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Cardiovascular toxicity of targeted cancer therapies:
Clinical considerations and potential mechanism

Brian Jensen MD
Associate Professor of Medicine and Pharmacology

UNC School of Medicine

Fundamental question at hand:
Why are some targeted cancer therapies associated with cardiotoxicity ?

Examples to consider:

1. Trastuzumab/HER2 antagonists

2. Kinase inhibitors

3. Immune checkpoint inhibitors
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What is cardio-oncology?

What: A growing multidisciplinary field concerned with 
understanding and managing heart disease in patients who 

have been or soon will be treated for cancer.

Who: Cardiologists, medical oncology providers, surgical oncology 
providers, radiation oncology providers…

Why cardio-oncology?
Cancer patients die from cardiovascular disease

Patnaik JL Breast Cancer Res. 2011 (13):3

63,566 women with breast cancer from the SEER-Medicare database
Median follow-up 9 years

Of those women who died of CV disease, only 25% carried a CV diagnosis at enrollment

Higher stage at diagnosis increased 
likelihood of death from breast cancer

Cause of death
CV disease 15.9%

Breast cancer 15.1%



UNC Cancer Network Presented on September 25, 2019

For Educaitonal Use Only 3

Who are Cardio-oncology patients?
“Comorbid”

CANCERHEART 
DISEASE

64 year-old smoker with a history of 
CAD s/p PCI is diagnosed with NSCLCA

“Survivorship”

CANCER HEART 
DISEASE

74 year-old woman with a distant history of 
breast cancer presents with atrial fibrillation

“Causal”

CANCER HEART 
DISEASE

48 year-old woman with a history of Non-Hodgkin 
lymphoma s/p CHOP presents with heart failure 

and an EF of 20%

63 year-old woman with ovarian CA on active 
treatment with Avastin presents with a BP of 

174/98 mmHg.

2  National Vital Statistics Reports, Vol. 68, No. 5, May 22, 2019

cause-of-death codes C00–C97, while heart disease deaths are 
classified by ICD–10 underlying cause-of-death codes I00–I09, 
I11, I13, and I20–I51. Death rates are presented for persons 
aged 45–64 overall, by sex, and by race and ethnicity. Age, sex, 
and race and ethnicity of the decedent are demographic variables 
on the death certificate that are supplied to the funeral director 
by the informant, usually the next of kin. See Technical Notes for 
more information on the quality of the race and ethnicity data.  

Rates and significance testing
Annual death rates are calculated as the number of deaths 

per 100,000 persons aged 45–64 residing in the United States. 
Comparisons among rates, unless otherwise specified, are 
statistically significant at the 0.05 level using the z test statistic. 
For more detail, see Technical Notes. Trends were evaluated 
using the National Cancer Institute’s Joinpoint Regression 
Program (5). The Joinpoint software was used to fit weighted 
least-squares regression models to the estimated proportions on 
the logarithmic scale. For more information, see Technical Notes. 

Results

Trends in cancer and heart disease death rates

Total

The cancer death rate for adults aged 45–64 declined 
19% from 1999 to 2017 (224.9 deaths per 100,000 to 182.6)  
(Figure 1, Table A). The decline in the cancer death rate was 
greater for 1999 to 2007 and 2014 to 2017 (each 1.5% annually) 
than for 2007 to 2014 (0.5% annually). The heart disease death 
rate for adults aged 45–64 declined 22% between 1999 (164.3) 
and 2011 (127.9) and then increased 4% between 2011 and 
2017 (133.6).  So, the rate in 2017 was 19% lower than the 1999 
rate. The heart disease death rate fell 2.5% annually from 1999 
to 2007, 1.2% annually from 2007 to 2011, and then increased 
0.9% annually from 2011 to 2017. For the 1999 to 2017 period, 
cancer death rates were always higher than the heart disease 
death rates, and were 37% higher in 2017. 

By sex

The cancer death rate for men aged 45–64 declined at 
varying rates over the period: 1.6% annually from 1999 to 2006, 
0.4% annually from 2006 to 2014, and 2.2% annually from 2014 
to 2017. The rate was down from 247.0 per 100,000 in 1999 
to 197.4 in 2017, a 20% decline (Figure 2, Table A). The heart 
disease death rate for men aged 45–64 declined 22% from 1999 
(235.7) to 2011 (183.5) but then increased 3% from 2011 to 
2017 (189.8). 

The cancer death rate for women aged 45–64 declined 17% 
from 1999 (204.1) to 2017 (168.5), with greater declines in the 
average annual percentage for 1999 to 2008 (1.5% annually) 
than for 2008 to 2017 (0.5% annually). The heart disease death   
rate for women aged 45–64 declined 23% from 1999 (96.8) to 
2011 (74.9) but then increased 7% in 2017 (80.1).   
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1Significant decreasing trend from 1999 to 2017 with different rates of change over 
time, p < 0.05.
2Significantly higher than heart disease death rate, p < 0.05. 
3Significant decreasing trend from 1999 to 2011 with different rates of change over 
time; significant increasing trend from 2011 to 2017, p < 0.05.
NOTE: Cancer deaths are identified with International Classification of Diseases, 10th 
Revision (ICD–10) underlying cause-of-death codes C00–C97; heart disease deaths 
are identified with ICD–10 underlying cause-of-death codes I00–I09, I11, I13, and I20–I51.
SOURCE: NCHS, National Vital Statistics System, Mortality.
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1Significant decreasing trend from 1999 to 2017 with different rates of change over 
time, p < 0.05.
2Within sex, cancer death rate is significantly higher than the heart disease death 
rate, p < 0.05. 
3Significant decreasing trend from 1999 to 2011; significant increasing trend from 
2011 to 2017, p < 0.05. 
NOTE: Cancer deaths are identified with International Classification of Diseases, 10th 
Revision (ICD–10) underlying cause-of-death codes C00–C97; heart disease deaths are 
identified with ICD–10 underlying cause-of-death codes I00–I09, I11, I13, and I20–I51. 
SOURCE: NCHS, National Vital Statistics System, Mortality.
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Figure 1. Death rates for cancer and heart disease 
among adults aged 45–64: United States, 1999–2017

Figure 2. Death rates for cancer and heart disease 
among adults aged 45–64, by sex: United States, 
1999–2017

CDC/NVSS May 22 2019
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What are the leading causes of death?

In 2017, the 10 leading causes of death (heart disease, cancer, unintentional injuries, chronic 
lower respiratory diseases, stroke, Alzheimer disease, diabetes, influenza and pneumonia, kidney 
disease, and suicide) remained the same as in 2016. Causes of death are ranked according 
to number of deaths (1). The 10 leading causes accounted for 74.0% of all deaths in the 
United States in 2017.

From 2016 to 2017, age-adjusted death rates increased for 7 of 10 leading causes of death and 
decreased for 1 (Figure 4 ). The rate increased 4.2% for unintentional injuries, 0.7% for chronic 
lower respiratory diseases, 0.8% for stroke, 2.3% for Alzheimer disease, 2.4% for diabetes, 5.9% 
for influenza and pneumonia, and 3.7% for suicide. The rate decreased 2.1% for cancer. Rates for 
heart disease and kidney disease did not change significantly.

0 40 8020 60 100 120 160140 180

Figure 4. Age-adjusted death rates for the 10 leading causes of death: United States, 2016 and 2017

Deaths per 100,000 U.S. standard population

1Statistically significant decrease in age-adjusted death rate from 2016 to 2017 (p < 0.05).
2Statistically significant increase in age-adjusted death rate from 2016 to 2017 (p < 0.05).
NOTES: A total of 2,813,503 resident deaths were registered in the United States in 2017. The 10 leading causes accounted for 74.0% of all deaths in the 
United States in 2017. Causes of death are ranked according to number of deaths. Rankings for 2016 data are not shown. Data table for Figure 4 includes the 
number of deaths for leading causes. Access data table for Figure 4 at: https://www.cdc.gov/nchs/data/databriefs/db328_tables-508.pdf#4.
SOURCE: NCHS, National Vital Statistics System, Mortality.

Unintentional injuries 47.4
249.4

Chronic lower respiratory 
diseases 240.9

40.6

Stroke 237.6
37.3

Alzheimer disease
231.0
30.3

Heart disease 165.5
165.0

Cancer 155.8
1152.5

Diabetes 221.5
21.0

Influenza and pneumonia 214.3
13.5

Suicide 214.0
13.5

Kidney disease 13.1
13.0

2016
2017

Heart disease and cancer remain leading 
causes of death in the U.S.
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Cancer is associated with increased risk of 
subsequent CV disease

Ø Survivors have a 10 times higher risk for atherosclerosis

Ø Survivors have a 5.9 times higher risk of heart failure

Ø Survivors have a 6.3 times the risk for pericardial disease

Ø Survivors have a 4.8-fold greater risk for valvular heart disease

Ø Risks are particularly high among survivors who had received 
anthracycline drugs, such as doxorubicin, or high-dose radiation therapy 
to the chest as part of their cancer treatment

Childrens Cancer Research Fund

CANCER HEART 
DISEASE

Oeffinger et al, NEJM, 2006

hERG channel testing predicts QT prolongation
…but not cardiomyocyte injury or heart failure

www.novreslab.com

hERG (human Ether-a-go-go Related Gene)
Encodes the pore-forming subunit of the delayed 
rectifier potassium channel (IKr). Mutations can 

contribute to QT interval prolongation and 
potentially fatal ventricular arrhythmias
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Preclinical testing for potential cardiotoxicity
Should it be expanded? If so…how?

arise will be critical for developing preventive or
protective strategies during clinical trials and clinical
use. In 2016, better platforms are needed to both
screen for and understand mechanistically CV toxic-
ities associated with novel cancer therapies.

THE CURRENT STANDARD FOR NONCLINICAL

TESTING: A MOVING TARGET IN

ONCOLOGY DRUGS

In an effort to achieve greater harmonization in the
interpretation and application of technical guide-
lines, requirements for pharmaceutical product
development and approval by regulatory authorities,
the International Council for Harmonization (ICH),
with representation from the FDA, developed multi-
ple standardized regulatory guidelines. Two such
guidelines, ICH S7A and S7B, provide recommenda-
tions for nonclinical safety pharmacology studies that
assess adverse drug effects on vital organs (11,12).
With regard to CV toxicities, ICH S7A describes eval-
uations of blood pressure, heart rate, and electrocar-
diograms in animals. If adverse CV effects are
suspected, then follow-up studies may include effects
of the drug on such CV parameters as cardiac output,
ventricular contractility, and vascular resistance
(11). ICH S7B focuses on effects of drugs on the po-
tential for delayed ventricular repolarization via 2

components, an in vitro electrophysiology test
measuring drug effects on the human ether-à-go-go-
related gene (hERG) potassium channel, which con-
ducts the rapid delayed rectifier current (IKr), and an
in vivo QT assay in an animal model (12).

