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Abstract

Novel targeted cancer therapies have revolutionized oncology therapies, but these treatments can 

have cardiovascular complications, which include heterogeneous cardiac, metabolic, and vascular 

sequelae. Vascular side effects have emerged as important considerations in both cancer patients 

undergoing active treatment and cancer survivors. Here, we provide an overview of vascular 

effects of cancer therapies, focusing on small molecule kinase inhibitors and specifically inhibitors 

of Bruton tyrosine kinase (BTK), which have revolutionized treatment and prognosis for B-cell 

malignancies. Cardiovascular side effects of BTK inhibitors include atrial fibrillation, increased 

risk of bleeding, and hypertension, with the former two especially providing a treatment challenge 

for the clinician. Cardiovascular complications of small molecule kinase inhibitors can occur 

through either “on-target” (targeting intended target kinase) or “off-target” kinase inhibition. We 

will review these concepts and focus on the case of BTK inhibitors, highlight the emerging 

data suggesting an off-target effect which may provide insights into development of arrhythmias, 

specifically atrial fibrillation. We believe that cardiac and vascular sequelae of novel targeted 

cancer therapies can provide insights into human cardiovascular biology.
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Introduction

Cardio-oncology represents the intersection of cancer and its therapies with cardiology 

and has emerged as a new discipline in cardiology. While originated as a result of 

cardiomyopathies associated with traditional cancer therapies such as anthracyclines, cardio-

oncology has expanded due to the explosion of novel oncology therapies. These therapies 

have a wide range of cardiac, metabolic and vascular toxicities1. Beyond the impact of 

new treatments, the recognition that common risk factors predispose patients to cancer 

and cardiovascular diseases have further linked the two disciplines and represents a new 

dimension to cardio-oncology2. These risk factors include genetic ones such as clonal 

hematopoiesis of intermediate potential (CHIP), somatic mutations in the peripheral blood 

cells, which predispose to both cancer and vascular disease3, 4. Further, there is growing 

recognition of “reverse cardio-oncology”, whereby cardiac disease can potentiate cancer5-7.

The study of cardiovascular sequelae from targeted oncologic therapies has provided 

novel insights into cardiovascular biology and disease pathogenesis through studying 

the impact of targeting specific cellular signaling pathways8. This concept was perhaps 

first recognized with the observation that cardiomyopathy unexpectedly occurred after 

treatment with trastuzumab, a monoclonal antibody that recognizes HER2 (also called 

erbB2), a receptor tyrosine kinase amplified in breast cancer9. This recognition uncovered 

new questions about the role of HER2 in the myocardium, as well as the potential for 

modulating the pathway for the treatment of heart failure10. Similar paradigms exist with 

vascular toxicities. For example, vascular endothelial growth factor (VEGF) inhibitors are 

associated with hypertension and proteinuria in a manner reminiscent of pre-eclampsia11. 

Soluble VEGF receptor 1 (also referred to as soluble fms-like tyrosine kinase 1, sFLT1), a 

soluble protein that exerts antiangiogenic effects by binding to and inhibiting the biological 

activity of proangiogenic proteins VEGF and which is secreted by the placenta, plays a 

pathophysiological role in preeclampsia12.

Many of the novel cancer treatments are kinase inhibitors. While kinases have critical 

functions in cardiac, vascular and metabolic hemostasis, aberrant kinase signaling also plays 

an important role in tumorigenesis, and thus treatment-related kinase inhibition can lead 

to pathologic changes in cardiovascular physiology13. Kinase inhibitors (KIs) – especially 

small molecules - may interact with more than one kinase because of the high degree 

of homology of ATP binding site across the kinome. In this regard, KIs may have both 

on-target and off-target effects14. Utilizing basic and translational approaches to study the 

mechanisms by which KIs result in cardiovascular side effects can elucidate novel pathways 

in cardiovascular pathophysiology and can help guide future oncologic drug design.

In this review, we will focus on the emerging medical and scientific data with the Bruton 

tyrosine kinase (BTK) inhibitor ibrutinib, which has revolutionized treatment for several 
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B-cell malignancies15-18. Early experience with ibrutinib showed an unexpected association 

with atrial fibrillation and less frequently more serious arrhythmias, such as ventricular 

tachyarrhythmias19-22. At the same time, vascular complications, especially hypertension 

were also reported with ibrutinib23. Further complicating the clinical picture was an 

increased risk of bleeding in the setting of ibrutinib, a finding that had implications for 

anti-coagulation therapy for the associated atrial fibrillation24. A wide range of adverse 

effects was demonstrated in clinical trials where ibrutinib, used in a front-line setting, had an 

increased risk of sudden death during treatment compared with conventional chemotherapy 

despite considerable oncologic efficacy of the drug25. Cardiovascular toxicities were 

suspected as the underlying culprit and confirmed in a real-world population with the 

reporting of sudden cardiovascular death (including both arrhythmias and bleeding)26. The 

success of ibrutinib has led to the introduction of multiple BTK inhibitors to the market; 

however, whether the cardiovascular sequelae are a class effect remains to be determined.

Elucidating the pathway by which ibrutinib results in cardiovascular toxicities has resulted 

in recognition of novel mechanisms for the development of cardiovascular pathology27. 

Basic and translational approaches to studying the mechanisms by which BTK inhibition 

results in cardiovascular disease has successfully identified both on-target effects of 

inhibition (such as bleeding) and off-targets effects (such as atrial fibrillation). The aim 

of this review is to describe the mechanisms by which inhibitors of BTK result in 

cardiovascular pathology and the toxicities that clinicians may encounter. In addition, we 

will discuss clinical management strategies clinicians must consider when treating patients 

with concurrent cardiovascular disease and BTK-inhibitor therapy.

Overview of Novel Targeted Cancer Therapies

In the last two decades, targeted cancer therapies have revolutionized oncology treatment. 

