-
tween inflammation and these two major diseases.

As noted above, aging powerfully associates with both atherosclerosis
and cancer. The age-dependence of clonal haematopoiesis may contrib-
ute to this association. Other aspects of senescence such as shortening
of telomeres or acquisition of a senescence—associated secretary phe-
notype (SASP) can occur during cancer progression? Inflammatory
mediators linked both to telomere shortening and aspects of cellular se-
nescence. In their advanced stages, both cancer and heart disease can
cause cachexia. The cachexia of cancer and of advanced heart disease
(notably heart failure) links tightly to sarcopenia associated with over-
production and increased activity of pro-inflammatory cytokines such as
tumour necrosis factor (TNF), also initially known as cachexin.*? In sum,
as in the case of lesion initiation, the progression of malignant and ath-
erosclerotic plaques share many common pathophysiologic mechanisms
and the mediators associated with these inflammatory processes.

3. Commonalities in complications
of cancer and atherosclerosis

In cancer, invasion and metastasis ultimately lead to most fatal complica-
tions. In contrast, atherosclerotic plaques often produce events by a
physical disruption, either rupture of the plaque or an erosion of the inti-
mal endothelial lining that provokes thrombosis (Figure 1).*** Although
these two types of ultimate complications of the pair of diseases appear
disparate, they indeed also share many common mechanisms and inflam-
mation as a driver. Atherosclerotic lesion growth can limit blood flow
through affected arteries, analogous to local expansion of tumours that
can cause complications by obstructing the bile duct, bowel, or by intra-
cranial mass effect.

To metastasize cancer cells must traverse the basement membrane™®
(Figure 1). Fibrillar collagens such as Type IV collagen comprise a major
constituent of basement membranes. Type IV collagenases such matrix
metalloproteinase (MMP)-2 and -9, overproduced by stromal cells
within malignant tumours, can dissolve the ECM of the basement mem-
brane permitting the invasion of tumours into both local tissues and the
lymphatics and vasculature. Plasminogen activators, associated with
transformation of cells, can activate the pro form of the MMP zymogens
to their active forms licencing basement membrane degradation. Pro-
inflammatory cytokines also strongly regulate both the expression of
genes of non-fibrillar collagens such as MMP-2 and MMP-9, but also gov-
ern the production of their active forms.*® Such cytokines also govern
the expression of chemokines—proteins that can direct the migration of
tumour cells that breach the basement membrane due to its degradation
by Type IV collagenases MMP-2 and -9.°

Proteolysis also participates in disruptions of atherosclerotic plaques
(Figure 1). The dissolution of collagen that lends strength to the plaque’s
protective fibrous cap due to production of interstitial collagenases such as
MMPs-1, -8, and -13 can contribute to fibrous cap thinning and predispose
toward plaque rupture and hence thrombosis.® In the case of plaque

thrombosis due to superficial erosion, mechanisms very similar to those
which play a role in basement membrane dissolution in cancer may per-
tain.** In particular, augmented activity of MMP-2 in response to inflam-
matory activation including cytokines such as IL-1 and TNF, or engagement
of Toll-like receptors such as TLR2, can augment local production of the
non-fibrillar Type IV collagenases and hasten endothelial detachment and
desquamation, leading to intimal erosion and thrombosis. Thus, the ulti-
mate complications of both cancer and atherosclerosis extensively involve
proteolysis of ECM components, chemoattraction, and inflammation.

4. Conclusion

The illustration above of the commonality of biological mechanisms in
oncogenesis and in atherogenesis and the shared features of progression
and complication of their respective lesions provide an ever more com-
pelling rationale for alignment and co-operation in patient care. We will
encounter increasingly individuals who will benefit from co-management
by cardiovascular, haematology, and oncology colleagues. We advocate
broadening the perspective of cardio-oncology, beyond the unwanted
actions of cancer therapeutics, to embrace scientifically and clinically the
convergent biological mechanisms illustrated here.

Beyond structural or organizational changes in the care of patients and
a heightened awareness of coincident pathogenic mechanisms, this broad-
ened view of the interface between cardiovascular disease, haematology,
and oncology has therapeutic implications. Inflammatory cell infiltrate bur-
den associates with a poor prognosis in patients with certain tumours.*®
The use of inflammatory biomarkers has gained a degree of clinical applica-
bility in the practice of cardiovascular disease, and may also contribute to
clinical decision making in patients with cancer. The use of aspirin and of
non-steroidal anti-inflammatory drugs (NSAIDs) engenders controversy
particularly in cardiology. Low-dose aspirin in primary prevention of car-
diovascular events has come under considerable scrutiny in recent clinical
trials, particularly given the efficacy of other contemporary standard-of-
care treatments including statins.*> NSAIDs may increase thrombotic risk,
gastrointestinal bleeding, and aggravate renal disfunction. Yet, NSAIDs
may prove beneficial in the prevention of certain gastrointestinal tumours.
The use of biomarkers to balance the risks and benefits of the use of these
agents presents an opportunity for much needed future investigation.

The increasing use of biological anti-inflammatory agents constitutes a
double-edged sword. While inhibiting IL-1B can reduce cardiovascular
events and incident cancer and fatalities due to lung cancer, this strategy
associates with a slight increase in infections. Anti-TNF agents may augment
heart failure, predispose towards lymphoma, and have other adverse
actions. As in the case of aspirin and NSAIDs, the appropriate selection of
patients for biological therapies including checkpoint inhibitors and anti-
cytokine interventions will require careful co-ordination between practi-
tioners of cardiovascular medicine, haematology, and oncology. Bearing in
mind that what might help one disease might also exacerbate the other, we
advocate embracing an era of consolidation rather than fragmentation in pa-
tient care. The birth of the new subspecialty of cardio-oncology, and the
broadening of scope advocated here, represent major steps in this
direction.
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