Nonclinical safety studies for oncology drugs often
differ from that of drugs for nononcologic indications,
given the associated mortality and morbidity in pa-
tients with advanced cancer, where there may be
limited therapeutic options. The ICH S9 Guidance,
“Nonclinical Evaluation for Anticancer Pharmaceuti-
cals,” provides recommendations on the nonclinical
testing of anticancer drugs to expedite their devel-
opment for patients with advanced disease with
limited therapeutic options (13). Under ICH S9, stand-
alone safety pharmacology studies outlined in ICH
S7A and/or S7B are not required to support a first-in-
human clinical trial. Cardiovascular measurements
can be incorporated into general toxicology studies,
with typical durations of 4 weeks to support Phases
1/2 clinical trials and 3 months to support Phase 3
clinical trials and marketing approval. Patients
enrolled in Phase 1 clinical trials for anticancer ther-
apies typically have relapsed or refractory disease
and limited therapeutic options. The level of accept-
able risk of an investigational treatment in this
setting does not generally warrant additional assess-
ments of potential CV toxicity. Nevertheless, ICH S9
states that if there are cardiotoxicity concerns about
a specific drug, then safety pharmacology studies
described in ICH S7A and/or S7B should be considered
(13). In practice, decision making is considered on an
individual basis for each drug by balancing the po-
tential efficacy in treating a potentially lethal cancer
versus acute and/or chronic cardiovascular toxicity.
In cases where specific concerns of CV effects are
present and the drug is being investigated in a patient
population for whom clinical management of these
CV toxicities may benefit from further characteriza-
tion in nonclinical studies, a more comprehensive
evaluation of hemodynamics and mechanical and
electrical functions may be warranted.

In the following section, we discuss the estab-
lished and emerging methods to examine potential
cardiotoxic effects of cancer drugs (Table 2). We
admit that each model system described here has
limitations and believe that a combination of the
methodology may be necessary to screen for car-
diotoxic effects of novel compounds as well as to
elucidate mechanisms of cardiotoxicity for existing
ones.

IN VITRO MODELS. Isolated cardiomyocytes, in-
cluding primary cardiomyocytes established from

FIGURE 1 The Need for More Effective Methods of Nonclinical Screening in Cancer
Treatment-Related Cardiotoxicities

There are numerous in vivo, in vitro, and in silico models that can be used for both
nonclinical testing of CV toxicities and follow-up investigations of underlying mechanisms,
which can be used to develop cardioprotective therapies. IND ¼ investigational new drug;
NDA ¼ new drug application.

Sheng et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 1 , N O . 5 , 2 0 1 6

Cardiovascular Toxicity of Anticancer Drugs A U G U S T 2 0 1 6 : 3 8 6 – 9 8

388

JACC: Basic Transl Sci. 2016. (1) 5: 386-98

International Council for Harmonization: ICH S7A focuses primarily on potential for inducing ventricular arrhythmias but 
also suggests measurement of blood pressure, heart rate and ECGs if potential for cardiotoxicity is considered high.

Contrasting cardiomyocytes and cancer
Cardiomyocytes Cancer cells

Terminally differentiated Undifferentiated

Very limited regeneration Nearly limitless replication

Energy derived from fatty acids Energy derived from glucose and glutamine

The differences between cardiomyocytes and cancer cells suggest the possibility 
that we could develop truly targeted and “cardiosafe” cancer drugs.
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Heart failure vs. cancer…
Compare and contrast

Heart failure

Cellular hypertrophy Cellular hyperplasia

Cancer

Vascular rarefaction Angiogenesis

Enhanced glucose metabolism
Impaired oxidative phosphorylation

Enhanced glucose metabolism
Impaired oxidative phosphorylation

Warburg effect: aerobic glycolysis

Inflammation

Oxidative stress

Inflammation

Oxidative stress

Signaling in the failing heart
Complex…like cancer

Some oncogenic pathways are also cardioprotective
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Can we predict cardiotoxicity of targeted therapy?

Target Cardioprotective? Drug example Heart failure?

HER2 (ErbB2) Yes Herceptin Yes

MEK-ERK Yes Trametinib Yes

PDGFR Yes Sunitinib Yes

EGFR Yes Erlotinib No

PI3 Kinase/Akt Yes Idelalisib No

VEGFR No Bevacizumab Yes

CDK4/6 No Palbociclib No *

BTK No Ibrutinib No**

ALK ? Crizotinib No***

* Ribociclib causes QT prolongation
** Ibrutinib causes arrhythmias
*** Crizotinib causes bradycardia

…not very well

Cardiotoxicity of kinase inhibitors
…the most common class of novel targeted cancer therapies

reduction of the morbidity and mortality in HF, and may also improve
outcomes in those with chemotherapy-induced HF (Silver et al., 2006).
Prophylactic use of carvedilol reduced mortality and prevented LV
dysfunction in a small population of patients receiving anthracyclines
(Kalay et al., 2006).Valsartan, an ARB, was also shown to prevent
cardiac damage in a small number of patients receiving anthracycline-
containing combination chemotherapy (Nakamae et al., 2005). How-
ever, this was a low-powered study and comparative analysis of cardiac
parameters between both the cohort of patients receiving and those not
receiving valsartan was not clear.

Anthracyclines: Other studies examining pharmacologic intervention
for prevention of anthracycline cardiotoxicity are limited. Trials have
shown that prolonged infusion of doxorubicin, over 24–96 h, significantly
lowers the incidence of cardiotoxicity in both adult and pediatric patients
(Bielack et al., 1989). Dexrazoxane, an iron-chelating agent that reduces
free radical formation, has been shown to significantly reduce anthracy-
cline cardiotoxicity (Seymour et al., 1999). When administered shortly
before a bolus dose of doxorubicin, dexrazoxane has the potential to allow
for doxorubicin administration beyond the recommended lifetime cumu-
lative dose (Wouters et al., 2005).Concerns have been raised, however,
about its potential to decrease the cytotoxic activity of this class of agents
(van Dalen et al., 2011; Swain et al., 1997). It is recommended in patients
with metastatic breast cancer who have received>300mg/m2 of dox-
orubicin and may benefit from continued doxorubicin treatment (Hensley
et al., 2009). A multicenter phase III trial in patients (164 females) with
metastatic breast cancer treated with an anthracycline-based che-
motherapy and required retreatment were randomized to receive dexra-
zoxane (85 patients) or not (79 patients) for a maximum of 6 cycles (Marty
et al., 2006). The trial revealed that patients who received dexrazoxane
experienced significantly lower cardiac events (39% versus 13%,
P < 0.001) and a lower less severe incidence of congestive heart failure
(11% versus 1%, P < 0.05). The results also showed tumor response rate
was unaffected by dexrazoxane therapy. A multicenter controlled clinical
trial also evaluated cardioprotection of dexrazoxane versus none in fe-
males receiving epirubicin for advanced breast cancer. The results showed
that cardiotoxicity occurred in 18 of 78 patients in the control arm
(23.1%) and 6 out of 82 (7.3%) in the dexrazoxane arm. In addition, the
cumulative probability of developing cardiotoxicity was significantly
lower in dexrazoxane-treated patients than in control patients (P= .006;
odds ratio, 0.29; 95% confidence limit [CL], 0.09–0.78) (Venturini et al.,

1996). Albeit the aforementioned trials showed significant efficacy of
dexrazoxane in cardiotoxicity reduction, the trials were low-powered and
evaluation of clinical events were short-term.

Alternative treatment options should be considered if LVEF has
decreased by either 15% (or 10% to an EF < 50%) and a repeat as-
sessment confirms the finding after 3 weeks or if cardiac biomarkers are
elevated (Curigliano et al., 2012). Patients with a baseline LVEF ≥50%
should have a repeat evaluation at least at 250–300mg/m2 and again at
450mg/m2 cumulative anthracycline dose (Chanan-Khan et al., 2004).

Treatment of anthracycline-induced cardiotoxicity should follow
standard practice guidelines for other forms of HF utilizing a BB and
ACE-I or ARB, unless contraindicated (Ponikowski et al., 2016). Studies
have shown that patients with HF receiving ACE-I and, when tolerated,
BB within two months from the discontinuation of anthracycline
treatment have a higher likelihood for recovery of cardiac function
(Cardinale et al., 2006; Cardinale et al., 2010a,b). Most patients,
however, are refractory to conventional HF therapy and anthracycline
cardiomyopathy carries a worse prognosis compared to other causes of
HF (Chanan-Khan et al., 2004).

Traztuzumab: Patients with an LVEF>50% and no signs or symp-
toms of HF are considered suitable for trastuzumab treatment. Patients
with metastatic disease should be monitored closely with a repeat LVEF
assessment if symptoms of HF develop (Keefe, 2002). In the adjuvant
setting, formal evaluation of LVEF should occur regularly. The manu-
facturer recommends baseline measurement of LVEF, with repeat
measurements every 3 months and upon completion of trastuzumab
treatment. Assessment of LVEF is recommended every 6 months
thereafter for a duration of at least two years (Keefe, 2002). The de-
velopment of clinical signs or symptoms of HF should trigger immediate
cardiac evaluation.

Asymptomatic patients with a 16% or greater reduction from
baseline LVEF (with LVEF above the lower limit of normal), or patients
with LVEF< 55% should have their trastuzumab dose withheld; a re-
peat assessment of LVEF should be conducted in 4 weeks. Reinitiation
may be considered in metastatic patients if LVEF recovers (Dang et al.,
2016). In addition, for patients receiving adjuvant trastuzumab, the
data with rechallenging the patient with this agent is controversial yet
still recommended in patient whose LVEF recovers particularly with the
use of non-anthracycline regimens and the proper cardiac treatment
(Ponikowski et al., 2016; Ewer and Tan-Chiu, 2007; Onitilo et al., 2014;

Fig. 1. An overview of the cardiovascular side effects of chemotherapy and radiation.
Permission was obtained to use this figure.

H.M. Babiker et al. &ULWLFDO�5HYLHZV�LQ�2QFRORJ\���+HPDWRORJ\���������������²���

���

Babiker HM. Critical Reviews in Oncology / Hematology 126 (2018) 186–200 

Kinase inhibitors generally do not kill cardiomyocytes, so how do they lead to heart failure?
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Toxicity from targeted therapies: scope of the problem
Kinase Inhibitors in the treatment of Renal Cell CA (and others)

JCHF. 2013;1(1):72-78
Hypertension is most common, but cardiomyopathy/heart failure occurs in 4-15%

Any CV toxicity
Hypertension
Non-HTN toxicity
Elevated proBNP
Decreased contractile function

Moslehi JJ N Engl J Med 2016;375:1457-67

Targeted cancer therapies
VEGF signaling pathway: on-target CV toxicity (?)  

Tumors require angiogenesis to proliferate.  Targeted therapies block angiogenesis 
by blocking the effects of VEGF, which decreases NO bioavailability.  Hypertension is 

a frequent response, due to the importance of NO to endothelial function.

n engl j med 375;15 nejm.org October 13, 20161458

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

Figure 1. Targeting of Kinases and VEGF Signaling Pathways for Cancer Therapy.