Recognition of distinct pathways that have been hijacked by cancer cells to promote tumor 

growth has facilitated development of novel therapies targeting these pathways. As an 

example, the recognition that angiogenesis (mediated by VEGF) plays a causal role in 

renal cell carcinoma and other cancer types has led to pharmacological targeting of this 

pathway with the use of VEGF inhibitors28-30. Targeted cancer drugs come in 2 varieties: 

biologics (that are given intravenously and inhibit the ligand or the receptor extracellularly) 

and small molecule inhibitors (given orally and act intracellularly)1 (Figure 1). Cancer drugs 

target other fundamental cellular pathways, including both cancer cell intrinsic pathways as 

well as the cancer microenvironment. For example, protein degradation, a highly selective 

and regulated process, is often mediated by “tagging” proteins with ubiquitin, which 

leads to proteosome-mediated degradation31. The specificity is conferred by individual 

E3 ubiquitin ligases, which function as adaptor molecules that recognize the substrates 

through protein-protein interactions, rendering this a highly specific process. There are more 

than 600 E3 ubiquitin ligases--more than identified protein kinases—so targeting ubiquitin 

machinery becomes an important strategy for drug development32. Proteolysis-targeting 

chimera (PROTAC) and related molecules that promote or inhibit the E3 ubiquitin ligases 

have already proven effective drug molecules33. Finally, harnessing the immune system has 

been especially effective for treatment of cancers that were considered hopeless34. These 

therapies include immune checkpoint inhibitors (ICI) which are effective and are used for 
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up to 50% of cancer therapies35. Cardiovascular disease become increasingly important 

following such transformation in prognosis for cancer patients36, 37.

Vascular Cardio-Oncology: Emerging Discipline

Cancers are inherently associated with vascular disease, especially venous 

thromboembolism (VTE)38. VTE, including superficial thrombophlebitis, deep vein 

thrombosis, in-dwelling catheter–associated thrombosis, and pulmonary embolism, likely 

represents the most common cardiovascular complication of malignancy. The presence 

of malignancy increases the risk of venous thromboembolic events 7 to 8-fold. The risk 

can be as high as 15-fold in the year following cancer diagnosis and reach as high as 

28-fold with hematological malignancies39, 40. In addition, growing evidence suggests that 

there are risk factors that increase the risk of both cancer and cardiovascular disease2. 

These may include both environmental risk factors (e.g., tobacco abuse) or biological 

risk factors (e.g., inflammation). For example, in support of the latter, the recent results 

of CANTOS (Canakinumab Anti-inflammatory Thrombosis Outcome Study) showed that 

pharmacological inhibition of IL-1β reduced both cardiac events and lung cancer incidence 

and mortality41, 42. Genetic factors may also contribute to this risk. Clonal hematopoiesis 

of indeterminate potential (CHIP) is the presence of an expanded somatic blood cell clone 

in individuals without other hematologic abnormalities. It is usually due to a driver somatic 

mutation of specific genes (DNMT3A, ASXL1 and TET2)4. CHIP both increases the risk 

for hematologic cancer and may well serve as an important risk factor for myocardial 

infarction and stroke3, 43.

Vascular disease and metabolic disorders have emerged as important sequelae of novel 

classes of oncology therapies and can affect both cancer patients undergoing active therapy, 

as well as cancer survivors following completion of treatment38, 44, 45. Immunomodulators 

(IMiDs, such as thalidomide and lenalidomide) bind cereblon, a component of a E3 

ubiquitin ligase, causing selective ubiquitination and proteasome mediated degradation 

of key lymphoid transcription factors and have proven effective for multiple myeloma 

and other plasma disorders46, 47. However, IMiDs are associated with thromboembolism, 

which can occur in both arterial and venous circulation, the latter necessitating 

thromboprophylaxis48. Carfilzomib, a proteasome inhibitor used in the treatment of multiple 

myeloma, also potentiates vascular disease including thrombosis, hypertension and cardiac 

ischemia49, 50. Immunotherapies, including ICI, can result in vascular disease though the 

precise nature and mechanisms are just beginning to be studied. ICIs are associated with 

vasculitis, especially polymyalgia rheumatica and temporal arteritis, which can result in 

morbidity (up to 28% of temporal arteritis patients can have blindness or impaired vision) 

and mortality (up to 6%)51. Recent data also suggest increased atherosclerotic cardiovascular 

events, including myocardial infarction, coronary revascularization and ischemic stroke after 

exposure to ICI. One possible mechanism may be an increased rate of atherosclerotic plague 

progression37. On the other hand, CAR T and other cellular immunotherapies can cause 

myocardial injury, arrhythmia and refractory hypotension, usually in the context of cytokine 

release syndrome (CRS) and excessive release of proinflammatory cytokines52, 53. By far, 

the largest class of novel cancer therapies, however, have been kinase inhibitors, which will 

be the main focus of this review manuscript.
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Properties of small molecule kinase inhibitors

Kinases are fundamental to regulation of cell signaling and act by transferring a phosphate 

group from adenosine triphosphate (ATP) to a specific protein or lipid substrate. The 

human genome project predicts at least 518 protein kinases in the human genome; at least 

70% of all human proteins are phosphorylated by these kinases54, 55. Kinases are further 

divided structurally into 2 groups as either serine/threonine kinase or tyrosine/tyrosine-like 

kinases, depending on the amino acid substrate on the target protein56. Kinase protein 

structures include both an ATP-binding pocket (where the ATP binds) and an allosteric 

pocket (where the phosphorylated protein binds). Kinase inhibitors (KI) may act on either 

the ATP pocket or the allosteric pocket for effective inhibition. While the majority of KI 

binding is reversible, KI may also bind covalent and thus irreversibly57.

Small molecule KI are categorized based on the protein domain in the kinase by which 

the KI interacts and the mechanism by which this interaction occurs58. X-ray crystal 

structures of small molecule kinase inhibitors bound to their targets are utilized to make 

this classification59. Types I and II bind to the ATP binding pocket; type I inhibitors bind 

to the active protein kinase conformation whereas type II inhibitors bind to the inactive 

conformation. Types III and IV bind allosterically, with Type III binding next to the ATP-

pocket and Type IV inhibitors binding neither to the ATP nor peptide substrate binding sites. 

Type V inhibitors bind bivalently to two different regions of the protein kinase domain.

Types I-V are reversible, whereas Type VI kinase inhibitors bind covalently to their 

protein kinase target59. Type VI kinases form a covalent, irreversible bond with cysteine 

or other nucleophilic residues within the ATP-active site of the kinase protein. This 

irreversible binding allows for sustainable inhibitory effects which are desired in treatment 

of cancer; however, irreversible binding can be deleterious if off-target binding occurs. 

