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Abstract

Targeted oncology therapies have revolutionized cancer treatment over the last decade and have
resulted in improved prognosis for many patients. This advance has emanated from elucidation of
pathways responsible for tumorigenesis followed by targeting of these pathways by specific
molecules. Cardiovascular care has become an increasingly critical aspect of patient care in part
because patients live longer, but moreover due to potential associated toxicities from these
therapies. Because of the targeted nature of cancer therapies, cardiac and vascular side effects may
additionally provide insights into the basic biology of vascular disease. We herein provide the
example of tyrosine kinase inhibitors (TKI) utilized in chronic myelogenous leukemia (CML) to
illustrate this medical transformation. We describe the vascular considerations for the clinical care
of CML patients as well as the emerging literature on mechanisms of toxicities of the individual
TKI. We additionally postulate that basic insights into toxicities of novel cancer therapies may
serve as a new platform for investigation in vascular biology and a new translational research
opportunity in vascular medicine.
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Kinase Inhibitors Used in Chronic Myelogenous Leukemia: Overview

Overactivation of kinases can lead to a number of pathological processes including cancer.
In chronic myelogenous leukemia (CML), one such kinase (Abelson 1 kinase (ABL1))
becomes constitutively active as a result of a chromosomal translocation, juxtaposing the
breakpoint cluster region (BCR) gene with the ABL kinase gene and genesis of the
deregulated BCR-ABL.1 kinase. Inhibitors of ABL1 kinase have resulted in remarkable
efficacy in treating CML. In 2019, cardiovascular care has emerged as a crucial element of
CML patient care for several reasons. First, CML patients are now expected to have near
normal life expectancy and may succumb to other non-cancer morbidities and mortality.
Second, numerous kinase inhibitors (K1) used for the treatment of CML are associated with
vascular disease. Increasingly, cardiologists and vascular medicine physicians who
specialize in oncology care (“cardio-oncologists”) play a critical role in CML care. In this
review, we will discuss vascular aspects of care for CML patients. We will also discuss the
emerging data on the mechanisms of vascular sequelae from CML TKI therapy and the
implications for vascular medicine and vascular biology.

Kinase and Kinase Inhibitors (KI)

Kinases are enzymes that transfer phosphate groups from adenosine triphosphate (ATP) to
specific protein or lipid substrates, leading to fundamental regulation of cell signaling. Over
500 kinases have been discovered, which are divided structurally into two groups: serine/
threonine kinases and tyrosine/tyrosine-like kinases.! K1 inhibit either the ATP binding
pocket (where the ATP binds) or the allosteric pocket (where the phosphorylated protein
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binds) and thus prevent kinase activity itself. (figure 1) While most Kl are reversible, some
Kl (e.g., ibrutinib) bind to the proximal binding pocket with a reactive nucleophilic cysteine
covalently and thus irreversibly. However, most K1 are steady state competitive enzyme
inhibitors with respect to ATP and either directly or indirectly interact with the ATP pocket.?

Because of the high similarity of the ATP binding sites across the entire kinome, small
molecular Kl can bind more than one kinase receptor, thus decreasing selectivity. For this
reason, many Kl occupy both the space where the ATP adenine group binds but also
adjacent regions (including occasionally the adjacent allosteric pocket).3 Nevertheless, even
with this approach the selectivity of approved Kl is not absolute. Imatinib, the first approved
KI for CML, inhibits not only the ABL1 tyrosine kinase relevant to CML, but also the
tyrosine kinase receptor c-KIT, aberrantly activated in gastrointestinal stromal tumors
(GIST), resulting in another drug indication for imatinib.% °

Kinases also play a critical role in cardiac, vascular and metabolic homeostasis; thus, altered
activity of kinases in the cardiovascular systems can lead to pathology and various effects on
the vasculature. For example, the kinase target of a specific TKI may have an oncogenic role
if altered in a cancer cell but also a critical role, unaltered, in a myocyte or an endothelial
cell. Inhibition of that kinase - as an unintended consequence — can lead to vascular disease.
Such “on-target” toxicity is in contrast to “off-target” toxicity where the promiscuous nature
of the TKI can lead to inhibition of structurally similar or related kinase receptor(s) which
can cause disease. In addition, the effects of TKI on the cardiovascular system may not be
entirely pathologic and may actually be beneficial. We will review these concepts in the case
of CML and TKI used to treat CML below.