Aberrant activation of kinases plays a critical role in the pathogenesis of cancer and has stimulated efforts to develop kinase inhibitors for 
therapy (Panel A). Kinase inhibition can be achieved by targeting the ligand or the receptor kinase, usually by means of a monoclonal anti-
body (mAb) that is given as an intravenous infusion. Alternatively, small-molecule inhibitors, which are taken orally, work intracellularly and 
can inhibit one or more kinases, including receptor kinases and nonreceptor kinases (usually serine–threonine kinases). Monoclonal anti-
bodies can also be covalently attached to other chemotherapy or radionuclides. Tumor hypoxia, which is usually achieved through the stabi-
lization and activation of master transcription factor (hypoxia-inducible factor [HIF] in the tumor) leads to the transcription and secretion 
of several secreted factors that include vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) that promote 
angiogenesis (Panel B). The mammalian family of VEGF genes consists of five glycoproteins that bind and activate three structurally related 
receptor tyrosine kinases and has been a major focus of kinase-directed therapy in cancer. VEGF-targeted therapies include a monoclonal 
antibody or ligand trap that binds circulating VEGFA, a monoclonal antibody that targets VEGF receptor 2 (VEGFR2), and multitargeted tyro-
sine kinase inhibitors that target VEGF receptors, along with receptor tyrosine kinases, such as KIT and PDGFR.

Receptor
ligand 2

Ligand cannot
bind to receptors

Dimerization and 
activation of receptor

kinase 1

Dimerization and 
activation of receptor

kinase 2

Inactive 
receptor kinase 1

Inactive 
receptor kinase 2

Receptor 
cannot dimerize

Given as an infusion
Binds ligand or receptor kinase
Can be covalently attached to 
    other chemotherapy for more 
    potency

Cell survival
Angiogenesis
Cell growth

mAb 
targeting 
receptor

mAb targeting 
ligand 

mAb targeting 
receptor dimerization

and downstream
activation

Taken orally
Can bind more than one kinase
    receptor, resulting in off-target
    effects

Multitargeted Tyrosine Kinase Inhibitor
(small-molecule inhibitors)

Monoclonal Antibody (mAb)
or Ligand Trap

C Y T O P L A S M

B

A

VEGFA

VEGFA

VEGFA

VEGFA

PDGF
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PDGF
PDGF

PDGFR VEGFR1 VEGFR2

Nonreceptor
kinase

VEGFR3

Bevacizumab (anti-VEGF)
Aflibercept (VEGF trap)
Ramucirumab (Anti-VEGFR2)

Cell survival
Angiogenesis

Prostaglandin production
Nitric oxide production

KIT

HIF

Tyrosine Kinase Inhibitors with Anti-VEGF Activity

VEGF Signaling Pathway Inhibitors

FDA Approved
     Sunitinib, sorafenib, pazopanib, axitinib, 
     regorafenib, vandetanib, ponatinib,
     cabozantinib, lenvatinib

Under Investigation
     Cediranib, tivozanib, toceranib, lucitanib

Activation and 
stabilization

The New England Journal of Medicine 
Downloaded from nejm.org at UNIV OF NC/ACQ SRVCS on October 27, 2016. For personal use only. No other uses without permission. 

 Copyright © 2016 Massachusetts Medical Society. All rights reserved. 
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Expert Opinion on Drug Safety 2015, 14, 253-267

Multiple mechanisms of KI cardiotoxicity
Direct myocardial effects and indirect effects from vasculature (?)

Multitargeted kinase inhibitors (e.g. sunitinib and sorafenib) target both PDGFR and VEGFR
PDGFRs and VEGFRs both are protective in cardiomyocytes

Do mice accurately model human KI cardiotoxicity?
Echocardiography measures cardiac contractile function

Sorafenib
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Erlotinib

D0 D7 D1
4

40

45

50

55

60

65

F
ra

ct
io

n
al

 S
h

o
rt

en
in

g
 (%

)

Sunitinib
Day 0 Day 7 Day 14 Day 0 Day 7 Day 14

Day 0 Day 7 Day 14
Erlotinib

Sorafenib

P = 0.009

p = NS
Control

D0 D7 D1
4

40

45

50

55

60

65

F
ra

ct
io

n
al

 S
h

o
rt

en
in

g
 (%

)

Day 0 Day 7 Day 14
Vehicle

P = 0.05

Conscious transthoracic echocardiography

Calculating fractional shortening

Once daily oral gavage with kinase inhibitors or vehicle
Echocardiogram at Day 7 and 14

Sacrifice at Day 14 

Fractional shortening is an index of contractile function
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Can we identify the molecular basis of KI cardiotoxicity? 
Kinome profiling (MIB/MS)

Multiplexed inhibitor beads (MIBs) bind activated 
kinases from hearts of mice treated by KIs

Mass spectrometry quantitates the bound kinases

Treatment Kinases assayed Upregulated Downregulated

Erlotinib 200 70 18

Sunitinib 214 54 30

Sorafenib 215 62 18

Dynamic Reprogramming of the Kinome
in Response to Targeted MEK Inhibition
in Triple-Negative Breast Cancer
James S. Duncan,1,8 Martin C. Whittle,1,8 Kazuhiro Nakamura,1 Amy N. Abell,1 Alicia A. Midland,2 Jon S. Zawistowski,1
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SUMMARY

Kinase inhibitorshave limitedsuccess in cancer treat-
ment because tumors circumvent their action. Using
a quantitative proteomics approach, we assessed
kinome activity in response to MEK inhibition in
triple-negative breast cancer (TNBC) cells and genet-
ically engineered mice (GEMMs). MEK inhibition
caused acute ERK activity loss, resulting in rapid
c-Myc degradation that induced expression and acti-
vation of several receptor tyrosine kinases (RTKs).
RNAi knockdown of ERK or c-Myc mimicked RTK
induction by MEK inhibitors, and prevention of pro-
teasomal c-Mycdegradationblockedkinome reprog-
ramming. MEK inhibitor-induced RTK stimulation
overcame MEK2 inhibition, but not MEK1 inhibition,
reactivating ERK and producing drug resistance.
The C3Tag GEMM for TNBC similarly induced RTKs
in response to MEK inhibition. The inhibitor-induced
RTK profile suggested a kinase inhibitor combina-
tion therapy that produced GEMM tumor apoptosis
and regression where single agents were ineffective.
This approach defines mechanisms of drug resis-
tance, allowing rational design of combination thera-
pies for cancer.

INTRODUCTION

Kinase-targeted cancer therapies can fail when tumor cells
circumvent the action of a single agent, facilitating therapeutic

resistance. Acquired or selected mutations can decrease affinity
for kinase inhibitors, but resistance also develops through alter-
nate routes of kinase pathway activation. For example, RTK
upregulation has been observed following targeted inhibition of
selective kinases (Chandarlapaty et al., 2011; Johannessen
et al., 2010; Nazarian et al., 2010; Villanueva et al., 2010);
this kinome reprogramming circumvents inhibition of proto-
oncogenic kinases. Alternatively, genomic loss of PTPN12 phos-
phatase expression similarly causes activation of multiple
tyrosine kinases (Sun et al., 2011). Thus, dynamic and system-
wide changes in multiple kinases can occur in tumor cells
following pharmacological or progressive genetic perturbations.
An understanding of these kinome responses and the mecha-
nisms by which they occur will be key in determining how to
abrogate therapeutic resistance. With more than 130 kinase-
specific inhibitors currently in phase 1–3 clinical trials, devel-
oping combination therapies that are relevant for molecularly
defined cancer subtypes is a highly tractable goal. However,
rational design of kinase inhibitor combinations requires an over-
all knowledge of kinome activity and response, not just a simple
measure of an inhibitor’s effect on one or two kinase pathway
components. Currently, there is no optimal discovery mecha-
nism to define the entire kinome and its dynamic activity. Such
a technique could globally assess tumor kinome response to
small molecule inhibitors and suggest more effective combina-
tion therapies.
To meet this challenge, we developed a chemical proteomics

approach using multiplexed kinase inhibitor beads and mass
spectrometry (MIB/MS) to define and quantitate the activity
and drug responsiveness of a significant percentage (50%–
60%) of the expressed kinome. We applied this technique to
triple-negative breast cancer cell lines, preclinical tumor models,
and human tumors. Analysis of patient TNBC showed activated

Cell 149, 307–321, April 13, 2012 ª2012 Elsevier Inc. 307

Dynamic Reprogramming of the Kinome
in Response to Targeted MEK Inhibition
in Triple-Negative Breast Cancer
James S. Duncan,1,8 Martin C. Whittle,1,8 Kazuhiro Nakamura,1 Amy N. Abell,1 Alicia A. Midland,2 Jon S. Zawistowski,1

Nancy L. Johnson,1 Deborah A. Granger,1 Nicole Vincent Jordan,1 David B. Darr,3 Jerry Usary,3 Pei-Fen Kuan,4

David M. Smalley,1 Ben Major,5 Xiaping He,3 Katherine A. Hoadley,3 Bing Zhou,3,6 Norman E. Sharpless,3,6

Charles M. Perou,3 William Y. Kim,3,6 Shawn M. Gomez,2 Xin Chen,7 Jian Jin,7 Stephen V. Frye,7 H. Shelton Earp,1,6

Lee M. Graves,1 and Gary L. Johnson1,*
1Department of Pharmacology
2Biomedical Engineering and Curriculum in Bioinformatics and Computational Biology
3Department of Genetics
4Department of Biostatistics
5Department of Cell and Developmental Biology
6Department of Medicine
7Eshelman School of Pharmacy
Lineberger Comprehensive Cancer Center, University of North Carolina School of Medicine, Chapel Hill, NC 27599, USA
8These authors contributed equally to this work
*Correspondence: glj@med.unc.edu
DOI 10.1016/j.cell.2012.02.053

SUMMARY

Kinase inhibitorshave limitedsuccess in cancer treat-
ment because tumors circumvent their action. Using
a quantitative proteomics approach, we assessed
kinome activity in response to MEK inhibition in
triple-negative breast cancer (TNBC) cells and genet-
ically engineered mice (GEMMs). MEK inhibition
caused acute ERK activity loss, resulting in rapid
c-Myc degradation that induced expression and acti-
vation of several receptor tyrosine kinases (RTKs).
RNAi knockdown of ERK or c-Myc mimicked RTK
induction by MEK inhibitors, and prevention of pro-
teasomal c-Mycdegradationblockedkinome reprog-
ramming. MEK inhibitor-induced RTK stimulation
overcame MEK2 inhibition, but not MEK1 inhibition,
reactivating ERK and producing drug resistance.
The C3Tag GEMM for TNBC similarly induced RTKs
in response to MEK inhibition. The inhibitor-induced
RTK profile suggested a kinase inhibitor combina-
tion therapy that produced GEMM tumor apoptosis
and regression where single agents were ineffective.
This approach defines mechanisms of drug resis-
tance, allowing rational design of combination thera-
pies for cancer.