Type VI kinase inhibitors have a number of potential therapeutic advantages including 

prolonged pharmacodynamics, suitability for rational design, and high potency and have 

been successfully developed for a number of cancers60. While the development of synthetic 

irreversible KIs was initiated with the goal of targeting epidermal growth factor receptor 

(EGFR), kinase sequence alignments indicated that other kinases possess similar conserved 

cysteine residues and may serve as drug targets. This included Tec family of kinases, 

including Bruton’s tyrosine kinase (BTK)61. A number of type VI KIs, such as afatinib, 

osimertinib, dacomitinib, and neratinib have been FDA approved to treat a variety of 

cancers62. Inhibitors of BTK will be discussed in detail below.

Cardiovascular Sequelae of Kinase Inhibitors

Vascular sequelae – with both beneficial and detrimental implications – have emerged 

as important clinical considerations in increasing number of cancer patients treated with 

KI63. These effects can be “on-target” (due to inhibition of intended cancer target) or 

“off-target” (resulting from inhibition of other kinase or non-kinase targets). Type I-II KI are 

theoretically the biggest culprits for off-target effects due to the high degree of homology of 

ATP binding sites across the kinome14. Off-target effects of KI may also include non-kinase 

targets64. Given that kinases also play a crucial role in vascular homeostasis, alteration of 
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kinase activity as a result of KI treatment can lead to pathological effects on the vasculature. 

Scientifically, careful dissection of the vascular complications from both on-target and 

off-target effects of KI can inform new mechanisms of cardiovascular signaling8.

Small molecular inhibitors targeting VEGF receptors, were one of the early examples where 

vascular sequelae were observed and represented on-target effects. Nearly all the patients 

treated with VEGF inhibitors have an increase in blood pressure, often in a dose-dependent 

and transient manner, within 1 week after treatment65. The incidence of hypertension ranges 

from 20 to 25% with bevacizumab and sunitinib (the initially approved drugs in this class) 

to more than 50% with newer approved agents; the association of hypertension with every 

tested or approved drug in the class suggests an ‘on target’ effect63. Multiple mechanisms of 

VEGF inhibitors associated hypertension exist including an imbalance between vasodilators 

and vasoconstrictors, loss of capillary circulation, and alteration in glomerular function1. 

The concomitant presence of proteinuria in many patients with VEGF-inhibitor and the 

biological role for sFLT1 (i.e., sVEGF1) being a pathologic driver of similar clinical 

syndrome of preeclampsia provides support for an on-target, VEGF-dependent effect.

Vascular complications may also be a result of “off-target” effects of KI. This is 

best exemplified with KI used to treat chronic myelogenous leukemia (CML), where 

inappropriate activation of ABL1 kinase contributes to tumorigenesis66. Multiple small 

molecule inhibitor KI have been approved that inhibit the ABL1 kinase and have 

transformed the treatment for and nature course of CML, making it effectively a chronic 

disease67. Imatinib was the first KI approved in this class with later generation KI, initially 

developed to overcome imatinib resistance, but which were soon tested and approved in 

front-line (treatment naïve) patients. From a cardiovascular standpoint, whereas imatinib has 

proven safe, a heterogeneous spectrum of vascular toxic effects are observed with other 

KI68, 69. Dasatinib was associated with cardiopulmonary complications including pulmonary 

hypertension; both nilotinib and ponatinib were associated with vascular disease70, 71. The 

vascular sequelae with ponatinib were most problematic because of the drug’s considerable 

efficacy and its unique role in treating drug-resistant mutant CML; however, in a trial 

testing the efficacy of ponatinib in patients with CML in whom treatment with other 

tyrosine kinase inhibitors had failed, the cumulative rates of vascular events at a median 

follow-up of 15 months were 7.1% for cardiac events, 3.6% for cerebrovascular events, 

and 4.9% for peripheral-artery vascular events72. While the specific mechanisms of toxicity 

of cardiovascular complications of CML KIs are yet to be determined, the heterogeneous 

nature of toxicity suggest an off-target effect68, 73.

BTK and BTK inhibition for the Treatment of Cancer

BTK inhibitors are promising novel small molecules that have revolutionized treatments for 

B-cell malignancies and autoimmune diseases; however, clinical trials with BTK inhibitors 

showed increased cardiac and vascular side effects74, 75. BTK activity plays a crucial 

role in B cell differentiation, proliferation, and survival, and inhibition of BTK signaling 

has transformed treatment of B cell malignancies76. BTK acts downstream in the signal 

transduction pathway of the B cell receptor (BCR). Signaling via the BCR is essential 

for B cell survival and development, as well as antibody production in both physiologic 
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and pathologic conditions77. Abnormal BCR signaling is associated with the development 

and progression of B cell malignancies and immunological diseases, including autoimmune 

disorders.

BTK is a member of the TEC family of non-receptor tyrosine kinase and contains five 

different protein interaction domains. These domains include an amino plecktein homology 

(PH) domain, a proline-rich TEC homology (TH) domain, two Src homology domains (SH2 

and SH3), and a kinase domain with enzymatic activity. BTK is a cytoplasmic protein, 

although BTK activation occurs upon recruitment to the cell membrane through interaction 

with the PH domain76.

BTK is a crucial and proximal component of BCR signaling pathways. In the absence of 

BTK, BCR-induced proliferation and survival are impaired78. The immunoglobulin M (IgM) 

BCR has a very short cytoplasmic domain which cannot signal directly and thus associates 

with disulphide-linked Ig-α/Ig-β heterodimers. These transmembrane proteins contain 

immunoreceptor tyrosine-based activation motifs (ITAMs) in their cytoplasmic domain 

which participate in intracellular signal transduction. Following antigen-induced cross-

linking of the B-cell receptor, Src-family protein tyrosine kinases (such as Lyn, Fyn, and 

Blk) phosphorylate ITAM and create docking sites for tyrosine protein kinase Syk (Syk). 

