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Introduction and outline of the thesis

Chapter 1

General introduction
Thanks to scientific progress, care for patients with cancer changes quickly and continuously. In
2001 the therapeutic landscape of anticancer agents broadened with the launch of imatinib as
the first oral targeted oncolytic agent. Targeted therapies differ in mechanism of action and
toxicity profile from cytotoxic chemotherapy, as they inhibit a specific signaling pathway and
often have class-related toxicity. For breast cancer treatment, everolimus was the first oral targeted
agent that was added to the available repertoire of antihormonal agents.
Everolimus is an inhibitor of mammalian target of rapamycin (mTOR), a key kinase in the
phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt), mTOR signaling pathway. Activation
of mTOR leads to cell division, angiogenesis and cell survival, and as such promotes cancer
development. mTOR is upregulated in many cancers, including breast cancer. Activation of the
PI3K/Akt/mTOR pathway can lead to the development of resistance to antihormonal therapy in
breast cancer cells. As a result, adding everolimus to exemestane can overcome this resistance.
Currently, the treatment with everolimus in patients with cancer is not individualized and no
therapeutic drug monitoring (TDM) is routinely being performed. In all advanced breast cancer
(ABC) patients the standard initial dose is 10 mg orally once daily, which may be reduced in case
of toxicity or frailty (1). This approach is in contrast to the use of everolimus in transplantation
medicine, where much lower doses of 0.75 to 1.0 mg twice daily are used and TDM of everolimus
has been incorporated in standard care for over ten years (2, 3). Everolimus treatment of
subependymal giant cell astrocytoma with tuberous sclerosis complex is also individualized based
on TDM (4).
The interpatient variation in everolimus exposure is substantial, and evidence is mounting that
in cancer patients, everolimus exposure is an important predictive factor for toxicity and
effectiveness (5-8), but a therapeutic window has not been established yet.
The Breast cancer trials of OraL EveROlimus (BOLERO) trials studied the role of everolimus in breast
cancer patients. In the randomized phase 3 BOLERO-2 trial, everolimus and exemestane was
compared to placebo and exemestane in 724 patients with hormone-receptor positive, HER2negative advanced breast cancer who had recurrence or progression on an aromatase inhibitor.
This study showed an increase in progression free survival from 3.2 to 7.8 months (hazard ratio
0.45) and as such realizes a delay of the use of chemotherapy for many patients (9, 10). Based on
these results, the combination of everolimus and exemestane became FDA approved in 2012 for
this indication. Several real-life studies later have confirmed this clinical benefit, resulting in initial
enthusiasm about this new treatment possibility (11, 12). The enthusiasm waned though, when
in daily practice the (class-related) adverse events were encountered.
10
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The most commonly seen adverse events of everolimus are stomatitis, rash, anemia, fatigue,
diarrhea, hyperglycemia, hypertriglyceridemia, decreased appetite, and nausea. Generally, these
adverse events are of grade 1 or 2 severity of the Common Terminology Criteria for Adverse Events,
and as such can be considered mild. However, considering the chronic use of this agent, the
chronic presence of low-grade adverse events has a significant impact on the quality of life of
patients. In 20% of patients adverse events are the reason for discontinuation of treatment. Grade
3 or 4 respiratory symptoms occur in up to 10% of patients and are, together with stomatitis, the
most common high-grade adverse events. Respiratory symptoms during treatment with
everolimus can have different causes, whereby everolimus-induced interstitial lung disease (ILD;
also referred to as pneumonitis) is an adverse event of special importance, as it is highly prevalent
and can lead to respiratory insufficiency and even mortality. In the BOLERO-2 trial, 10% of patients
required everolimus dose interruption or reduction because of ILD (13). Everolimus discontinuation
due to pneumonitis was required in up to 6% of patients in the other BOLERO trials (14-17).
For physicians, respiratory problems pose a difficulty, as firstly it is hard to differentiate ILD from
other diagnoses and secondly it is hard to predict whether or not everolimus treatment can be
continued safely. If therapy with an mTOR inhibitor is discontinued prematurely, a potentially
effective treatment regimen is discarded. Continuing treatment for too long on the other hand
can lead to severe morbidity and mortality.
The aim of this thesis is to explore approaches to improve effectiveness and reduce toxicity of
everolimus in patients with advanced breast cancer.
In order to do so, we studied different steps on the road from the administration of everolimus
to the effects on the patient’s well-being (Figure 1). This can be divided in the pharmacokinetic
phase, the pharmacodynamic phase, and a read-out. In the pharmacokinetic phase drug
absorption, distribution, metabolism, and excretion determine the concentration of the drug in
the blood: the exposure. Through the blood the drug reaches the site of action in the tumor cell.
However, the drug can also cause toxicity, by on-target and off-target effects. In the
pharmacodynamic phase, the drug exerts its effect on the body. Then, the physician needs a
read-out to determine the effects. Several treatment response read-outs are used. Up to now, the
standard effect size measurement is to measure a change in size of the tumor, usually using
computed tomography (CT). A possible earlier read-out is measuring a change in metabolism
with [18F]-fluorodeoxyglucose positron emission tomography with integrated computed
tomography (18F-FDG-PET/CT). Ultimately, the patients’ well-being is the only read-out that really
matters.
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Figure 1. Steps from drug administration to read-out of effectiveness and patient well-being