INTRODUCTION

Kinase-targeted cancer therapies can fail when tumor cells
circumvent the action of a single agent, facilitating therapeutic

resistance. Acquired or selected mutations can decrease affinity
for kinase inhibitors, but resistance also develops through alter-
nate routes of kinase pathway activation. For example, RTK
upregulation has been observed following targeted inhibition of
selective kinases (Chandarlapaty et al., 2011; Johannessen
et al., 2010; Nazarian et al., 2010; Villanueva et al., 2010);
this kinome reprogramming circumvents inhibition of proto-
oncogenic kinases. Alternatively, genomic loss of PTPN12 phos-
phatase expression similarly causes activation of multiple
tyrosine kinases (Sun et al., 2011). Thus, dynamic and system-
wide changes in multiple kinases can occur in tumor cells
following pharmacological or progressive genetic perturbations.
An understanding of these kinome responses and the mecha-
nisms by which they occur will be key in determining how to
abrogate therapeutic resistance. With more than 130 kinase-
specific inhibitors currently in phase 1–3 clinical trials, devel-
oping combination therapies that are relevant for molecularly
defined cancer subtypes is a highly tractable goal. However,
rational design of kinase inhibitor combinations requires an over-
all knowledge of kinome activity and response, not just a simple
measure of an inhibitor’s effect on one or two kinase pathway
components. Currently, there is no optimal discovery mecha-
nism to define the entire kinome and its dynamic activity. Such
a technique could globally assess tumor kinome response to
small molecule inhibitors and suggest more effective combina-
tion therapies.
To meet this challenge, we developed a chemical proteomics

approach using multiplexed kinase inhibitor beads and mass
spectrometry (MIB/MS) to define and quantitate the activity
and drug responsiveness of a significant percentage (50%–
60%) of the expressed kinome. We applied this technique to
triple-negative breast cancer cell lines, preclinical tumor models,
and human tumors. Analysis of patient TNBC showed activated

Cell 149, 307–321, April 13, 2012 ª2012 Elsevier Inc. 307

Why isn’t erlotinib cardiotoxic?
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ABSTRACT
Although epidermal growth factor receptor (EGFR) is often over-expressed in 

soft tissue sarcoma (STS), a phase II trial using an EGFR inhibitor gefitinib showed 
a low response rate. This study identified a new secondary resistance mechanism of 
gefitinib in STS, and developed new strategies to improve the effectiveness of EGFR 
inhibition particularly by blocking the STAT3 pathway.

We demonstrated that seven STS cell lines of diverse histological origin 
showed resistance to gefitinib despite blockade of phosphorylated EGFR (pEGFR) 
and downstream signal transducers (pAKT and pERK) in PI3K/AKT and RAS/ERK 
pathways. Gefitinib exposure was not associated with decrease in the ratio of pSTAT3/
pSTAT1. The relative STAT3 abundance and activation may be responsible for the drug 
resistance. We therefore hypothesized that the addition of a STAT3 inhibitor could 
overcome the STAT3 escape pathway. 

We found that the addition of STAT3 inhibitor S3I-201 to gefitinib achieved 
synergistic anti-proliferative and pro-apoptotic effects in all three STS cell lines 
examined. This was confirmed in a fibrosarcoma xenografted mouse model, where 
the tumours from the combination group (418mm3) were significantly smaller than 
those from untreated (1032mm3) or single drug (912 and 798mm3) groups. 

Our findings may have clinical implications for optimising EGFR-targeted therapy 
in STS.

INTRODUCTION

Soft tissue sarcoma (STS) is a malignancy that 
arises from transformed cells of mesenchymal origin. It 
was estimated that about 12,020 new cases of STS were 
diagnosed and 4,740 patients died from STS in the USA in 
2014 [1]. Current treatment for STS relies upon aggressive 
surgery, often in combination with radiotherapy and 
chemotherapy. However, approximately half of all patients 
will die of local recurrence or metastatic disease within 
5 years [2]. Our current drug therapies have suboptimal 
outcomes and new treatments are needed. 

Epidermal growth factor receptor (EGFR) is 
activated following ligand binding to its extracellular 
domain. This leads to phosphorylation of critical 
tyrosine residues which activates signalling cascades and 
induces gene transcription [3]. These include the RAS/
RAF/MAPK (mitogen activated protein kinase)/ERK 
(extracellular signal-regulated kinase (ERK, MAPK1), 
the PI3K (phosphatidylinositol 3-kinase, PIK3CA)/
AKT (Protein kinase B)/mTOR (mammalian target of 
rapamycin) and the JAK (Janus kinase)/STAT (signal 
transducers and activators of transcription) pathways. 
The activation of these pathways stimulates cellular 
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Compelling evidence from clinical 
trials testing multiple immunothera-
peutic interventions demonstrates that 
the immune system has the potential to 
inhibit oncogenesis and tumor progres-
sion. Thus, to generate neoplastic lesions, 
malignant cells must evolve strategies that 
allow them to evade recognition and elim-
ination by tumor-infiltrating cytotoxic 
T lymphocytes (CTLs). These escape 
mechanisms are multiple, influencing 
most, if not all, the steps that underpin 
a productive immune response, from the 
presentation of tumor-associated antigens 
(TAAs) to the susceptibility of cancer 
cells to lysis. The mechanisms of immu-
noescape related to the effector phase of 
cellular immunity have been extensively 
described. Conversely, how malignant cells 
avoid the elicitation of cellular immune 
responses has been investigated to a lim-
ited extent, in spite of an increasing body 

of data showing that target cells have a 
major impact on the clinical response to T 
cell-based immunotherapy. Here, we will 
comment on immunoescape mechanisms 
stemming from defects in the signal trans-
duction and activator of transcription 
(STAT) signaling pathway, emphasizing 
our recent results in models of head and 
neck squamous cell carcinoma (HNSCC).

We selected HNSCC for our studies 
since it employs several of the immunoes-
cape mechanisms generally harnessed by 
malignant cells. Moreover, the etiology 
of HNSCC encompasses chemical carci-
nogenesis as well as viral carcinogenesis, 
hence providing a broad working model. 
One common mechanism whereby can-
cer cells evade immune recognition is the 
downregulation of MHC class I antigen-
processing machinery (APM) components 
such as transporter of antigen processing 
1, ATP-binding cassette, sub-family B 

(MDR/TAP) (TAP1), TAP2 and pro-
teasome (prosome, macropain) subunit, β 
type, 9 (PSMB9, best known as LMP2), 
which results in limited TAA presenta-
tion.1 These defects are clinically relevant2 
since they are often associated with poor 
disease outcome among patients affected 
by a variety of neoplasms. Furthermore, 
they have a negative impact on T cell-
based as well as on antibody-based 
immunotherapy, at least in settings in 
which TAA-targeting antibodies trigger 
or enhance TAA-specific T-cell immune 
responses.

In HNSCC cells, the downregulation 
of the APM is mediated (at least in part) 
by the epidermal growth factor recep-
tor (EGFR)-induced activation of pro-
tein tyrosine phosphatase, non-receptor 
type 11 (PTNP11, best known as SHP2), 
which dephosphorylates (hence inactivat-
ing) signal transducer and activator of 

*Correspondence to: Robert L Ferris; Email: ferrrl@upmc.edu
Submitted: 11/3/2013; Accepted: 11/14/2013; Published Online: 12/05/2013
Citation: Concha-Benavente F, Srivastava RM, Ferrone S, Ferris RL. EGFR-mediated tumor immunoescape: The imbalance between phosphorylated STAT1 and 
phosphorylated STAT3. OncoImmunology 2013; 2:e27215; http://dx.doi.org/10.4161/onci.27215

EGFR-mediated tumor immunoescape
The imbalance between phosphorylated 

STAT1 and phosphorylated STAT3
Fernando Concha-Benavente1, Raghvendra M Srivastava2, Soldano Ferrone3, and Robert L Ferris1,2,4,*

1Department of Immunology; University of Pittsburgh; Pittsburgh, PA USA; 2Department of Otolaryngology; University of Pittsburgh; Pittsburgh, PA USA; 3Department of Surgery; 
Massachusetts General Hospital; Harvard Medical School; Boston, MA USA; 4Cancer Immunology Program; University of Pittsburgh Cancer Institute; Pittsburgh, PA USA

Keywords: APM, EGFR, immunoescape, immunotherapy, pSTAT1, pSTAT3, SHP2

Abbreviations: APM, antigen-processing machinery; CCR5, chemokine (C-C motif) receptor 5; CTL, cytotoxic T lymphocyte; 
CXCR3, chemokine (C-X-C motif) receptor 3; DC, dendritic cell; EGFR, epidermal growth factor receptor; HNSCC, head and 

neck squamous cell carcinoma; IFNγ, interferon γ; IL, interleukin; MAPK, mitogen-activated protein kinase; PSMB9, proteasome 
(prosome, macropain) subunit, beta type, 9; PTPN11, protein tyrosine phosphatase, non-receptor type 11; STAT, signal transducer 

and activator of transcription; TAA, tumor-associated antigen; TAP, transporter of antigen processing, ATP-binding cassette, 
sub-family B (MDR/TAP); TGFβ1, transforming growth factor β1; VEGF, vascular endothelial growth factor

The epidermal growth factor receptor (EGFR) supports the escape of malignant cells from immunosurveillance by 
inhibiting the activation of signal transducer and activator of transcription 1 (STAT1) while promoting that of STAT3. We 
have recently demonstrated that protein tyrosine phosphatase, non-receptor type 11 (PTNP11, best known as SHP2), a 
phosphatase that operates downstream of EGFR, is responsible for the dephosphorylation of active STAT1 and for the 
inhibition of the antigen-processing machinery (APM), hence favoring tumor immunoescape. Thus, EGFR signaling may 
skew the tumor microenvironment to suppress cellular immune responses.
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Abstract. Epidermal growth factor receptor-tyrosine kinase 
inhibitors (EGFR-TKIs) have shown promising effects 
against the growth of non-small cell lung cancer (NSCLC) 
cells harboring EGFR mutations (EGFR-mts). However, 
many patients with NSCLC that are accepted for EGFR-TKI 
treatment followed by chemotherapy possess an unknown 
EGFR status including wild-type EGFR (EGFR-wt). Little 
is known about the potential effects of EGFR-TKI treatment 
prior to chemotherapy. We investigated the effects and under-
lying molecular events of 4 weeks of continuous exposure 
to EGFR-TKIs in the EGFR-wt NSCLC line H1299. This 
treatment dramatically increased the IC50 of several relevant 
chemotherapeutic agents: cisplatin (DDP) (29.25±6.1 µM for 
gefitinib, 43.25±14.87 µM for erlotinib, and 6.92±1.15 µM for 
parental), paclitaxel (11.16±3.36 µM for gefitinib, 9.16±1.41 µM 
for erlotinib, and 2.09±0.44 µM for parental), gemcitabine 
(47.18±6.2 µM for gefitinib, 40.36±11.1 µM for erlotinib, and 
16.00±3.38 µM for parental) and pemetrexed (11.78±4.07 µM 
for gefitinib, 15.97±7.23 µM for erlotinib, and 4.72±1.9 µM for 
parental). This chemoresistance was critically dependent on 
the activation of the mediator signal transducer and activator 
of transcription 3 (STAT3). In cells exposed to EGFR-TKIs 
for 4 weeks, activation of STAT3 was found to be unrelated to 
EGFR and to be independent of IL-6 and -22. Treatment with 
the STAT3 inhibitor NSC 74859 was able to reverse the TKI 
exposure-induced chemoresistance in EGFR-wt NSCLC cells. 
Similar phenomena were observed in H1975 cells harboring 

EGFR L858R and T790M mutations. Based on the observed 
molecular events following long exposure of an EGFR-wt 
NSCLC cell line to an EGFR-TKI, this study indicates that 
such drugs should be not recommended for EGFR-wt patients 
who can undergo chemotherapy. This study also suggests that 
STAT3 inhibitors may aid in the treatment NSCLC patients 
who exhibit EGFR‑TKI resistance due to an acquired T790M 
mutation.