Src-family kinases also activate the B-cell co-receptor CD19 and the B-cell PI3K adaptor 

(BCAP) protein which facilitates recruitment and activation of PI3 kinase (PI3K)79. PI3K 

phosphorylates phosphatidylinositol 4,5-biphosphate (PIP2) to phosphatidylinositol-3,4,5-

triphoshate (PIP3). The BTK PH domain binds PIP3 and localized BTK to the plasma 

membrane80. BTK is then phosphorylated and activated by Syk resulting in further 

downstream signaling cascades, including the transcription factors NFAT, NF-κB, and 

AP-1. These transcription factors are transported to the nucleus where they regulate genes 

responsible for both the innate and adaptive immune response, leading to increased B-cell 

differentiation, migration, and proliferation76, 81.

Loss-of-function mutations in BTK result in X-linked agammaglobulinemia (XLA), a 

primary inherited immunodeficiency82, 83. As one of the first recognized inborn errors of 

immunity, originally described in 1952 by Col. Ogden Bruton, MD, XLA is a primary 

immunodeficiency characterized by recurrent bacterial infections. The gene affected in 

XLA encodes BTK and is located on the X-chromosome84. This loss-of-function mutation 

results in universal B cell deficiency (<2%) and absent precursor B cell differentiation. 

Lymphocytes from patients with a pathogenic mutation fail to generate plasma cells and 

have severely decreased production of all classes of immunoglobulins with a markedly 

defective antibody response.

BTK plays a crucial role in proliferation and survival of leukemic cells in many 

B cell malignancies, including chronic lymphocytic leukemia (CLL), Waldenstrom’s 

macroglobulinemia, mantle cell lymphoma, marginal zone lymphoma, diffuse large B cell 

lymphoma, as well as chronic graft versus host disease15, 16, 18, 85-87. BTK inhibitors have 

revolutionized therapy for these B cell malignancies based on higher efficacy in patients 

with high-risk disease features as better tolerability in elderly and frail patients when 

compared with conventional chemotherapy88. For example, in a phase 3 study of first-line 
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treatment with a BTK inhibitor (ibrutinib) versus conventional chemotherapy for CLL or 

small lymphocytic lymphoma (SLL), BTK inhibitor treatment improved progression-free 

survival (PFS) improved to 70% vs 12% (HR [95% CI]: 0.146 [0.098–0.218] and overall 

survival (OS) benefit to 83% vs 68% HR [95% CI]: 0.450 [0.266–0.761]) when compared 

with conventional chemotherapy, at a median follow-up of 60 months89.

Three orally available small molecule inhibitors of BTK - ibrutinib, acalabrutinib and 

zanubrutinib - have received FDA approval for different therapeutic indications90. First-in-

class of the BTK inhibitors, ibrutinib was first approved in March 2016 for CLL, with later 

approval for mantle cell lymphoma, marginal zone lymphoma, and graft vs. host disease90. 

More recently, newer generation BTK inhibitors have been FDA approved including 

acalabrutinib and zanubrutinib. Acalabrutinib first received FDA approval in October 2017 

for relapsed or refractory mantle cell lymphoma, and acalabrutinib has since gained FDA 

approval for CLL or small lymphocytic lymphoma (SLL)91, 92. Zanubrutinib was approved 

in November 2019 for patients with mantle cell lymphoma who have received at least one 

prior therapy93. A fourth orally available small molecule inhibitor of BTK, tirabrutinib, was 

approved in Japan for the treatment of recurrent or refractory primary central nervous system 

lymphoma, and clinical development in the USA and Europe is ongoing94.

Cardiac and Vascular side effects of BTK inhibitors

Following the first report of treatment with the BTK inhibitor ibrutinib for chronic/

relapsed CLL in 2012, the toxicity profile of ibrutinib has been well characterized, and 

includes increased risk of bleeding, diarrhea, infection, arthralgia, as well as cardiovascular 

toxicities95-97. Among the most severe cardiovascular side effects are supraventricular and 

ventricular arrythmias, hypertension, conduction system disorders, increased risk of bleeding 

and central nervous system (CNS) hemorrhage89, 98-100. Second generation BTK inhibitors 

have also shown side effects, including increased risk of bleeding and hypertension101, 102. 

While the side effect profile of the first generation BTK inhibitor ibrutinib has been 

well described, the overall cardiovascular risks of the second generation BTK inhibitors 

acalabrutinib and zanubrutinib are less clear, given the more recent approval. A direct 

comparison of side effects between ibrutinib and other BTK inhibitors is also difficult given 

the limitations of cross-trial comparisons103.

Ibrutinib was associated with increased risk of development of supraventricular arrythmias, 

including atrial fibrillation when compared to similar patients treated with other therapies19. 

In a pooled analysis of four randomized clinical trials involving over 1500 patients with 

CLL or mantle cell lymphoma, with a mean follow-up of 16.6 months, the incidence of AF 

among patients receiving ibrutinib was 6.5% compared with 1.6% for comparator. Ibrutinib 

treatment, prior history of AF, and age greater than 65 years were independent risk factors 

for AF19. The majority (85.7%) of patients with AF did not discontinue ibrutinib and 

more than half received common anticoagulation/antiplatelet medications during the study. 

Second generation BTK inhibitors resulted in lower rates of atrial fibrillation, with AF rates 

with acalabrutinib of 3% and zanubrutinib of 3% compared with 6% for ibrutinib however, 

there are inherent challenges in such cross-trial comparisons with limited data103, 104.
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Other forms of arrhythmia are also reported with ibrutinib. Ventricular arrythmias, sudden 

cardiac death, and conduction system disorders have been reported with treatment with 

the BTK inhibitor ibrutinib20, 21.Analysis of data from a large U.S.-based Comprehensive 

Cancer Center registry showed a cumulative incidence of ventricular arrhythmias (VA) at 

0.03% at 6 years from onset of treatment with ibrutinib compared to less than 0.01% vs an 

ibrutinib-free population control21. In a randomized trial with 2 ibrutinib-containing arms in 

the front-line setting, reported death rates of 7% in each ibrutinib arm, compared with 1% 

in each control arm, with many of these deaths labeled “unexplained/unwitnessed death” or 

cardiac in nature25

Real world data from ibrutinib shows a more concerning cardiovascular picture. Utilizing 

the World Health Organization’s global database of individual case safety reports, Vigibase, 

where a disproportionality analysis was performed to define cardiovascular toxicities 

associated with ibrutinib treatment, 7 broad cardiovascular entities were identified to 

be significantly increased with ibrutinib compared with other drugs in the database 26. 