We studied the pharmacokinetics and pharmacodynamics of everolimus in three studies. In the
“Influence of exceptional patient characteristics on everolimus exposure” (INPRES) study in ABC
patients the relationship between everolimus exposure and effectiveness and toxicity is studied.
This helps to determine whether therapeutic drug monitoring has the potential to optimize
everolimus treatment. Also, the role of FDG-PET as an early read-out of effectiveness is studied,
as this potentially can aid early identification of patients who do not benefit from treatment.
The “Dried blood SPOT analysis of everolimus in cancer patients” (SPOT) study investigates in
cancer patients whether everolimus can be measured reliably with the dried blood spot (DBS)
method. DBS is a very patient-friendly method of measuring everolimus exposure that potentially
can be of value for early recognition of over- or underexposure and subsequent dose adaptations.
The “Prediction of everolimus-induced interstitial lung disease in breast cancer patients;
maximizing efficacy by reducing toxicity” (PREVENT) study is a prospective study that investigates
the predictive value of plasma biomarkers, pulmonary function tests, pharmacokinetics,
immunological cell subsets, and FDG-PET for the development and severity of everolimus-induced
ILD. More knowledge on the diagnosis and course of ILD can prevent iatrogenic morbidity on
the one hand and premature discontinuation of a potentially effective treatment on the other
hand.
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Outline of the thesis