Introduction

Non-small cell lung cancers (NSCLCs) with activating muta-
tions in the tyrosine kinase domain (TKD) of EGFR have 
been reported to exhibit ‘oncogene addiction’ to reflect their 
dependence on EGFR-mediated malignant biological behavior 
(1,2). Several clinical trials have shown that epidermal growth 
factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) (e.g., 
gefitinib and erlotinib) are the best front-line options for 
patients with sensitive EGFR mutations (EGFR-mts), resulting 
in a 2-3-fold prolongation of survival time compared with stan-
dard chemotherapy (3-5). For patients with wild-type EGFR 
(EGFR-wt) status, data from randomized trials suggested that 
some of these patients will derive a modest benefit from these 
agents.

Currently, first‑line use of these agents should be restricted 
to EGFR-mt-positive patients as a clinical practice guideline in 
the treatment of NSCLC (6). In practice, however, some EGFR 
status‑unknown patients might also benefit from empirical use 
of initial treatment with EGFR-TKIs.

Most patients with NSCLC are diagnosed at stages Ⅲ 
and Ⅳ (7). For those with advanced lung cancer that cannot 
be removed surgically, chemotherapy or molecular-targeting 
treatments are typically recommended.

It has been reported that EGFR-mts creating sensitivity to 
EGFR-TKIs are more common in Asian populations, particu-
larly in patients with lung adenocarcinoma (8). Fine-needle 
aspirates for diagnosis, which are now commonly used, are 
often insufficient for molecular analysis. Accordingly, a 
number of technical issues may confound the analysis of 
EGFR-mts. In addition, >60% of NSCLCs show overexpres-
sion of EGFR (9), and numerous investigations have shown that 

Continuous exposure of non-small cell lung cancer cells 
with wild-type EGFR to an inhibitor of EGFR tyrosine 
kinase induces chemoresistance by activating STAT3
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lung adenocarcinoma to tyrosine kinase inhibitors
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Lung adenocarcinomas with mutant epidermal growth factor receptor (EGFR) respond to EGFR-targeted
tyrosine kinase inhibitors (TKIs), but resistance invariably occurs. We found that the Janus kinase (JAK)/
signal transduction and activator of transcription 3 (STAT3) signaling pathway was aberrantly increased in
TKI-resistant EGFR-mutant non–small cell lung cancer (NSCLC) cells. JAK2 inhibition restored sensitivity
to the EGFR inhibitor erlotinib in TKI-resistant cell lines and xenograft models of EGFR-mutant TKI-resistant
lung cancer. JAK2 inhibition uncoupled EGFR from its negative regulator, suppressor of cytokine signaling
5 (SOCS5), consequently increasing EGFR abundance and restoring the tumor cells’ dependence on EGFR
signaling. Furthermore, JAK2 inhibition led to heterodimerization of mutant and wild-type EGFR subunits,
the activity of which was then blocked by TKIs. Our results reveal a mechanism whereby JAK2 inhibition
overcomes acquired resistance to EGFR inhibitors and support the use of combination therapy with JAK
and EGFR inhibitors for the treatment of EGFR-dependent NSCLC.

INTRODUCTION

Lung cancer is the most frequent cause of cancer death (1), and non–small
cell lung cancer (NSCLC) is the most common subtype. Somatic activat-
ing mutations of the tyrosine kinase domain of the epidermal growth
factor receptor (EGFR) are found in about 26% of all patients with lung
adenocarcinoma and confer sensitivity to first-generation EGFR tyrosine
kinase inhibitors (TKIs), gefitinib and erlotinib (2, 3). Clinical responses
are variable, although most patients exhibit good response rates to these
inhibitors. However, acquired resistance to TKIs unfailingly occurs, in
most cases (>60%) due to the acquisition of “gatekeeper” mutations
(T790M) in the EGFR, which is thought to alter kinase ATP (adenosine
5′-triphosphate) affinity above that of gefitinib or erlotinib (4, 5). Progression-
free survival with TKI treatment is only 9 to 12 months, and overall sur-
vival is less than 20 months (2, 3). Notably, the acquisition of secondary
mutations in EGFR emphasizes a continued dependence on EGFR

signaling in these cancers. The need to overcome both innate and acquired
resistance has been a major therapeutic challenge.

EGFR is a member of the ERBB/human epidermal growth factor re-
ceptor (HER) family of membrane-bound receptor tyrosine kinases (RTKs)
(6). Aberrant regulation of EGFR, including gain-of-functionmutations and
overexpression, is a common feature of many epithelial malignancies,
which has led to the development of EGFR TKIs (7). We previously de-
scribed that signal transduction and activator of transcription 3 (STAT3)
is persistently tyrosine-phosphorylated or activated (pSTAT3) in NSCLC
(cell lines and primary tumors) due to EGFR-driven up-regulation of
interleukin-6 (IL-6) expression, leading to a feed-forward IL-6/Janus kinase
(JAK)/STAT3 loop. Furthermore, JAK inhibition abrogates proliferation
in NSCLC cell lines, including those that are TKI-resistant (8). JAK1/2 in-
hibitors have shown promise in preclinical models of NSCLC (9–15). In-
hibitors of JAKs were developed for immunologic suppression for organ
transplantation and for the treatment of myeloproliferative neoplasms in
patients with activating mutations in the JAK2 pathway (16, 17) and are
in early-phase clinical trials for lymphomas and solid tumors on the basis
of promising preclinical studies (11–15, 18–20).

Our present study investigated the mechanisms by which JAK inhibi-
tion represses cell growth in NSCLC cells, alone or in combination with
TKIs. Here, we found that JAK2 inhibition overcame acquired resistance
to TKIs in EGFR-mutant lung adenocarcinoma in vitro and in vivo.

RESULTS

JAK2 inhibition resensitizes TKI-resistant cells and
xenograft models to erlotinib
We previously demonstrated by immunohistochemistry that pSTAT3 is
present in 42% of NSCLC cells that have wild-type EGFR and in 88%
of NSCLC cells that have mutant EGFR, mediated through increased

1Department of Medicine, Memorial Sloan Kettering Cancer Center (MSKCC),
New York, NY 10065, USA. 2Computational Biology Program, MSKCC, New
York, NY 10065, USA. 3Children’s Cancer and Blood Foundation Laboratories,
Departments of Pediatrics, Cell and Developmental Biology, Weill Cornell
Medical College (WCMC), New York, NY 10021, USA. 4Division of Hematology/
Oncology, Vanderbilt-Ingram Cancer Center (VICC), Nashville, TN 37232,
USA. 5Personalized Cancer Medicine, VICC, Nashville, TN 37232,
USA. 6Department of Surgery, MSKCC, New York, NY 10065, USA. 7Depart-
ment of Pathology, MSKCC, New York, NY 10065, USA. 8 Human Oncology
and Pathogenesis Program, MSKCC, New York, NY 10065, USA. 9Molecular
Cytology, MSKCC, New York, NY 10065, USA. 10Antitumor Assessment, MSKCC,
New York, NY 10065, USA. 11WCMC, New York, NY 10021, USA. 12Metastasis
Research Center, MSKCC, New York, NY 10065, USA. 13Oncology iMED,
AstraZeneca, Waltham, MA 02451, USA. 14Department of Pediatrics, MSKCC,
New York, NY 10065, USA. 15Drukier Institute for Children’s Health, Meyer
Cancer Center, WCMC, New York, NY 10021, USA.
*Present address: Takeda Pharmaceutical Company Ltd., Cambridge, MA
02139, USA.
†Corresponding author. E-mail: dcl2001@med.cornell.edu (D.L.); bromberj@
mskcc.org (J.F.B.)

R E S E A R C H A R T I C L E

www.SCIENCESIGNALING.org 29 March 2016 Vol 9 Issue 421 ra33 1

 on O
ctober 1, 2018

http://stke.sciencem
ag.org/

Downloaded from
 

C A N C E R

JAK2 inhibition sensitizes resistant EGFR-mutant
lung adenocarcinoma to tyrosine kinase inhibitors
Sizhi P. Gao,1 Qing Chang,1 Ninghui Mao,1 Laura A. Daly,1 Robert Vogel,2

Tyler Chan,1 Shu Hui Liu,1 Eirini Bournazou,1 Erez Schori,1 Haiying Zhang,3

Monica Red Brewer,4,5 William Pao,4,5 Luc Morris,6 Marc Ladanyi,7,8 Maria Arcila,7

Katia Manova-Todorova,9 Elisa de Stanchina,10 Larry Norton,1,11 Ross L. Levine,1,8,11

Gregoire Altan-Bonnet,2 David Solit,1,8,11,12 Michael Zinda,13 Dennis Huszar,13*
David Lyden,3,14,15† Jacqueline F. Bromberg1,11†

Lung adenocarcinomas with mutant epidermal growth factor receptor (EGFR) respond to EGFR-targeted
tyrosine kinase inhibitors (TKIs), but resistance invariably occurs. We found that the Janus kinase (JAK)/
signal transduction and activator of transcription 3 (STAT3) signaling pathway was aberrantly increased in
TKI-resistant EGFR-mutant non–small cell lung cancer (NSCLC) cells. JAK2 inhibition restored sensitivity
to the EGFR inhibitor erlotinib in TKI-resistant cell lines and xenograft models of EGFR-mutant TKI-resistant
lung cancer. JAK2 inhibition uncoupled EGFR from its negative regulator, suppressor of cytokine signaling
5 (SOCS5), consequently increasing EGFR abundance and restoring the tumor cells’ dependence on EGFR
signaling. Furthermore, JAK2 inhibition led to heterodimerization of mutant and wild-type EGFR subunits,
the activity of which was then blocked by TKIs. Our results reveal a mechanism whereby JAK2 inhibition
overcomes acquired resistance to EGFR inhibitors and support the use of combination therapy with JAK
and EGFR inhibitors for the treatment of EGFR-dependent NSCLC.

INTRODUCTION

Lung cancer is the most frequent cause of cancer death (1), and non–small
cell lung cancer (NSCLC) is the most common subtype. Somatic activat-
ing mutations of the tyrosine kinase domain of the epidermal growth
factor receptor (EGFR) are found in about 26% of all patients with lung
adenocarcinoma and confer sensitivity to first-generation EGFR tyrosine
kinase inhibitors (TKIs), gefitinib and erlotinib (2, 3). Clinical responses
are variable, although most patients exhibit good response rates to these
inhibitors. However, acquired resistance to TKIs unfailingly occurs, in
most cases (>60%) due to the acquisition of “gatekeeper” mutations
(T790M) in the EGFR, which is thought to alter kinase ATP (adenosine
5′-triphosphate) affinity above that of gefitinib or erlotinib (4, 5). Progression-
free survival with TKI treatment is only 9 to 12 months, and overall sur-
vival is less than 20 months (2, 3). Notably, the acquisition of secondary
mutations in EGFR emphasizes a continued dependence on EGFR

signaling in these cancers. The need to overcome both innate and acquired
resistance has been a major therapeutic challenge.