Tyrosine Kinase Inhibitors (TKI) — Inhibiting ABL1 kinase for the treatment
of Chronic Myelogenous Leukemia (CML)

Five small molecule TKI have been approved to date for the treatment of CML. Imatinib
was initially developed as a platelet-derived growth factor receptor (PDGFR) inhibitor, but
was also found to inhibit other tyrosine kinases, such as ABL1 and c-KIT (the stem cell
factor receptor).® The International Randomized Interferon Versus STI571 (IRIS) trial
demonstrated the unprecedented efficacy profile of imatinib in newly diagnosed CML.
Remarkably, the longer term overall survival of patients treated with imatinib was close to
90%, establishing imatinib as a benchmark treatment for CML. In 2001, imatinib became
the first small-molecule TKI approved by the FDA and has revolutionized the treatment of
CML and other leukemias where the ABL1 tyrosine kinase is constitutively active.2

Since this initial historic approval, a number of later generation TKI were tested and
approved for the treatment of CML. These included dasatinib, nilotinib, bosutinib and
ponatinib. The impetus for introducing new TKI in this space was driven by several factors.
First, although imatinib dramatically altered the natural history of CML, more than 20% of
patients with CML were either unable to tolerate or developed resistance to imatinib.
Second, the newer TKI were shown to be more potent inhibitors of ABL1 tyrosine kinase
and could offer both salvage and augmented primary response. In head-to-head clinical trials
with imatinib, dasatinib and nilotinib resulted in faster and greater proportion of molecular
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response as well as protection from early progression. Although this still has not resulted in
better overall survival from trial data, both drugs were approved for front-line therapy. In
2017, bosutinib obtained FDA similar approval for frontline treatment of CML.

Despite the success of TKI therapy in CML, specific kinase domain mutations emerged in
the leukemic clones driving resistance to TKI therapy. The most impactful and notorious is
the example of the T315I mutation where threonine substitution for isoleucine at a key
contact point severely affected TKI inhibition and was the major determinant of ABL1
tyrosine kinase activation within the leukemic clone.’” Ponatinib was developed as a multi-
targeted K1 with potent activity against the T3151 mutation as well as the spectrum of other
ABL1 kinase mutations. In a phase 2 trial (called the PACE study), ponatinib showed
considerable response in patients who had failed other TKIs, leading to drug approval via the
FDA accelerated approval program in 2012.8 However, one year later, ponatinib prescribing
authorization was transiently suspended in the United States by the Food and Drug
Administration due to emerging recognition of cardiovascular risks with the drug and need
for updated label warnings. Not surprisingly the vascular/cardiovascular toxicities noted
with ponatinib heralded closer assessment of cardiac, vascular and metabolic issues with all
other TKI used for CML treatment.

Cardiovascular Risks Associated with TKI Used in CML — Clinical Studies

Despite considerable efficacy in patients who had failed other TKI, the early phase 2 trial
with ponatinib showed considerable vascular toxicity. At a median follow-up of 12 months
in the PACE trial, 6% of patients had coronary events, 3% had cerebrovascular events, and
4% had peripheral vascular events. At 28 months, cumulative events were 10%, 7%, and 7%,
respectively. Indeed, retrospective analysis of the PACE database suggests a higher risk in
patients with CV risk factors or CV disease, as well as a signal for CV events occurring in a
ponatinib dose—dependent manner.® In addition, at least a quarter of patients developed
hypertension after initiating treatment. A cardiovascular signal for toxicity was also seen in a
trial involving ponatinib as first-line therapy which led to trial suspension. The aggregate
data strongly suggested that ponatinib is associated with higher risk of cardiovascular
adverse events.