The reporting odds ratio (ROR), a measure of relative risk of a specific complication 

associated with ibrutinib, was significantly increased with ventricular arrhythmias (ROR 

4.7; 95% CI: 3.7-5.9; p < 0.0001), heart failure (ROR: 3.5; 95% CI: 3.1-3.8; p < 

0.0001), conduction disorders (ROR: 3.5; 95% CI: 2.7-4.6; p < 0.0001), As expected, 

supraventricular arrhythmias (SVA), predominantly atrial fibrillation were most significantly 

overreported with ibrutinib (ROR: 23.1; 95% CI: 21.6-24.7; p < 0.0001). This approach 

also provided chronologic data on the time from initiation of treatment with ibrutinib to 

onset of an adverse event, with the median time of 2-3 months with SVA, HF and VA, 

while conduction system disorders appeared to be reported earlier (within the first month of 

treatment). Cardiac disorders including cardiac ischemia, myocarditis, QT prolongation, and 

valvular disorders were not overreported in this population, consistent with adverse events 

from clinical trials.

Vascular side effects, including hypertension, increased risk of bleeding, and central nervous 

system (CNS) hemorrhagic events, were also observed in clinical trials of ibrutinib98, 99. 

Hypertension is a commonly noted side effect from ibrutinib treatment, with ibrutinib 

treatment for CLL resulting in an incident hypertension of 18% and grade ≥ 3 hypertension 

in 6%105. In a study of 247 patients at 3 institutions treated with ibrutinib at one year post 

initial exposure, median (range) peak blood pressure (BP) following ibrutinib exposure for 

the entire cohort was significantly (p<0.001) elevated from baseline 127 (90-182) mmHg 

systolic and 71 (48-95) mmHg diastolic to post-exposure 153 (105-215) mmHg systolic 

and 80 (53-121) mmHg diastolic106. Median (range) time to peak BP was 6 (0-35) months, 

and systolic BP was increased (19% median excursion from baseline) to a greater degree 

than diastolic BP (11% excursion from baseline). Changes to antihypertensive regimens 

were common, with 80.4% starting at least 1 new antihypertensive medication and 29.4% 

increasing the dose of an existing antihypertensive regimen within one year. Vigibase 

disproportionality analysis corroborated an increased incidence of hypertension (ROR: 1.7; 

95% CI: 1.5 to 1.9; p < 0.0001) associated with ibrutinib treatment26.

An increased risk for development of hypertension was identified in patients treated with 

both first and second generation BTK inhibitors107. In a phase 2 study of treatment of 

Fleming et al. Page 9

Circ Res. Author manuscript; available in PMC 2023 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relapsed/refractory CLL with the second generation BTK inhibitor acalabrutinib, 7% of 

patients developed hypertension101. In the ASPEN study, a randomized phase 3 trial of 

zanubrutinib vs ibrutinib in symptomatic Waldenstrom’s macroglobulinemia, zanubrutinib 

treatment resulted in atrial fibrillation in 11% of patients treated with 6% of patient’s treated 

experiencing grade ≥3 hypertension104. While zanubrutinib did result in hypertension, 

patients treated with ibrutinib in the ASPEN study developed hypertension at a ≥5% higher 

incidence. The similarities between first and second generation BTK inhibitors raises the 

concern that hypertension may be a drug class effect.

Major bleeding events, including subdural hematomas, gastrointestinal bleeding, and 

hematuria, were noted in early clinical trials with ibrutinib86, 108. These early trials led to the 

exclusion of patient’s taking vitamin K inhibitors in subsequent trials109. After three-years 

of follow-up, more than 50% of patients on ibrutinib will experience a bleeding event98. 

A systematic review and meta-analysis of published trials of patients treated with ibrutinib 

showed a pooled annual incidence of any bleeding event of 20.8 per 100 patient-years 

(95%CI: 19.1-22.1) for patients receiving ibrutinib compared to 11.6 per 100 patient years 

(95%CI: 9.1-14.4) for those receiving alternative treatments110. The relative risk (RR) of 

any bleeding event with ibrutinib treatment compared to an alternative therapy was found to 

be 2.72 fold (95%CI: 1.62-4.58); the relative risk (RR) of a major bleeding event was 1.66 

(95%CI: 0.96-2.85).

Major bleeding events have been especially associated with BTK inhibitors in the setting 

of concurrent dual-antiplatelet therapy (DAPT) treatment or systemic anticoagulation111. In 

a retrospective analysis of 70 patients who received ibrutinib, major bleeding (defined as 

grade ≥3 bleed using the Common Toxicity Criteria for Adverse Events, CTCAE) occurred 

in 19% of patients. Risk factors for major bleed included an elevated INR (>1.5) and anemia 

(hemoglobin < 12 g/dL). The majority of patients who experienced major bleeding were also 

taking an antiplatelet agent (70%) or an anticoagulant (17%), and the combined use of both 

an antiplatelet and an anticoagulant greatly increased the risk of a major bleed event (HR 

19.2, 95%CI:2.3-166.7, p < 0.01).

Second-generation BTK inhibitors are also associated with bleeding (suggesting a class 

effect) although recent reports indicate differences in severity with reduction of high-grade 

bleeding events with second-generation BTK inhibitors compared with ibrutinib. In a phase 

1-2 trial of acalabrutinib treatment for 61 patients with relapsed CLL, low-grade bleeding 

events including petechiae (16%) and contusions (18%) were common, however, no major 

bleeding events occurred112. In a study of 33 patients with CLL who were intolerant 

of ibrutinib therapy, including 10 of whom had serious bleeding events, treatment with 

acalabrutinib resulted in 22 bleeding events, however, all but one of these events was 

minor (grade 1 or grade 2 per CTCAE)113. The ASPEN study, a randomized phase 3 trial 

of zanubrutinib vs ibrutinib in symptomatic Waldenstrom’s macroglobulinemia, showed a 

decreased incidence of any bleeding event in patient’s treated with zanubrutinib compared 

to ibrutinib (7.0% vs 4.4%) with a decreased risk of major hemorrhage (0.5% vs 0.3%)104. 

While promising, further studies will be necessary to conclusively determine if second-

generation BTK inhibitors are superior to first-generation inhibitors from a bleeding adverse 

events standpoint.
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Recent reports suggest that both ibrutinib and acalabrutinib have the ability to prevent 

platelet thrombus formation on human atherosclerotic plaque homogenate, and thus BTK 

inhibitors may play a future role in prevention and treatment of atherosclerotic disease114. 