EGFR is a member of the ERBB/human epidermal growth factor re-
ceptor (HER) family of membrane-bound receptor tyrosine kinases (RTKs)
(6). Aberrant regulation of EGFR, including gain-of-functionmutations and
overexpression, is a common feature of many epithelial malignancies,
which has led to the development of EGFR TKIs (7). We previously de-
scribed that signal transduction and activator of transcription 3 (STAT3)
is persistently tyrosine-phosphorylated or activated (pSTAT3) in NSCLC
(cell lines and primary tumors) due to EGFR-driven up-regulation of
interleukin-6 (IL-6) expression, leading to a feed-forward IL-6/Janus kinase
(JAK)/STAT3 loop. Furthermore, JAK inhibition abrogates proliferation
in NSCLC cell lines, including those that are TKI-resistant (8). JAK1/2 in-
hibitors have shown promise in preclinical models of NSCLC (9–15). In-
hibitors of JAKs were developed for immunologic suppression for organ
transplantation and for the treatment of myeloproliferative neoplasms in
patients with activating mutations in the JAK2 pathway (16, 17) and are
in early-phase clinical trials for lymphomas and solid tumors on the basis
of promising preclinical studies (11–15, 18–20).

Our present study investigated the mechanisms by which JAK inhibi-
tion represses cell growth in NSCLC cells, alone or in combination with
TKIs. Here, we found that JAK2 inhibition overcame acquired resistance
to TKIs in EGFR-mutant lung adenocarcinoma in vitro and in vivo.

RESULTS

JAK2 inhibition resensitizes TKI-resistant cells and
xenograft models to erlotinib
We previously demonstrated by immunohistochemistry that pSTAT3 is
present in 42% of NSCLC cells that have wild-type EGFR and in 88%
of NSCLC cells that have mutant EGFR, mediated through increased
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Development of Erasin: a 
chromone-based STAT3 inhibitor 
which induces apoptosis in 
Erlotinib-resistant lung cancer cells
Christian Lis1, Stefan Rubner1, Martin Roatsch  1, Angela Berg1, Tyler Gilcrest2, Darwin Fu2, 
Elizabeth Nguyen2, Anne-Marie Schmidt1, Harald Krautscheid3, Jens Meiler2 & Thorsten Berg  1

Inhibition of protein-protein interactions by small molecules offers tremendous opportunities for basic 
research and drug development. One of the fundamental challenges of this research field is the broad 
lack of available lead structures from nature. Here, we demonstrate that modifications of a chromone-
based inhibitor of the Src homology 2 (SH2) domain of the transcription factor STAT5 confer inhibitory 
activity against STAT3. The binding mode of the most potent STAT3 inhibitor Erasin was analyzed by 
the investigation of structure-activity relationships, which was facilitated by chemical synthesis and 
biochemical activity analysis, in combination with molecular docking studies. Erasin inhibits tyrosine 
phosphorylation of STAT3 with selectivity over STAT5 and STAT1 in cell-based assays, and increases 
the apoptotic rate of cultured NSCLC cells in a STAT3-dependent manner. This ability of Erasin also 
extends to HCC-827 cells with acquired resistance against Erlotinib, a clinically used inhibitor of the EGF 
receptor. Our work validates chromone-based acylhydrazones as privileged structures for antagonizing 
STAT SH2 domains, and demonstrates that apoptosis can be induced in NSCLC cells with acquired 
Erlotinib resistance by direct inhibition of STAT3.

Since protein-protein interactions mediate most biological processes, their inhibition by small molecules has 
tremendous potential for use in the study of cellular pathways, and for therapeutic interventions1–5. One of the 
fundamental difficulties associated with inhibition of protein-protein interactions, however, is the broad lack of 
known natural product-based lead structures. Natural products are an excellent source of structural inspiration 
for bioactive compounds, since they have co-evolved with the spectrum of animal and plant proteins6. Natural 
product-based scaffolds that can be tailored to target individual members of subclasses of protein-protein inter-
action domains would be of invaluable assistance in defining the chemical space of protein-protein interaction 
inhibitors.

STATs are a family of latent cytoplasmic transcription factors that carry signals from the cell surface to the 
nucleus7,8. All of the seven STAT family members known to date have been shown to play a role in human dis-
ease8. There is overwhelming biological evidence that targeting the transcription factors STAT3 and STAT5 with 
small molecules could interfere with a substantial proportion of human tumors9–11, and a number of potent 
small-molecule inhibitors of STAT312–16 and STAT517–21 have been published. We have previously presented com-
pounds based on the chromone scaffold, which is found in flavones and isoflavones, as the first small molecule 
inhibitors of the protein-protein interaction domain [the Src homology 2 (SH2) domain] of STAT522,23.

Results and Discussion
The STAT family display a high degree of homology. In order to assess whether the scaffold of the most potent 
STAT5 inhibitor 1 (Table 1, entry 1)22,23 could be utilized for inhibition of other STAT family members, we 
explored the effect of substitutions at the 6-position of the chromone ring. Vilsmeyer-Haack formylation of 

1Leipzig University, Institute of Organic Chemistry, Johannisallee 29, 04103, Leipzig, Germany. 2Vanderbilt 
University, Center for Structural Biology, 465 21st Ave South, BIOSCI/MRBIII, Nashville, TN, 37221, USA. 3Leipzig 
University, Institute of Inorganic Chemistry, Johannisallee 29, 04103, Leipzig, Germany. Christian Lis, Stefan 
Rubner and Martin Roatsch contributed equally to this work. Correspondence and requests for materials should be 
addressed to T.B. (email: tberg@uni-leipzig.de)
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Pivotal Importance of STAT3 in 
Protecting the Heart from Acute and 
Chronic Stress: New Advancement 
and Unresolved Issues
Fouad A. Zouein1  , Raffaele Altara2 , Qun Chen3, Edward J. Lesnefsky3,4,5  , Mazen Kurdi2,6  
and George W. Booz2*

1 American University of Beirut Faculty of Medicine, Beirut, Lebanon, 2 Department of Pharmacology and Toxicology, School 
of Medicine, The University of Mississippi Medical Center, Jackson, MS, USA, 3 Division of Cardiology, Department of Internal 
Medicine, Pauley Heart Center, Virginia Commonwealth University, Richmond, VA, USA, 4 Department of Biochemistry and 
Molecular Biology, Virginia Commonwealth University, Richmond, VA, USA, 5 McGuire Department of Veterans Affairs 
Medical Center, Richmond, VA, USA, 6 Department of Chemistry and Biochemistry, Faculty of Sciences, Lebanese University, 
Hadath, Lebanon

The transcription factor, signal transducer and activator of transcription 3 (STAT3), has 
been implicated in protecting the heart from acute ischemic injury under both basal con-
ditions and as a crucial component of pre- and post-conditioning protocols. A number 
of anti-oxidant and antiapoptotic genes are upregulated by STAT3 via canonical means 
involving phosphorylation on Y705 and S727, although other incompletely defined post-
translational modifications are involved. In addition, STAT3 is now known to be present 
in cardiac mitochondria and to exert actions that regulate the electron transport chain, 
reactive oxygen species production, and mitochondrial permeability transition pore
opening. These non-canonical actions of STAT3 are enhanced by S727 phosphorylation. 
The molecular basis for the mitochondrial actions of STAT3 is poorly understood, but 
STAT3 is known to interact with a critical subunit of complex I and to regulate complex 
I function. Dysfunctional complex I has been implicated in ischemic injury, heart failure, 
and the aging process. Evidence also indicates that STAT3 is protective to the heart 
under chronic stress conditions, including hypertension, pregnancy, and advanced age. 
Paradoxically, the accumulation of unphosphorylated STAT3 (U-STAT3) in the nucleus 
has been suggested to drive pathological cardiac hypertrophy and inflammation via 
non-canonical gene expression, perhaps involving a distinct acetylation profile. U-STAT3 
may also regulate chromatin stability. Our understanding of how the non-canonical
genomic and mitochondrial actions of STAT3 in the heart are regulated and coordinated 
with the canonical actions of STAT3 is rudimentary. Here, we present an overview of 
what is currently known about the pleotropic actions of STAT3 in the heart in order to 
highlight controversies and unresolved issues.

 

 

Keywords: mitochondria, U-STAT3, complex I, myocardial infarction, cardiac hypertrophy, heart failure, peripartum 
cardiomyopathy, ischemic pre- and post-conditioning
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Combined EGFR and STAT3 inhibition is cardiotoxic
Caution for combination targeted therapy?
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MIB-MS and RNA-seq suggest metabolic injury

Metabolic family
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The unexpected cardiotoxicity of trastuzumab
An early model of toxicity from “targeted therapies”

Lancet Oncology 2009:; 10(12) 1179-87

Trastuzumab (Herceptin) 
is a humanized 

monoclonal antibody 
against HER2

HER2 (erbB2) oncogene 
overexpression promotes 
tumor cell proliferation in 
15-20% of breast cancers

HER2
receptor

Trastuzumab revolutionized breast cancer treatment. In early RCTs, 
HER2+ patients had a 30-40% reduction in mortality with trastuzumab.

The unexpected cardiotoxicity of trastuzumab

Force et al. Nat Rev Cancer 2007. 7: 332-344

The mechanism of 
toxicity is not entirely 

known, but likely 
involves disabling of 
beneficial cross-talk 
between endothelial 

cells and myocytes via 
neuregulin (NRG).

Cardiotoxicity occurs in 3-27% of patients treated with trastuzumab
² Not dose-dependent 
² Usually reversible and asymptomatic decline in EF
² Risk factors: age, comorbidities, concomitant anthracycline use 

Neuregulin (NRG1) released from endothelial 
cells binds ERBB receptors on cardiomyocytes
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Groarke…Cheng, Moslehi. Medical Clinics of North America, 2012.

Conclusion: Monitor every 3 months. Continue trastuzumab and start ACEi or 
beta-blocker if EF declines (but remains > 40% and patient is asymptomatic)

Issues with Monitoring
More testing ≠ Better care

• Trastuzumab
• Toxicity can occur quickly
• Monitoring results in delays or discontinuation, which 

decreases efficacy
• May be hard to convince patient to restart 

• Anthracyclines 
• Can occur very late – years after Rx
• Cannot tell if the DCM is drug related
• Unclear interval for screening echo (5 years?)
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Beta-blockers attenuate risk of heart failure in 
HER2+ breast cancer patients (observational)

Sinziana Seicean et al. Circ Heart Fail. 2013;6:420-426

Beta-blockers

No beta-blockers

Eur Heart J. 2016 Jun 1; 37(21): 1671–1680.

CANDESARTAN

METOPROLOL

Ejection Fraction

Ejection Fraction

PRADA

MANTICORE

Patients: 99 patients with normal EF taking 
trastuzumab.