The cardiovascular risk profile of ponatinib brought into focus vascular and metabolic
effects of other TK1 used in CML. Certain cardiac signals become apparent early in drug
approval for each therapy. For example, a small percentage of patients treated with both
dasatinib and nilotinib were noted to have QT prolongation, although no clear risk of
ventricular arrhythmias was identified. For this reason, QT assessment via an
electrocardiogram was recommended for nilotinib. In the case of dasatinib, dyspnea
observed in a fraction of patients led the US Food and Drug Administration (FDA) to issue a
warning and recommend that patients be evaluated for signs and symptoms of
cardiopulmonary disease before and during dasatinib treatment. The cause of dyspnea
appears to be multi-factorial. In initial studies with dasatinib, a significant fraction of
patients had pleural effusions. In addition to pleural effusion, dasatinib is also associated
with pericardial effusion. The pathogenesis is unclear but is felt to be a “capillary leak” like
syndrome.10 More concerning, reports of pulmonary hypertension were subsequently and
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additionally noted with dasatinib. In 2012, the French Pulmonary Hypertension Registry
reported nine severe cases of dasatinib-associated pulmonary hypertension. Upon diagnosis,
patients had moderate to severe precapillary pulmonary hypertension, with severe symptoms
and hemodynamic compromise with two patients dying in follow-up.1 The incidence of
dasatinib-associated pulmonary hypertension is felt to be at least 3% based on data from
randomized trials. However, none of these trials systematically screened for pulmonary
hypertension.

Vascular events — including cardiac, cerebral and peripheral events — have emerged as the
biggest cardiovascular safety concern in CML patients. Before ponatinib-associated vascular
complications became obvious late in 2013, initial case reports or case series of vascular
events had been reported with nilotinib. A multicenter analysis of 179 patients revealed 11
patients (6.2%) who developed severe peripheral artery disease involving lower limbs. Eight
patients required invasive therapy and four patients required amputation. More
comprehensive appreciation of vascular events in CML patients was derived from clinical
trials where newer TKI were compared to imatinib for efficacy. Although these trials were
not designed to assess cardiovascular safety, an increased risk of vascular events was
observed with newer TKI compared to imatinib. A 3-year follow-up of the ENESTnd trial
(where nilotinib was compared to imatinib in front-line therapy) suggested a higher
incidence of vascular events in patients treated with nilotinib compared with imatinib.12
These data were more striking at 5-year follow-up; twenty-eight out of 279 (10%) patients
treated with nilotinib at 300 mg twice per day, 44 out 277 patients (15.9%) treated with
nilotinib at 400 mg twice per day, and seven (2.5%) of 280 patients treated with imatinib 400
once per day had cardiovascular events.1® In these analyses cardiovascular events were
defined as ischemic heart disease, ischemic cerebrovascular disease, and peripheral artery
disease. These data suggest that nilotinib associated toxicity occurs in all arterial beds; fewer
venous events were noted. 5 year follow-up report of the DASISION trial (where dasatinib
was compared to imatinib in the front-line setting) noted a 5% risk of arterial ischemic
events in patients on dasatinib compared with 2% risk for imatinib.14

In contrast, long term studies of patients treated with imatinib have general shown net
neutral or possibly favorable effects on vascular disease risk. Arguably the best data come
from head-to-head prospective studies where the efficacy of imatinib is compared to other
TKI where cardiovascular event rates are lower in the imatinib arms of the studies. What
remains unknown is baseline cardiovascular risk profile of CML patients irrespective of
therapy or as they commence therapy. A current ongoing prospective study () is assessing
the baseline cardiovascular risk factors and follow-up cardiovascular risks of a “real world”
population of CML patients on chronic TKI therapy.

Cardiovascular Toxicities of TKI: Mechanistic Studies

The cardiovascular events observed in CML patients treated with TKI have led to
mechanistic studies interrogating the vascular effects of each TKI, with some insight gained
to date. Additional unanswered questions include the impact the CML diagnosis itself poses
on risk of vascular events as well as the potential reversibility of any pathology stemming
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from either CML or TKI therapy as CML treatment paradigms shift towards a focus on finite
therapy and treatment free remission (cessation of therapy in deep remission).