1

For an optimal effect and tolerability of a drug, exposure has to be in the therapeutic range.
Patients with low exposure have higher risk on decreased effectiveness, whereas patients with
high exposure are at increased risk of toxicity. Several factors influence drug exposure, amongst
others drug absorption. Drug absorption can significantly change if a drug is administered
concomitantly with food or acid-reducing agents. Awareness and understanding of these effects
for each drug is essential to optimize patient outcomes. In chapter 2, an overview is given on the
influence of food and acid-reducing agents on the exposure of everolimus and 18 other oral
targeted anticancer agents.
Everolimus for ABC patients is prescribed at a fixed dose but shows substantial interindividual
variation in drug exposure. Earlier studies have indicated that a low everolimus Ctrough is associated
with an increased risk of progressive disease and a high Ctrough is associated with an increased risk
of toxicity. However, a clear relationship between serum everolimus level, toxicity and efficacy in
ABC patients has not yet been established and is studied in the prospective INPRES study,
described in chapter 3. It was hypothesized that a therapeutic window for everolimus can be
defined, in which the balance between effectiveness and toxicity is optimal.
Furthermore, in this chapter we study the role of 18F-FDG-PET/CT to assess metabolic response
as an early read-out for response to treatment. The inhibition of activity of oncogenic proteins
by everolimus and exemestane can result in rapid metabolic changes, which can be detected
using 18F-FDG-PET/CT. In ABC patients treated with endocrine therapy or chemotherapy, metabolic
response on FDG-PET is a good predictor of PFS. For ABC patients treated with everolimus and
exemestane no clinical study assessing the predictive value of FDG-PET for treatment response
was published yet. Early detection of nonresponse to treatment can facilitate early decision
making, including dose adjustments or a change of therapy, thereby preventing unnecessary
toxicity and costs.
The analysis of chapter 3 was based on both a qualitative and quantitative analysis of 18F-FDGPET/CT. Qualitative analysis by a nuclear medicine physician is the current standard. Quantitative
analysis is possible as well, but up to now is very time consuming and therefore is used only in
research settings. For the quantitative analysis of CT results to determine tumor response,
generally the RECIST criteria are used. Analogous to these well accepted RECIST criteria, the
PERCIST criteria have been proposed for the quantitative analysis of response assessment with
F-FDG-PET/CT. However, during our analysis as described in chapter 3 we experienced that when
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trying to apply these criteria, several limitations emerge, hampering application in clinical practice.
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Chapter 4 describes these limitations of quantitative analysis of 18F-FDG-PET/CT for early response
evaluation.
In chapter 5 an alternative method to determine everolimus blood exposure was studied in the
SPOT study. Currently, everolimus typically is measured in whole blood by venous sampling. An
alternative method for measuring everolimus concentration is a finger prick and the dried blood
spot (DBS) method. This method has many advantages over venous sampling, as it is minimally
invasive, simple, and flexible. After adequate training and with clear instructions, patients can
perform DBS at home themselves and send their sample by regular mail to the laboratory for
analysis. Physicians may benefit from the ease of the DBS sampling method, as it can provide
them with everolimus concentration results before patients visit the outpatient clinic for their
check-up. As such, DBS is a promising alternative to venous sampling. In patients with cancer, the
agreement between everolimus DBS concentrations and WB concentrations is yet unknown. In
order to enhance the implementation of DBS in clinical practice, this is the first clinical validation
study, in which we aim to determine the agreement and the predictive performance of DBS
compared to WB to measure everolimus concentrations in patients with cancer.
The second part of the thesis is based on the PREVENT study and focuses on everolimus-induced
interstitial lung disease (ILD).
A general overview of the literature on mTOR inhibitor-induced ILD is provided in chapter 6.
More specifically, chapter 7 illustrates the diagnostic difficulties encountered when patients who
are treated with everolimus experience respiratory symptoms.
Everolimus-induced ILD is difficult to differentiate from other causes of respiratory problems
during everolimus treatment. Secondly, it is difficult to predict whether symptoms will become
more severe and treatment should be discontinued, or that symptoms will stay mild and treatment
can be continued safely. Therefore it would greatly facilitate clinical practice if ILD can be
recognized better and if its severity can be predicted. Chapter 8 investigates in ABC patients
whether pulmonary function tests, plasma biomarkers, pharmacokinetics, and 18F-FDG-PET can
discriminate between everolimus-induced ILD and other respiratory problems and whether it is
predictive of the severity of ILD.
Everolimus has immune-modulating effects that are both immunosuppressive as well as immunestimulating. These immunological effects can influence anticancer response as well as toxicity.
Chapter 9 describes the immunological changes during everolimus treatment. We studied
peripheral blood mononuclear cells for the relationship with ILD, and the relationship with
antitumor response.
Finally, chapter 10 summarizes the results described in this thesis and discusses future
perspectives.

14

Introduction and outline of the thesis

References
1.
2.

3.

4.
5.

6.
7.

8.
9.

10.
11.
12.

13.
14.

15.

16.

17.