Design: Randomized 1:1:1 to bisoprolol, 
perindopril, or placebo during trastuzumab-
based chemotherapy for 24 months. Cardiac 
magnetic resonance imaging parameters 
were assessed at baseline, at 3 months, at 
12 months, and at 24 months

Outcomes: Bisoprolol significantly prevented 
reduction in left-ventricular ejection fraction 
from baseline vs placebo (P = .001) and also 
prevented trastuzumab interruptions due to 
drop in left-ventricular ejection fraction (P = 
.002). Post-treatment left-ventricular 
ejection fraction declined from 61% to 56% 
for placebo, from 62% to 59% for 
perindopril, and from 62% to 61% for 
bisoprolol.

2015 San Antonio Breast Cancer Symposium. Abstract S1-05.
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ACE Inhibitor or β-Blocker with Trastuzumab
Primary outcome (decrease in LVEF >10%): 

Lisinopril 30% vs carvedilol 29% vs placebo 32% (p > NS)

Trastuzumab
(n=468)

(+) Anthracycline
(n=189)

ACEI
37%

Placebo
47%

β-blocker
31%

(-) Anthracycline
(n=279)

ACEI
28%

Placebo
25%

β-blocker
22%

HR 0.53, 95% CI 0.30-0.94 
p = 0.015

HR 0.49, 95% CI 0.27-0.89
p = 0.009

J Am Coll Cardiol 2019; 73:2859-2868

CV toxicities of checkpoint inhibitors
Relatively rare but potentially fatal

Cardiovascular Research, Volume 115, Issue 5, 15 April 2019, Pages 854–868
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T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 375;18 nejm.org November 3, 2016 1749

Brief Report

Summ a r y

Immune checkpoint inhibitors have improved clinical outcomes associated with 
numerous cancers, but high-grade, immune-related adverse events can occur, par-
ticularly with combination immunotherapy. We report the cases of two patients 
with melanoma in whom fatal myocarditis developed after treatment with ipilimu-
mab and nivolumab. In both patients, there was development of myositis with 
rhabdomyolysis, early progressive and refractory cardiac electrical instability, and 
myocarditis with a robust presence of T-cell and macrophage infiltrates. Selective 
clonal T-cell populations infiltrating the myocardium were identical to those pres-
ent in tumors and skeletal muscle. Pharmacovigilance studies show that myocar-
ditis occurred in 0.27% of patients treated with a combination of ipilimumab and 
nivolumab, which suggests that our patients were having a rare, potentially fatal, 
T-cell–driven drug reaction. (Funded by Vanderbilt–Ingram Cancer Center Ambas-
sadors and others.)

Immune checkpoint inhibitors have transformed the treatment 
of several cancers by releasing restrained antitumor immune responses.1 Ipili-
mumab, an anti–cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4) anti-

body, and nivolumab, an anti–programmed death-1 (PD-1) antibody, have indi-
vidually improved survival in patients with melanoma, and early results suggest 
that their combination further enhances antitumor activity and survival.2-5 Other 
adverse events associated with these agents include dermatitis, endocrinopathies, 
colitis, hepatitis, and pneumonitis, which are all thought to arise from aberrant 
activation of autoreactive T cells.6,7 These toxic effects are more frequent and severe 
when ipilimumab and nivolumab are used in combination.4 Here, we report two 
cases of lethal myocarditis accompanied by myositis in patients treated with a 
combination of nivolumab and ipilimumab.

The authors’ affiliations are listed in the 
Appendix. Address reprint requests to Dr. 
Moslehi at the Cardio-oncology Program, 
Vanderbilt University Medical Center, 
2220 Pierce Ave., Nashville, TN 37232, or 
at  javid . moslehi@  vanderbilt . edu.
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N Engl J Med 2016;375:1749-55.
DOI: 10.1056/NEJMoa1609214
Copyright © 2016 Massachusetts Medical Society.

Fulminant Myocarditis with Combination 
Immune Checkpoint Blockade

Douglas B. Johnson, M.D., Justin M. Balko, Pharm.D., Ph.D., 
Margaret L. Compton, M.D., Spyridon Chalkias, M.D., Joshua Gorham, B.A., 

Yaomin Xu, Ph.D., Mellissa Hicks, Ph.D., Igor Puzanov, M.D., 
Matthew R. Alexander, M.D., Ph.D., Tyler L. Bloomer, M.D., 

Jason R. Becker, M.D., David A. Slosky, M.D., Elizabeth J. Phillips, M.D., 
Mark A. Pilkinton, M.D., Ph.D., Laura Craig-Owens, M.D., Nina Kola, M.D., 

Gregory Plautz, M.D., Daniel S. Reshef, M.D., M.P.H., Ph.D., 
Jonathan S. Deutsch, M.D., Raquel P. Deering, Ph.D., 

Benjamin A. Olenchock, M.D., Ph.D., Andrew H. Lichtman, M.D., 
Dan M. Roden, M.D., Christine E. Seidman, M.D., Igor J. Koralnik, M.D., 

Jonathan G. Seidman, Ph.D., Robert D. Hoffman, M.D., Ph.D., 
Janis M. Taube, M.D., Luis A. Diaz, Jr., M.D., Robert A. Anders, M.D., 

Jeffrey A. Sosman, M.D., and Javid J. Moslehi, M.D.  

The New England Journal of Medicine 
Downloaded from nejm.org at UNIV OF NC/ACQ SRVCS on January 13, 2017. For personal use only. No other uses without permission. 

 Copyright © 2016 Massachusetts Medical Society. All rights reserved. 

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 375;18 nejm.org November 3, 2016 1749

Brief Report

Summ a r y

Immune checkpoint inhibitors have improved clinical outcomes associated with 
numerous cancers, but high-grade, immune-related adverse events can occur, par-
ticularly with combination immunotherapy. We report the cases of two patients 
with melanoma in whom fatal myocarditis developed after treatment with ipilimu-
mab and nivolumab. In both patients, there was development of myositis with 
rhabdomyolysis, early progressive and refractory cardiac electrical instability, and 
myocarditis with a robust presence of T-cell and macrophage infiltrates. Selective 
clonal T-cell populations infiltrating the myocardium were identical to those pres-
ent in tumors and skeletal muscle. Pharmacovigilance studies show that myocar-
ditis occurred in 0.27% of patients treated with a combination of ipilimumab and 
nivolumab, which suggests that our patients were having a rare, potentially fatal, 
T-cell–driven drug reaction. (Funded by Vanderbilt–Ingram Cancer Center Ambas-
sadors and others.)

Immune checkpoint inhibitors have transformed the treatment 
of several cancers by releasing restrained antitumor immune responses.1 Ipili-
mumab, an anti–cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4) anti-

body, and nivolumab, an anti–programmed death-1 (PD-1) antibody, have indi-
vidually improved survival in patients with melanoma, and early results suggest 
that their combination further enhances antitumor activity and survival.2-5 Other 
adverse events associated with these agents include dermatitis, endocrinopathies, 
colitis, hepatitis, and pneumonitis, which are all thought to arise from aberrant 
activation of autoreactive T cells.6,7 These toxic effects are more frequent and severe 
when ipilimumab and nivolumab are used in combination.4 Here, we report two 
cases of lethal myocarditis accompanied by myositis in patients treated with a 
combination of nivolumab and ipilimumab.
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HPI: 65 year-old woman with metastatic melanoma presents with atypical 
chest pain, dyspnea, and fatigue 12 days after receiving first dose of the 
monoclonal anti-PD1 antibody, nivolumab (1mg/kg), and ipilimumab (3mg/kg), 
a monoclonal anti-CTLA-4 antibody.

Past Medical History: Melanoma, Hypertension. No other cardiac risk factors

Initial laboratory evaluation:
CK 17,720 unit/L
CK-MB > 600 ng/mL
cTnI initial 4.7 ng/mL

subsequent 51.3 ng/mL

ECG: non-specific interventricular conduction delay (not present on prior ECGs)

Echocardiogram: Preserved LV ejection fraction (EF 73%)

Hospital Course
Diagnosis: Myocarditis and myositis 

Treatment: Methylprednisolone 2mg/kg/day

Clinical course…
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C. H&E, Myocardium D.  CD3, Myocardium 

E. CD8, Myocardium F. H&E, Skeletal and Smooth Muscle 

Figure 1 
A. ECG demonstrating complete heart block 
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Immune checkpoint inhibitors have improved clinical outcomes associated with 
numerous cancers, but high-grade, immune-related adverse events can occur, par-
ticularly with combination immunotherapy. We report the cases of two patients 
with melanoma in whom fatal myocarditis developed after treatment with ipilimu-
mab and nivolumab. In both patients, there was development of myositis with 
rhabdomyolysis, early progressive and refractory cardiac electrical instability, and 
myocarditis with a robust presence of T-cell and macrophage infiltrates. Selective 
clonal T-cell populations infiltrating the myocardium were identical to those pres-
ent in tumors and skeletal muscle. Pharmacovigilance studies show that myocar-
ditis occurred in 0.27% of patients treated with a combination of ipilimumab and 
nivolumab, which suggests that our patients were having a rare, potentially fatal, 
T-cell–driven drug reaction. (Funded by Vanderbilt–Ingram Cancer Center Ambas-
sadors and others.)
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that their combination further enhances antitumor activity and survival.2-5 Other 
adverse events associated with these agents include dermatitis, endocrinopathies, 
colitis, hepatitis, and pneumonitis, which are all thought to arise from aberrant 
activation of autoreactive T cells.6,7 These toxic effects are more frequent and severe 
when ipilimumab and nivolumab are used in combination.4 Here, we report two 
cases of lethal myocarditis accompanied by myositis in patients treated with a 
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Figure 1 
A. ECG demonstrating complete heart block 
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Ventricular arrhythmias

Clinical course: Despite treatment, her course was characterized by multisystem organ 
failure and refractory ventricular arrhythmias, leading to death.
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Immune checkpoint inhibitors have improved clinical outcomes associated with 
numerous cancers, but high-grade, immune-related adverse events can occur, par-
ticularly with combination immunotherapy. We report the cases of two patients 
with melanoma in whom fatal myocarditis developed after treatment with ipilimu-
mab and nivolumab. In both patients, there was development of myositis with 
rhabdomyolysis, early progressive and refractory cardiac electrical instability, and 
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clonal T-cell populations infiltrating the myocardium were identical to those pres-
ent in tumors and skeletal muscle. Pharmacovigilance studies show that myocar-
ditis occurred in 0.27% of patients treated with a combination of ipilimumab and 
nivolumab, which suggests that our patients were having a rare, potentially fatal, 
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sadors and others.)
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of several cancers by releasing restrained antitumor immune responses.1 Ipili-
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body, and nivolumab, an anti–programmed death-1 (PD-1) antibody, have indi-
vidually improved survival in patients with melanoma, and early results suggest 
that their combination further enhances antitumor activity and survival.2-5 Other 
adverse events associated with these agents include dermatitis, endocrinopathies, 
colitis, hepatitis, and pneumonitis, which are all thought to arise from aberrant 
activation of autoreactive T cells.6,7 These toxic effects are more frequent and severe 
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ICI Myocarditis: Rare but potentially fatal
Higher risk in (older) women?