Nilotinib was found to upregulate pro-atherogenic adhesion-proteins on human endothelial
cells, including intercellular adhesion molecule 1 (ICAMZ1), vascular cell adhesion protein 1
(VCAML1), and E-selectin, which collectively can recruit inflammatory cells and platelets
and promote vascular events. Increased expression of adhesion molecules is mediated
through reduction in the level of miR-3121-3p, which additionally leads to upregulation
IL-1pB. It is proposed that the miR-3121-3p/IL-1f axis could be a potential target to prevent
vascular events in CML patients determined to have high risk.1> Whole blood samples from
nilotinib-treated CML patients demonstrated increased platelet adhesion. These patients also
showed increased expression of markers of endothelial and platelet activation, including
plasma soluble P- and E-selectin, SICAM-1, sVCAM-1, TNF-alpha, IL-6 levels and
endogenous thrombin potential (ETP) levels in vivo, despite being on daily low-dose aspirin.
16 Treatment of atherogenic (ApoE—/-) mice with nilotinib increases atherosclerotic build-
up and blocked reperfusion and angiogenesis in a hind-limb-ischemia model of arterial
occlusion.16 In mouse model studies, nilotinib remarkably enhanced thrombus growth and
stability in damaged mesenteric arterioles and the carotid artery.1”

Further interrogation of effects of nilotinib on other atherosclerosis risk factors have shown
mixed results. A prospective clinical study showed that nilotinib doubles the levels of low-
density lipoprotein cholesterol (“bad cholesterol) but also raises high-density lipoprotein
cholesterol levels.18 In atherosclerosis (APOE*3Leiden.CETP mouse) prone mice, nilotinib
had no significant effect on cholesterol levels.19 On the other hand, early clinical trials with
nilotinib showed hyperglycemia and development of ‘pre-diabetes’ or worsening of
glycemic control in a subset of patients, an obvious risk factor for atherosclerosis.2% 21 From
patient studies, there is no consensus with respect to the mechanisms of vascular toxicity
associated with nilotinib. However, deep phenotyping in specific patients with vascular
studies can be informative.2223 Vessel wall magnetic resonance imaging in a case of
nilotinib-associated cerebral stroke revealed diffuse concentric thickening of the intracranial
artery walls, which is inconsistent with ordinary atherosclerosis (which often manifests with
eccentric thickening).23 In addition, a study involving 159 patients on imatinib or nilotinib
showed a higher incidence of abnormal ankle-brachial index (ABI) in patients treated with
nilotinib. Abnormal ABI in patients treated with first- and second-line nilotinib was 26%
and 35.7%, respectively, compared with 6.3% for first-line imatinib.24 These studies are
informative because an abnormal ABI is a sensitive and specific test for not only peripheral
artery disease but also systemic polyvascular atherosclerosis.2

The mechanisms of vascular toxicities associated with ponatinib may be different than
nilotinib. Because of the promiscuity of ponatinib, multiple kinases (and thus pathways) in
the vasculature can be affected. For example, unlike nilotinib, ponatinib is a potent inhibitor
of VEGF receptors (e.g., kar), leading to increased blood pressure, like other TKI with
potent anti-VEGF properties.2% 5 Ponatinib has significant detrimental effects on cultured
endothelial cells /n vitro, both inhibiting proliferation and inducing apoptosis. Ponatinib also
has direct pro-thrombotic effects increasing platelet activation and adhesion. A recent series
of elegant experiments suggest that ponatinib vascular toxicity involves platelet adhesion
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followed by secondary microvascular angiopathy.2” Ultrasound molecular imaging
demonstrates five to six-fold increased signal for glycoprotein-lba-mediated and von
Willebrand factor (vVWF)-mediated endothelial cell and platelet adhesion in ponatinib-treated
mice compared to vehicle-treated controls. These effects were accentuated in
atherosclerosis-prone (ApoE—/-) mice and were present in both large arteries as well as the
microcirculation, the latter producing ventricular dysfunction.2’ Given this elegant study, It
is most likely that any degree of ventricular dysfunction seen with ponatinib is due to an
indirect effect, rather than a direct effect on cardiomyocytes, as has been demonstrated in
other models.28