Although at this time the side effect profile seen in both first and second generation BTK 

inhibitors likely makes the risks outweigh the benefits, the development of more specific 

BTK inhibitors may reverse this equation. These findings also provide an insight how 

cardio-oncology can benefit patients with atherosclerotic disease in addition to identifying 

toxic effects of chemotherapeutics115.

BTK inhibitors in basic Cardiac and Vascular biology

While the three FDA approved BTK inhibitors covalently and irreversibly bind BTK, 

differences in binding mechanisms at the clinical dose of the drug used may contribute to the 

differential cardiovascular side effects noted in the clinical trials discussed above59, 116, 117. 

Ibrutinib, acalabrutinib, and zanubrutinib all covalently bind to a cysteine residue (Cys-481) 

at the rim of the ATP binding pocket of BTK102. However, biochemical assays have 

shown that acalabrutinib binds Cys-481 through a more specific mechanism that reduces 

the intrinsic reactivity of acalabrutinib in inhibiting off-target kinases when compared with 

ibrutinib116, 118. The increased biochemical specificity of acalabrutinib for BTK when 

compared with ibrutinib may potentially explain the difference in side effects between 

ibrutinib and second generation BTK inhibitors.

The mechanism by which ibrutinib treatment results in atrial fibrillation is an area of active 

investigation, although recent evidence suggests that AF results from off-target signaling 

rather than through a BTK dependent mechanism27. An elegant study utilizing mouse 

models of chronic treatment with ibrutinib resulted in inducible AF, left atrial enlargement 

and myocardial fibrosis. This effect was not observed in mice treated acalabrutinib, a 

second generation and more specific BTK inhibitor, or in mouse lacking expression of 

BTK. Chemoproteomic profiling with mass spectrometry produced a small list of potential 

off-target candidate kinases for which inhibition may result in AF. Utilizing pharmacologic 

and genetic approaches, this list was narrowed to C-terminal Src kinase (CSK) as the 

most-likely candidate for ibrutinib induced AF. Cardiac specific CSK knockdown in mice 

resulted in inducible AF, left atrial enlargement, and myocardial fibrosis, thus phenocopying 

ibrutinib treatment. Vigibase disproportionality analysis was utilized and confirmed an 

increased reported of AF associated with kinase inhibitors which block CSK vs non-CSK 

inhibitors, with a reporting odds-ratio of 8.0 (95% CI 7.3-8.7, p<0.001). The downstream 

signaling pathway by which inhibition of CSK results in AF remain unknown. CSK is a 

non-receptor tyrosine kinase which serves as a master negative regulator of the Src family 

tyrosine kinases (SFKs) by phosphorylating and negatively regulating at least 8 downstream 

SFKs119. Although the downstream kinase signaling is yet to be determined, perturbation of 

CSK signaling likely represents a novel pathway for the development of AF. As such, this 

yet-to-be discovered pathway provides both potential therapeutic targets for the prevention 

and/or treatment of AF as well as a pathway for which interactions must be avoided in future 

drug development to prevent iatrogenic AF.
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The mechanism by which BTK inhibition results in bleeding has been well studied 

and occurs though inhibition of collagen-mediated platelet aggregation120. BTK acts 

downstream of the collagen receptor Glycoprotein VI (GPVI), the Von Willebrand Factor 

(VWF) binding protein platelet membrane glycoprotein 1b (GP1b), and the platelet specific 

integrin alpha IIb/beta 3 (αIIbβ3 integrin) to facilitate intracellular signaling during platelet 

aggregation121-124. BTK and the related tyrosine kinase Tec are both involved in platelet 

activation through their phosphorylation of phospholipase Cγ2 (PLCγ2)125, 126. Activation 

of PLCγ2 continues collagen-mediated intracellular signaling cascade leading to platelet 

aggregation, and thus inhibition of this pathway inhibits platelet aggregation. (Figure 3).

The increased specificity of second-generation BTK inhibitors for BTK, compared to first-

generation BTK inhibitors, may explain the reduced incidence of major bleeding events seen 

in clinical trials121. Utilizing mouse models, BTK was shown necessary for both collagen/

GPVI and VWF/GP1b induced platelet activation127. However, loss-of-function mutations 

in BTK which result in X-linked agammaglobulinemia have a mildly diminished, but not 

abolished, collagen activation, thus suggesting compensation of BTK by Tec121, 125, 126. 

While ibrutinib binds both BTK and Tec with a high affinity, acalabrutinib binds more 

specifically to BTK than to Tec116, 128. Experimental models have shown that treatment 

with the second-generation BTK inhibitors acalabrutinib and zanubrutinib result in less 

anti-platelet effects than the first-generation BTK inhibitor ibrutinib129, 130. However, this 

may not be clinically relevant to patient’s who experience bleeding events with ibrutinib, as 

will be discussed in management strategies below121.

The mechanisms by which ibrutinib and other BTK inhibitors lead to hypertension remain 

to be elucidated. Hypertension is an observed side-effect of a number of other cancer 

therapies, most notably VEGF inhibitors and the proteasome inhibitor, carfilzomib48. In 

the case of VEGF inhibitors, both the clinical and pre-clinical observations support an 

“on-target” mechanism for hypertension. In the case of carfilzomib, the specific mechanisms 

of hypertension have not been elucidated. Further basic and translational studies will 

be necessary to identify the pathways by which BTK inhibitor treatment results in 

hypertension, and it remains unclear if this occurs through an on-target or off-target 

mechanisms.

Management of cardiac and vascular complications from BTK inhibitor 

treatment

While the introduction of BTK inhibitors has changed the prognosis of CLL and other 

lymphoid malignancies, both cardiac and vascular complications must be considered 

given the early toxicities observed with the therapies. These include management 

of bleeding, management of anti-platelet therapy, hypertension, atrial fibrillation and 

other arrhythmia, prevention of cardioembolic events, and peri-operative/peri-procedural 

management. Managing the above is further complicated given the relatively older age 

and cardiovascular comorbidities of many patients receiving ibrutinib therapy in addition 

to the increased risk of spontaneous bleed and traumatic falls in the elderly131. However, 

there is little high-quality evidence regarding management of complications from BTK 
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inhibitor treatment, with recommendations currently derived from trial data and expert 

opinions. These data are even less with second-generation BTK inhibitors given their more 

recent approval and lack of clinical experience. Therefore, the majority of management 

considerations will focus on treatment with ibrutinib.