Notably, myasthenia gravis also co-occurred in 5 (10% ) of 52
myocarditis cases; other co-occurring events appeared
sporadic.18 Neurologic events were most commonly encepha-
litis and myasthenia gravis. Infrequent deaths were observed
across all regimens from dermatologic (eg, toxic epidermal
necrolysis; 1.5%), hematologic (hemophagocytic lymphohis-
tiocytosis, hemolytic anemia, idiopathic thrombocytopenic
purpura; 3%), and endocrine toxic effects (hypophysitis,
adrenal insufficiency; 5.5%).

We noted increased reporting of fatal toxic effects over
time. The absolute numbers of anti–PD-1/PD-L1 and combina-
tion therapy deaths increased substantially, with more than
65% of all deaths occurring in 2017 and January, 2018
(Figure 1B). The types of fatal toxic effects were largely stable
over time, although myocarditis increased with all regimens
(eFigure 1 in the Supplement).

To determine the risk of fatality associated with particu-
lar toxic effects, we assessed fatality rates for different classes
of toxic effects (Figure 1C). Myocarditis appeared to present the
highest risk of death, with 52 (39.7%) deaths among 131 cases.
Pneumonitis, hepatitis, myositis, nephritis, neurologic, and
hematologic toxic effects all had fatalities in 10% to 17% of
reported cases. Hypophysitis, adrenal insufficiency, and coli-
tis had the lowest reported fatality rates (2%, 3.7%, and 5%,
respectively).

Multicenter Analysis
To probe deeper into the clinical characteristics of fatal irAEs,
we reviewed all patients treated with ICIs from 7 interna-
tional academic centers. Among 3545 patients (3228 [91%]
with melanoma), we observed 21 (0.59%) fatal irAEs. These
occurred in 7 patients treated with ipilimumab, 9 treated with
anti–PD-1, and 5 treated with combined PD-1/CTLA-4 block-
ade (eTable 3 in the Supplement). Nineteen of 21 patients
had melanoma or other malignant skin cancers (n = 2); the
median age was 72 years (range, 37-84 years). Comorbidities
were typical of an elderly population, including 12 with
hypertension and 6 with other cardiac conditions; 2 patients
had preexisting autoimmune disease (Graves disease).
Patients who died of toxic effects were older than those
without fatal toxic effects (median, 70 vs 62 years; absolute
difference, 8; P = .009) with similar sex distribution (57% vs
60% male; χ2 = 0.09; P = .77).

Fatal toxic effects in these 21 patients included myocardi-
tis (n = 6; including 3 with concurrent myositis), neurologic
toxic effects (n = 5), colitis/enteritis (n = 6), and hepatitis (n = 5).
Nine patients had more than 1 concurrent irAE, including
myocarditis and myositis (n = 3), myocarditis and undiag-
nosed neurologic deterioration (n = 1), neurologic deteriora-
tion and colitis (n = 1), colitis and dermatitis (n = 1), enteritis
and pure red cell aplasia (n = 1), and systemic multiorgan
inflammation and hypophysitis (n = 2). Two unique patients
who previously received organ transplants (allogeneic stem cell
and renal transplants) died of hepatic failure following 1 dose
of single-agent anti–PD-1.

The median time to irAE onset was 15 days following treat-
ment initiation (range, 3-543 days), including 11 (52%) cases
within 20 days. The median time from symptom onset to death

Figure1.ClinicalCharacteristicsofFatalImmune-RelatedAdverseEvents(irAEs)
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A, Overlap of co-occurring fatal irAEs including colitis, pneumonitis, hepatitis,
cardiac, and neuromuscular. B, Number of fatal irAEsreported by year and by
immune checkpoint inhibitor regimen. C, Number of cases (light blue) and
fatality rate (dark blue) for each class of toxic effect.
a Other group also contains: 14 patients with 2 other irAEs, 11 patients with a catego-

rized irAE and 2 other irAEs, 3 patients with 3 other irAEs, 2 patients with 2 catego-
rized irAEs and 2 other irAEs, 1 patient with 1 categorized irAE and 4 other irAEs.

b Includes myasthenia gravis, myositis, and Guillain-Barre syndrome. All other
concurrent irAEs (eg, noncardiac) are reflected in the Other group.

c Includes 3905 total cases.
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nificantly higher in female patients (OR, 1.92; 95% CI, 1.24-
2.97; P = .004) and patients 75 years or older (OR, 7.61; 95%
CI, 4.29-13.50; P < .001). In addition, the combination of ICIs
(ipilimumab and nivolumab) was also associated with an in-
creased risk of myocarditis (OR, 1.93; 95% CI, 1.19-3.12;
P = .008).

Discussion | Our findings suggest that careful monitoring of ICI-
related myocarditis is warranted for populations regarded as
low-risk for general myocarditis,3 such as female patients and
patients 75 years or older. A limitation of the present study is
that the FAERS database is a self-reporting database that may
include reporting bias and inaccurate reports. In addition,
FAERS provides limited information regarding prior diseases,
cancer type, and treatment history. Therefore, it is inappro-
priate to compare the risks of myocarditis among different ICIs
based on the results of present study. In addition, the imbal-
ance between 2 groups of irAE risk factors, such as autoim-
mune disease,4 may have contributed to the increased risk of
ICI-related myocarditis in female patients and patients 75 years
or older.

In previous randomized clinical trials, target patients
included relatively healthy elderly patients, in contrast to
those in the FAERS database, which might explain the
increased risk of ICI-related myocarditis in this population. In
addition, the sex differences on irAE outcomes remain con-
troversial, and therefore further specific studies of this asso-
ciation are needed.5,6 Nevertheless, the FAERS database
enables rapid risk assessment, and the present results are
useful for improved management of ICI-related myocarditis
in clinical practice as well as provide helpful information for
detailed future investigations.
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Table 2. Multivariate Logistic Analysis of Patients With Myocarditisa

Characteristic Total Cases, No.

Cases of
Myocar-
ditis

Proportion of Myocarditis
(95% CI)

Odds Ratio (95% CI)

P ValuebCrude Adjusted
Sex

Male 748 314 533 0.071 (0.065-0.078) 1 [Reference] 1 [Reference]

Female 1 199 488 370 0.031 (0.028-0.034) 0.43 (0.38-0.49) 0.44 (0.38-0.51) <.001

Not reported 31 355 11 0.035 (0.018-0.063) 0.49 (0.27-0.89) 0.42 (0.21-0.84) .01

Age, y

<75 1 652 576 857 0.052 (0.048-0.055) 1 [Reference] 1 [Reference]

≥75 326 581 57 0.017 (0.013-0.023) 0.34 (0.26-0.44) 0.19 (0.14-0.28) <.001

ICIs

Nonuser 1 966 061 809 0.041 (0.038-0.044) 1 [Reference] 1 [Reference]

User 13 096 105 0.802 (0.656-0.970) 19.63 (16.01-24.08) 9.66 (7.16-13.05) <.001

ICIsc,d

Female sex 4798 34 0.709 (0.491-0.989) NA 1.92 (1.24-2.97) .004

Age ≥75 years 2442 26 1.065 (0.697-1.556) NA 7.61 (4.29-13.50) <.001

Concomitant use of
other ICIs

1557 21 1.349 (0.837-2.054) NA 1.93 (1.19-3.12) .008

Abbreviations: ICIs, immune checkpoint inhibitors; NA, not applicable.
a All data analyzed were obtained from the US Food and Drug Administration

Adverse Event Reporting System database.
b Hypothesis tests were 2-sided, and statistical significance was set at a P value

<.05. P values were calculated by multiple logistic regression analysis

c Interaction between each factor and myocarditis.
d The imbalance between any 2 groups of comorbidity, cancer type, and

concurrent drugs may have affected the increased risk of ICI-related
myocarditis in female patients and patients 75 years or older.
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Incidence likely < 1%
Case fatality approaches 40%

ICI myocarditis: diagnosis
Maintain a high index of suspicion despite low frequency

Circulation 2019. Volume: 140, Issue: 1, Pages: 80-91
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ICI myocarditis: treatment
Warning: evidence-free zone

The rate of serious adverse cardiovascular
events was high among patients who developed
ICI-associated myocarditis. In our registry, incidence
of grade 4 or 5 cardiovascular adverse events was
noted in nearly one-half of cases (14). This contrasts
with the low incidence of severe pneumonitis with
anti-PD1 or anti-PDL1 (4% grade 4 or 5) (25), severe
hepatitis with anti-PD1 and anti-CTLA4 as single
agents or in combination (0% to 18% grade 4, no
grade 5) (26–28), and severe diarrhea or colitis with
anti-PD1 (0% grade 4 or 5) (28). The major cardiac
event rate of almost 50% was markedly increased
compared with cases of myocarditis in broad pop-
ulations. For example, among 670 patients admitted
to hospital with myocarditis unrelated to ICI, a
fulminant course was noted in 15% of patients
(29,30). An additional difference is that, in our cohort,
38% of patients who had a fulminant course had a
normal LVEF. This finding contrasts with studies in
broad populations of patients admitted with fulmi-
nant myocarditis in which all have a markedly
depressed LVEF (29). The implication of this finding
is that clinicians should not rely on ejection fraction

as a discriminator of severity in ICI-associated
myocarditis. By contrast, we did find that the degree
of troponin elevation was useful in determining
adverse cardiac outcomes. Specifically, we found that
troponin T >1.5 ng/dl had a 95% specificity for the
development of MACE. However, there were still 4
(11%) major cardiac events among subjects who had a
troponin below that cutoff.

There is a variation in the reported rates of
myocarditis with ICI-based therapies. However, the
number of cases at 1 of the registry institutions was
compared to the number of individual patients who
received ICI in the same time interval. Overall, just
>1% developed myocarditis after ICI therapy and
approximately 0.5% had a MACE. Anti-PD1 therapy
accounted for nearly all myocarditis cases—1.3% with
pembrolizumab alone, and 0.6% with nivolumab
alone—a rate higher than the 0.4% in a study of 496
patients receiving anti-PD1 therapy (9). The preva-
lence of myocarditis was even higher (2.4%) with
anti-PD1/anti-CTLA4 combined therapy. The trend for
more adverse events with combination therapy has
been reported for noncardiac side effects; for

CENTRAL ILLUSTRATION Algorithm for Work-Up and Management of Immune-Mediated Myocarditis

Patient presenting with new cardiovascular (CV) symptoms

Electrocardiogram (ECG) and troponin test

Outpatient echo 
and NT-proBNP 

testing

New ventricular arrhythmia
or conduction system disease?

Elevated troponin/
abnormal EKG

If indeterminate 
troponin, retest

to eliminate
false result

N Y

Possible myocarditis: Admit patient
Stop ICI therapy; Urgent Cardiology/Cardio-Oncology consult;

Determine whether patient is stable or unstable to dictate treatment

Normal results Elevated results

Patient with acute 
CV symptoms

Patient on immune checkpoint inhibitors (ICI) or prior ICI use
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Algorithm based on study findings, and institutional experience with 35 cases of ICI-associated myocarditis. CVD ¼ cardiovascular; ECG ¼ electrocardiogram;
ICI ¼ immune checkpoint inhibitors.
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Treatment:   1. High dose solumedrol 
2. Hemodynamic support as needed
3. Stop the ICI

Thank 
You
Questions? 

bcjensen@med.unc.edu
Epic InBasket

Pager: 919-216-1804

mailto:bcjensen@med.unc.edu