Separate studies have been performed to interrogate the mechanisms of pulmonary
hypertension associated with dasatinib. Treatment of rats with dasatinib led to a dose
dependent endothelial cell apoptosis and dysfunction via increased mitochondrial reactive
oxygen species (ROS) production. Over time dasatinib attenuated pulmonary
vasoconstriction following hypoxia exposure and increased susceptibility to experimental
pulmonary hypertension.29 In a separate study, a Rho-kinase inhibitor blunted the change in
pulmonary pressures observed after dasatinib treatment, providing a potential for developing
treatments.3 In both studies, the pulmonary effects were specific to dasatinib since they
were not observed with other TKI used in CML treatment and consistent with clinical data.

Implications for Patient Care: Preventive and Treatment Strategies

In 2019, cardiovascular health has emerged as an important consideration in all CML
patients irrespective of CML therapies. All CML patients should undergo general
cardiovascular risk assessment and examination before starting of TKI therapy. Given the
disparate effects of TKI on vascular disease, cardiovascular and metabolic factors (such as
hypertension, hyperlipidemia and diabetes) should be assessed at various times following
start of therapy (Figure 2). ABI is a sensitive and specific test for systemic atherosclerosis
and offers an informative noninvasive diagnostic for patients staring specific TKI. A crucial
point to clarify is whether baseline cardiovascular risk profile should definitively influence
or dictate the choice of TKI selected for treatment. Patients considered high risk based on
comorbidities or TKI selection may benefit from more frequent monitoring and from
involvement of a cardiologist, vascular medicine specialist, or a cardio-oncologist to
optimize primary and secondary prevention. This is particularly relevant for patients on
ponatinib treatment. A simple ‘ABCDE’ algorithm is an established means to reduce
cardiovascular events in the general population and maybe particularly relevant to the CML
population (figure 3).31

Future Directions

In the future, better defining the various cardiovascular and metabolic effects of TKI will
further advance the care and outcome of CML patients already dramatically improved by
availability of TKI. Importantly, prospective, systematic cardiovascular toxicity assessment
will be important in any future clinical trials in CML. Additionally, incorporation of
adjudication of adverse events by independent experts (cardio-oncologists) could provide
more reliable and clear safety data. Further study of real-world populations will allow better
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understanding of underlying cardiovascular risk factors and cardiovascular disease as well as
the effects of CML itself and CML therapy. Finally, better delineation of mechanisms of
underlying toxicities will be critical in terms of personalized preventive and treatment
strategies for patients, knowing that the clear mechanisms by which TKI induce
cardiovascular toxicity are still unknown and need to be subject to further investigation.
These future directions are important because even today newer TKI are being introduced
for CML therapy. For example, ABL001 (asciminib) is an allosteric inhibitor of BCR-ABL
is currently being tested as a more effective therapy in CML. Indeed, the cardiovascular
health of CML patients may be a more imperative topic in the future.32 Thus, it is strongly
recommended to consider cardiovascular screening and follow up in the future clinical trials
on new TKIs including ABI measurement, serial ECGs, baseline and periodic
echocardiography.
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Highlights:
. The vascular considerations for the clinical care of CML patients have been

addressed by mechanisms of toxicities of each TKI.

. By defining the various cardiovascular and metabolic effects of TKI, the care
and outcome of CML patients will be dramatically improved.