Ibrutinib primarily undergoes cytochrome P450 (CYP) 3A4-mediated metabolism with 

minor contributions from CYP2D6132. Ibrutinib is sensitive to CYP3A4-mediated drug-drug 

interactions. Avoidance of concurrent treatment with strong CYP3A4 inhibitors (such as 

ketoconazole) is recommended to avoid increased risk of ibrutinib-mediated side effects, 

including bleeding133. Dose reductions are recommended for concomitant use of ibrutinib 

with posaconazole, voriconazole, and moderate CYP3A4 inhibitors132, 133. Grapefruit 

and grapefruit juice, which contain CYP3A4 inhibitors, should also be avoided with 

ibrutinib132, 134. Ibrutinib is also a P-glycoprotein inhibitor and co-administration with 

P-glycoprotein substrates (e.g., digoxin) may result in increase in plasma concentrations. 

Drug-drug interactions between the second generation BTK inhibitors and the CYP3A 

subfamily must also be considered. Acalabrutinib is a CYP3A substrate and a weak 

CYP3A/CYP2C8 inhibitor, and zanubrutinib has shown to decrease the systemic exposure 

of CYP3A substrates135, 136.

Ibrutinib increases the risk of atrial fibrillation and poses unique challenges in its 

management due to multiple drug-drug interactions and ibrutinib-related antiplatelet and 

coagulopathic properties. Such drug-drug interactions must be considered when considering 

rate and rhythm control agents for treatment of atrial fibrillation. Amiodarone, verapamil 

and diltiazem (moderate CYP3A inhibitors) should be avoided, due to the risk of 

elevated ibrutinib levels via CYP3A4 inhibition132, 133, 137, 138. Avoidance of digoxin, a 

P-glycoprotein substrate, is recommended as concomitant administration of ibrutinib raises 

digoxin levels and the risk of digoxin toxicity. In clinical practice beta-blockers are often 

the best rate-controlling strategy in ibrutinib-associated atrial fibrillation. Metoprolol is 

preferred due to P-glycoprotein inhibiting properties of carvedilol.

For prevention of cardioembolic events in patients who develop atrial fibrillation associated 

with BTK inhibitors, anticoagulation is recommended following guidance for general 

population. Although CHA2DS2-VASc and HAS-BLED scores have not been validated 

in this population they are commonly used in absence of more specific measures. The 

use of vitamin K antagonists (warfarin) is contraindicated in patients receiving ibrutinib 

due to high bleeding rates seen in initial clinical trials139. Patients requiring warfarin 

and vitamin K inhibitors were excluded from later trials and the use of direct-acting 

oral anticoagulants (DOACs) has been recommended133. Individual DOACs have not been 

compared head to head in this patient population and drug-drug interactions represent an 

important consideration. Dabigatran is a P-glycoprotein substrate and avoidance or dose 

reduction can be considered with ibrutinib. Rivaroxaban, apixaban and edoxaban all undergo 

CYP3A4-mediated metabolism, however routine dose reduction is not recommended with 

concomitant use of ibrutinib. At present time there is no evidence to suggest differential 

safety and efficacy profiles of specific DOACs.
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Management of bleeding with BTK inhibitors must be considered with a risk-benefit 

analysis for patient’s taking either anti-platelet or anti-coagulants. Minor bleeding with 

BTK inhibitors may be well tolerated; however, counseling should be performed to 

minimize the risk of bleed. Patients should be cautioned against the use of NSAIDs 

(excluding for primary or secondary cardiovascular prevention), vitamin E and fish oil140. 

In patients on anti-coagulation, discontinuing aspirin should be considered. For patients that 

require percutaneous intervention and stent placement, bare-metal stents can be considered 

preferential over drug-eluting stents due to the shorter need for dual-antiplatelet therapy. 

Another group of special interest who require the use of dual antiplatelet therapy (such as 

post coronary intervention) who develop atrial fibrillation or need anticoagulation for stroke 

prophylaxis. In this patients, alternative strategies need to be discussed with the oncology 

team (e.g. venetoclax and obinutuzumab can be considered for CLL)141.

In patients treated with ibrutinib who experience bleeding, switching to a second-generation 

BTK inhibitor has been proposed to reduce the risk of bleeding; however, data are 

insufficient to determine if this is an effective strategy. While second generation BTK 

inhibitors are generally more specific for BTK, with less Tec inhibition when compared 

to ibrutinib, a recent study has questioned whether switching BTK classes for patient’s 

experiencing ibrutinib-related bleeding is effective121. Healthy control volunteers were 

treated with ibrutinib and collection of platelets was performed after BTK inhibitor 

treatment. Platelet aggregation response to collagen in platelet-rich plasma was performed 

and characterized by low or high response to ibrutinib as a surrogate for bleeding response. 

In platelets collected from individuals with a low response and low risk of bleeding from 

ibrutinib, treatment with acalabrutinib did not inhibit platelet aggregation, whereas those 

with a high response and a high risk of bleed from ibrutinib, treatment with acalabrutinib 

did inhibit platelet aggregation. This raises the possibility that certain individuals are more 

susceptible to platelet dysfunction and bleeding when treated with BTK inhibitors, and that 

switching classes once a bleeding event has occurred on a first generation BTK inhibitor 

may not be effective.