1

European public assessment report (EPAR) Afinitor (everolimus). Available at http://www.ema.europa.eu/docs/en_GB/
document_library/EPAR_-_Product_Information/human/001038/WC500022814.pdf. Accessed 20 Feb 2017.
den Burger JC, Wilhelm AJ, Chahbouni A, Vos RM, Sinjewel A, Swart EL. Analysis of cyclosporin A, tacrolimus, sirolimus,
and everolimus in dried blood spot samples using liquid chromatography tandem mass spectrometry. Anal Bioanal
Chem. 2012;404(6-7):1803-11.
van der Heijden J, de Beer Y, Hoogtanders K, Christiaans M, de Jong GJ, Neef C, et al. Therapeutic drug monitoring of
everolimus using the dried blood spot method in combination with liquid chromatography-mass spectrometry. J
Pharm Biomed Anal. 2009;50(4):664-70.
Afinitor. Highlights of prescribing information. Available at https://www.accessdata.fda.gov/drugsatfda_docs/
label/2016/022334s038lbl.pdf (accessed May 19th, 2017).
Deppenweiler M, Falkowski S, Saint-Marcoux F, Monchaud C, Picard N, Laroche ML, et al. Towards therapeutic drug
monitoring of everolimus in cancer? Results of an exploratory study of exposure-effect relationship. Pharmacol Res.
2017;121:138-44.
Ravaud A, Urva SR, Grosch K, Cheung WK, Anak O, Sellami DB. Relationship between everolimus exposure and safety
and efficacy: meta-analysis of clinical trials in oncology. Eur J Cancer. 2014;50(3):486-95.
Thiery-Vuillemin A, Mouillet G, Nguyen Tan Hon T, Montcuquet P, Maurina T, Almotlak H, et al. Impact of everolimus
blood concentration on its anti-cancer activity in patients with metastatic renal cell carcinoma. Cancer Chemother
Pharmacol. 2014;73(5):999-1007.
Verheijen RB, Yu H, Schellens JHM, Beijnen JH, Steeghs N, Huitema ADR. Practical Recommendations for Therapeutic
Drug Monitoring of Kinase Inhibitors in Oncology. Clin Pharmacol Ther. 2017;102(5):765-76.
Yardley DA, Noguchi S, Pritchard KI, Burris HA, 3rd, Baselga J, Gnant M, et al. Everolimus plus exemestane in
postmenopausal patients with HR(+) breast cancer: BOLERO-2 final progression-free survival analysis. Adv Ther.
2013;30(10):870-84.
Baselga J, Campone M, Piccart M, Burris HA, 3rd, Rugo HS, Sahmoud T, et al. Everolimus in postmenopausal hormonereceptor-positive advanced breast cancer. N Engl J Med. 2012;366(6):520-9.
Lousberg L, Jerusalem G. Safety, Efficacy, and Patient Acceptability of Everolimus in the Treatment of Breast Cancer.
Breast Cancer (Auckl). 2016;10:239-52.
Lin PL, Hao Y, Xie J, Li N, Ohashi E, Koo V, et al. Real-world effectiveness of everolimus-based therapy versus endocrine
monotherapy and chemotherapy in patients of HR+/HER2- breast cancer with liver metastasis in the USA. Expert Opin
Pharmacother. 2015;16(14):2101-11.
Ito Y, Noguchi S, Deleu I, Baselga J, Hortobagyi GN, Bachelot TD, et al. Incidence, management, and resolution of
noninfectious pneumonitis in BOLERO-2. J Clin Oncol. 2013;31(15):suppl; abstr 561.
Hurvitz SA, Andre F, Jiang Z, Shao Z, Mano MS, Neciosup SP, et al. Combination of everolimus with trastuzumab plus
paclitaxel as first-line treatment for patients with HER2-positive advanced breast cancer (BOLERO-1): a phase 3,
randomised, double-blind, multicentre trial. Lancet Oncol. 2015;16(7):816-29.
Andre F, O’Regan R, Ozguroglu M, Toi M, Xu B, Jerusalem G, et al. Everolimus for women with trastuzumab-resistant,
HER2-positive, advanced breast cancer (BOLERO-3): a randomised, double-blind, placebo-controlled phase 3 trial.
Lancet Oncol. 2014;15(6):580-91.
Royce M, Bachelot T, Villanueva C, Ozguroglu M, Azevedo SJ, Cruz FM, et al. Everolimus Plus Endocrine Therapy for
Postmenopausal Women With Estrogen Receptor-Positive, Human Epidermal Growth Factor Receptor 2-Negative
Advanced Breast Cancer: A Clinical Trial. Jama Oncol. 2018;4(7):977-84.
Jerusalem G, de Boer RH, Hurvitz S, Yardley DA, Kovalenko E, Ejlertsen B, et al. Everolimus Plus Exemestane vs Everolimus
or Capecitabine Monotherapy for Estrogen Receptor-Positive, HER2-Negative Advanced Breast Cancer: The BOLERO-6
Randomized Clinical Trial. Jama Oncol. 2018;4(10):1367-74.

15

PART O NE
E f fec tiven es s

CHAP T E R 2

Effect of food and acid-reducing agents on the
absorption of oral targeted therapies in solid tumors

Annelieke E.C.A.B. Willemsen, Floor J.E. Lubberman, Jolien Tol, Winald R. Gerritsen,
Carla M.L. van Herpen, Nielka P. van Erp
Drug Discovery Today 2016. Jun;21(6):962-76