. Basic insights into toxicities of novel cancer therapies may serve as a new
platform for investigation in vascular biology and a new translational research
opportunity in vascular medicine.
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Figure 1 -

Mechanism of action of BCR-ABL tyrosine kinase in CML (Left). Mechanism of action of
TKI in treatment of CML.(Right)

ATP: Adenosine triphosphate; ADP: Adenosine diphosphate; P: phosphate; CML: Chronic
myelogenous leukemia; TKI: Tyrosine kinase inhibitor.
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Js Baseline visit

I Blood pressure check | \/ \/ \/ \/ \/
| Ankle-brachial index | X X X \/ \/
I Basic metabolic panel | \/ \/ \/ \/ V
I Fasting lipid panel | \/ \/ \/ \/ \/
| Fasting glucose/HgbA1C | X X X \/ \/
I Electrocardiogram | v v v v v
I Echocardiogram | X X \/ X V
[ @ 1 month follow up
I Blood pressure check | \/ \/ \/ \/ \/
| Fasting glucose | X X X \/ \/
| @8 3-6 month follow up
[ Blood pressure check | £/ v v v v
| Ankle-brachialindex | % X X v v
| Fasting lipid panel | X X X v v
I Fasting glucose/HgbA1C I X X X V \/
| Electrocardiogram | X X \/@‘ \/®‘ \/®‘
| Echocardiogram | X X %9 X X

Figure 2 —.

Clgijnical recommendations for assessment of cardiovascular toxicity in individuals with
chronic myelogenous leukemia receiving kinase inhibitors.

v' Recommended; X as clinically indicated; & Assess the QT prolongation.

¢ If there are any signs in favor of pulmonary arterial hypertension like dyspnea, consider
echocardiogram as first line of screening.
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Blood pressure
control
(Home BP monitoring

is recommended,
treatment of HTN
prefereably with
ACEI/ARB, dp-CCB,
or BBs.
Avoid ndp-CCB!)

Awareness
(Understanding CV
risk factors and
symptoms & signs of
CV diseases)

Ankle Brachial

Index (ABI)
(assessment of
peripheral arteries)
Aspirin
(After assesment of
pros and cons)

Figure 3 -

Cigarette
cessation
Cholestrol

lowering
(Statins, diet
modification, and
exercise)

Diet
(controlling serving
size, high fiber, low

trans fats, low
cholesterols, low salt,
and eating low-fat
protein sources)
Diabetes

management
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Exercise
(>30min moderate
exercise 4
times/week ~ >120
min/week)

ECG

Echocardiography

“ABCDE” approach, which has been proposed to reduce CV disease in patients with CML

receiving TKI treatment.

CML, chronic myeloid leukemia; CV, cardiovascular; TKI, tyrosine kinase inhibitor; ABI,
ankle brachial index; BP, blood pressure; HTN, hypertension; ACEI, angiotensin-converting-
enzyme inhibitors; ARB, angiotensin receptor blocker; BBs, beta blockers; dp-CCB,
dihydropyridine calcium channel blockers; ndp-CCB, non-dihydropyridine calcium channel

blockers.
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Table 1-

FDA approved tyrosine kinase inhibitors for treatment of CML by date, their molecular target, and their effect
on the vasculature. (The IC50 values extracted from the website https://www.selleckchem.com/ and the article
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by Dr. Guido Zaman group.?)

TKI Year of Target (IC50 in nM when available) Vascular effect
approval

Imatinib 2001 PDGFR a (0.1), KIT (0.1), ABL1(0.6) Positive effect on blood glucose and
lipid profile.

Bosutinib | 2014 ABL1 (4.4), FGFR2, VEGFR2, PDGFRB, SRC (1.2) Hypertension

Dasatinib | 2006 ABL1(0.27), KIT (79.0), PDGFR a, PDGFR B, SRC (0.8) Platelet dysfunction, Pulmonary
Hypertension

Nilotinib | 2007 ABL1(18.5), KIT, PDGFR a PAD, IHD/CVA, Hyperglycemia,
Dyslipidemia

Ponatinib | 2012 ABL1 (3.7), FGFR 1(2.2), FGFR 2 & 3, VEGFR 1& 2 & 3, PAD, Hypertension, IHD/CVA, VTE,

PDGFR a (1.1), PDGFR B, KIT, SRC (5.4), TIE2 Hyperglycemia
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