While anti-platelet agents remain a mainstay in the treatment of vascular disease, the 

increased risk of bleeding and plaque rupture must be considered when concurrently treating 

patients with anti-platelets and BTK inhibitors115. For patients with stroke and symptomatic 

peripheral artery disease (PAD), AHA/ACC guidelines recommend treatment with an anti-

platelet agent (aspirin 75-325 mg daily or clopidogrel 75 mg daily) and high intensity statin 

therapy142. Given the increased risk of bleeding from anti-platelet therapy, low dose aspirin 

(81 mg daily) may be preferred. Clopidogrel is metabolized by CYP2C19 to the active 

metabolite, so CYP mediated drug-drug interactions with BTK inhibitors are not of concern, 

however, synergistic anti-platelet effects are still of major concern143. In patients with 

significant bleeding risk who require anti-platelet agents for symptomatic PAD, initiation 

of second generation BTK inhibitor can be considered in collaboration with the patient’s 

oncologist. High intensity statins (atorvastatin and rosuvastatin) should be used according to 

the ACC/AHA guidelines144. Atorvastatin is a substrate of CYP3A4, and thus rosuvastatin 

may be the preferred agent145.
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In patients who experience severe and/or life-threatening bleeding during ibrutinib therapy, 

the steps in acute management include stopping BTK inhibitor, stopping antiplatelets and 

anticoagulation, addressing bleeding source and providing supportive care which may 

include reversal anticoagulation strategies146. After bleeding has resolved and the source 

is controlled, an individualized discussion with the oncology team needs to weigh the risk of 

future bleeding, benefit of anticoagulation and alternative therapies. Elevated blood pressure 

is frequent among patients receiving BTKs and early recognition and management are 

important. In addition to BP checks in the outpatient office setting, home BP monitoring can 

be considered in patients with history of hypertension or elevated BP values during office 

visits. Previous guidelines recommended blood pressure treatment goals in patients with 

PAD the same way as other established cardiovascular disease, and the treatment target was 

historically <130/80 mmHg147. Recent post hoc analysis of the ALLHAT (Antihypertensives 

and Lipid-Lowering Treatment to Prevent Heart Attack Trial) showed a higher risk of lower 

extremity PAD events associated with a SBP < 120 mmHg vs a reference group with SBPs 

of 120-129 mmHg148. No specific studies have been performed to address what the optimal 

antihypertensive agents to use first line in the treatment of BTK-induced hypertension. 

Therefore, physicians should treat hypertension based on recommended blood pressure goals 

rather than choose between particular antihypertensive medication. Consideration may be 

given to avoid antihypertensives with CYP3A4 metabolism to avoid potential drug-drug 

interactions.

Pre-operative and peri-procedural medication management must be considered for patients 

taking BTK inhibitors. For elective procedures or planned major surgeries, ibrutinib should 

be held for 7 days prior, as the antiplatelet effects of ibrutinib have been shown to be fully 

reversed after a week off therapy. Ibrutinib can be restarted 1-3 days postoperatively, as long 

as serious bleeding has resolved. For urgent, unplanned procedures, platelet transfusion to 

achieve 50% fresh platelets should be performed.

Conclusion/Future Directions

In the future, better defining the various cardiovascular effects of BTK inhibitors will 

advance the care and outcomes of patients with B-cell malignancies and cardiovascular 

comorbidities. Basic and translational studies to elucidate the mechanisms by which 

these side effects occur, particularly into the biologic processes by which BTK inhibitors 

result in hypertension, are needed both for treatment of BTK associated hypertension and 

for discovery of potential novel signaling pathways which may result in hypertension. 

Additional clinical studies are needed to determine optimal medical strategies for 

management of BTK associated bleeds, including comparison of class switching first to 

second generation BTK inhibitors in the setting of major bleeds. Given the increasing 

incidence and prevalence of hematologic malignancies worldwide, such investigation is of 

utmost importance149.
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Abbreviations

AF atrial fibrillation

ATP adenosine triphosphate

BCAP B-cell PI3K adaptor

BCR B-cell receptor

BTK Bruton tyrosine kinase

CART chimeric-antigen receptor

CHIP Clonal hematopoiesis of indeterminate potential

CLL chronic lymphocytic leukemia

CML chronic myelogenous leukemia

CNS central nervous system

CSK C-serine kinase

CTLA-4 cytotoxic T lymphocyte antigien-4

CRS cytokine release syndrome

DAPT dual-antiplatelet therapy

DOAC direct-acting oral anticoagulants

EGFR epidermal growth factor receptor

GPVI collagen receptor Glycoprotein VI

GP1b platelet membrane glycoprotein 1b

HR hazard ratio

ICI immune checkpoint inhibitors

IMiDs immunomodulators

ITAMs immunoreceptor tyrosine-based activation motifs

KI kinase inhibitor

OS overall survival
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PAD peripheral artery disease

PD-1 programmed death-1 receptor

PD-L1 programmed death-1 ligand

PFS progression-free survival

PH plecktein homology domain

PIP2 phosphatidylinositol 4,5-biphosphate

PIP3 phosphatidylinositol-3,4,5-triphoshate

PROTAC proteolysis-targeting chimera

SFK Src family tyrosine kinase

sFLT1 soluble VEGF receptor 1

SLL small lymphocytic lymphoma

SVA supraventricular arrhythmias

TH TEC homology

VA ventricular arrhythmias

VEGF vascular endothelial growth factor

VTE venous thromboembolism

VWF Von Willebrand Factor

XLA X-linked agammaglobulinemia
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Figure 1: 
Targeting kinases and VEGFR in the treatment of cancer. Panel A: Kinase inhibition can 

be achieved through targeting the kinase receptor ligand or kinase receptor, usually through 

binding of a monoclonal antibody (mAb) that is given as an intravenous infusion. Small-

molecule kinase inhibitors, taken orally, work intracellularly and may bind more than one 

kinase. Panel B: VEGF-targeted therapies include a monoclonal antibody and ligand trap 

against circulating VEGFA, a monoclonal antibody against VEGF receptor 2 (VEGFR2), 

and multitargeted tyrosine kinase inhibitors with anti-VEGF activity.
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Figure 2: 
B-cell receptor and downstream tyrosine-kinase signaling in B-cell tumor growth. BCAP: 

B-cell PI3K adaptor protein; BCR: B-cell receptor; BTK: Bruton’s tyrosine kinase; ITAM: 

immunoreceptor tyrosine-based activation motif; PI3K: PI3 kinase; SYK: tyrosine protein 

kinase Syk; PIP2: phosphatidylinositol 4,5-biphosphate; PIP3: phosphatidylinositol-3,4,5-

triphoshate.
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Figure 3: 
BTK inhibitor blockage of platelet activation and aggregation. GPVI: collagen receptor 

Glycoprotein VI; GP1b: platelet membrane glycoprotein 1b; Platelet specific integrin alpha 

IIb/beta 3, αIIbβ3 integrin; VWF: Von Willebrand Factor.
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