Chapter 2

Abstract
Oral targeted therapies represent an increasingly important group of drugs within modern
oncology. With the shift from intravenously to orally administered drugs, drug absorption is a
newly introduced factor in drug disposition. The process of absorption can have a large effect on
inter- and intrasubject variability in drug exposure and thereby potentially treatment benefit or
the severity of toxicities. The intake of oral targeted therapies with food and concomitant use of
acid-reducing agents (ARAs) can significantly affect drug absorption. The size and direction of
the effect of food and ARAs on drug absorption varies among drugs as a result of different
chemical characteristics. Therefore, an awareness and understanding of these effects for each
drug is essential to optimize patient outcomes.
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Introduction
The identification of molecular pathways involved in cancer cell proliferation and survival,
angiogenesis, and metastasis has led to the development of numerous molecularly targeted
therapies. These targeted therapies are currently used in almost every type of cancer and are an
important component of modern oncological treatment. Targeted therapies are subdivided in
monoclonal antibodies, administered intravenously or subcutaneously, and small molecules,
administered orally. The oral targeted therapies are prescribed in a fixed dose, which frequently
results in highly variable systemic drug exposure (1). Yet, evidence is accumulating that reaching
a drug concentration in a therapeutic window is important for clinical benefit and toxicity (2, 3).
In addition, it is hypothesized that low concentrations can even induce drug resistance (4).
Variation in systemic drug exposure is the result of inter- and intrasubject differences in drug
absorption, distribution, metabolism, elimination, and drug adherence. With intravenously dosed
chemotherapy, drug absorption has no role. However, for oral targeted therapies, absorption is
relevant, because it is a potential major source of the large inter- and intrasubject variability in
pharmacokinetics observed for oral targeted cancer drugs (5, 6). Food and acid-reducing agents
(ARAs) can significantly affect drug absorption. Oral targeted therapies, such as tyrosine kinase
inhibitors (TKIs), are highly lipophilic and often show pH-dependent solubility; therefore, they
are especially susceptible for food-drug and pH-drug interactions (5). As a result, the intake of
these drugs with food or ARAs can result in decreased or increased systemic drug exposure. The
concurrent use of ARAs is frequently encountered, because 20-55% of patients undergoing cancer
treatment use ARAs (4, 5).
In this review, we investigate the effect of food and ARAs on the absorption of oral targeted
therapies used for solid tumors, based on the available literature.

Absorption
Oral bioavailability is determined by two processes: absorption and first-pass metabolism. The
first step in drug absorption is disintegration of the formulation and dissolution of the active
drug. After the drug is dissolved, it must pass through the intestinal mucosa to the portal
circulation. For lipophilic molecules, such as TKIs, the most common route of drug transport is
transcellular passive movement. Other routes of transport are transcellular transport by active
carrier mechanisms or paracellular transport (7). Before reaching the systemic circulation, the
drug can have already been metabolized in the intestinal wall and the liver, together constituting
the first-pass metabolism. The oral bioavailability is the final percentage of a drug that reaches
the systemic circulation in intact form (Figure 1) (8).
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Figure 1. Steps in drug absorption: after intake, disintegration, dissolution, and permeation occur. The bioavailability
of a drug can be decreased by degradation, binding, intestinal metabolism, efflux transporters, saturated absorptive
transporters, and liver metabolism

The process of absorption is influenced by a multitude of factors: chemical characteristics of the
drug (e.g., lipophilicity or dissociation constant (pKa) value), intestinal physiology (e.g., absorptive
surface area, transit time, pH, splanchic blood flow, or bacteria that influence metabolism), and
external influences (e.g., co-medication or food). Drug characteristics that are the major
determinants of oral absorption are solubility aspects on the one hand and the permeability (i.e.
the amount of drug that crosses the membrane) on the other hand (6, 9, 10).
Solubility and permeability are both influenced by the ionization state of a drug. Most TKIs are
weak basic drugs and, as such, their ionization state depends on the pH of the environment. When
drugs are ionized, aqueous solubility is higher, whereas, in the unionized state, permeability
through the lipid bilayers of the intestinal mucosa is higher. Weak basic drugs, such as TKIs, will
be present mostly in the ionized state in the acidic environment of the stomach, whereby their
dissolution is facilitated. In the basic environment of the intestine, these drugs are predominantly
in the unionized state and will thereby permeate more readily (11). In addition to its favorable
pH, its large surface area, high blood flow, and high permeability of the membranes result in the
small intestine being the main site of absorption of TKIs (8).
22
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Drugs with low bioavailability show larger variability in absorption (12). In addition, if absorption
for theses drugs is solubility limited, the influence of food and ARAs can be strong.

Effect of food on bioavailability
Food can affect the bioavailability of a drug by various mechanisms. The fat content of food and
the subsequent increased bile salt secretion can increase the solubilization and thereby absorption
of lipophilic drugs. The increased volume of gastrointestinal fluid can enhance absorption of
hydrophilic drugs. By contrast, food substances (e.g., cations) can bind to a drug, resulting in
insoluble precipitations that limit its absorption. Factors that can either increase or decrease
absorption include a rise in gastrointestinal pH, delay in gastric-emptying rate, and increase of
splanchnic blood flow (13-16). Furthermore, food can affect bioavailability by inducing or
inhibiting drug influx and efflux transporters, as well as intestinal drug metabolism (14).
The US Food and Drug Administration (FDA) advises that food effect studies are performed with
a standardized high-fat meal (Table 1) for a maximum effect to occur (16). However, this meal
does not represent a standard breakfast and, accordingly, extrapolation to daily practice is
complicated.

Table 1. FDA definition of a high-fat meal
Meal type
High-fat
meal

Fasted
conditions

Calorie characteristics
Total

Protein

Carbohydrate

Fat

8001000

150

250

500600

Example

Administration

Two eggs fried in butter,
two strips of bacon, two
slices of toast with butter,
four ounces (113 g) of
hash brown potatoes and
eight ounces (237 ml) of
whole milk

Overnight fast of at least
10 h; eat meal in 30 min or
less; drug administered 30
min after start of the meal;
drug administered with
240 ml of water
Overnight fast at least 10
h; drug administered with
240 ml of water; no food
allowed 4 h post-dose

Most oral targeted anticancer therapies are lipophilic and, as such, food can have a strong
influence on absorption. In the daily life of patients, administration of targeted therapies either
with or without food can have several advantages and disadvantages. An advantage of taking
these drugs in the fed state can be that exposure increases and, therefore, a lower dose might be
sufficient to reach a bio-equivalent exposure compared with fasted intake of drugs and, thus,
medicine costs can be reduced. This has been advocated for lapatinib (17). Furthermore, these
23
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agents can have adverse gastrointestinal effects that might be diminished by administration of
the drug together with food. A disadvantage of such administration is that intake and the fat
content of food can vary considerably on a daily basis. This is especially relevant in patients with
advanced cancer, who often experience loss of appetite and adverse gastrointestinal events. By
contrast, administration of drugs in fasting state (i.e., no food intake 2 h before and 1 h after drug
intake) significantly impacts a patient’s daily life, especially for drugs that are taken twice daily
(BID). This becomes increasingly challenging if several drugs need to be combined with different
intake advices, such as in the combination of lapatinib with capecitabine (18).

Effect of pH on bioavailability
Many patients with cancer experience adverse gastrointestinal effects, and ARAs are frequently
used to treat such symptoms. TKIs are mostly weak basic drugs. Such drugs are characterized by
pH-dependent solubility and, at pH 6.0-6.5, the solubility in 250ml of fluid can be less than the
registered dose (19). With elevated pH, many TKIs are increasingly more unionized and, thus, less
soluble in the aqueous environment. In particular, drugs with a pKa in the 1-4 range, such as many
TKIs, undergo a major shift in ionization state with an elevation of pH in the stomach (20).
Physiologically, the gastric pH is approximately 1 and, with ARAs, this can be elevated up to 4
or even higher (21). For ARAs to have an effect on drug absorption, the dose, type of ARA, and
time of administration are all important. ARAs such as antacids, H2 receptor antagonists (H2RAs)
or proton pump inhibitors (PPIs) differ in the duration and strength of pH rise. Antacids
neutralize acid in the esophagus, but generally have no significant effect on gastric pH (22). As
such, these drugs have the smallest effect on drug absorption. H2RAs, such as ranitidine, have
an immediate effect, but a relatively short time of pH elevation. To minimize the effect of
ranitidine on TKI absorption, it can best be administered 2 h after and 10 h before the oral
anticancer agent (23). The effect of a single dose of an H2RA is stronger than the effect of chronic
use, because chronic use (≥ 5 days) leads to tolerance, with a diminished raise in gastric pH
(24). PPIs are the most potent ARAs. They have a slower onset of action, but elevate pH to above
4 for 10-15 h or even longer after administration (21). A PPI will have the smallest effect on
absorption of an oral anticancer agent if the PPI is taken 30 min after taking the drug. Therefore,
in clinical practice, when a patient requires gastric pH elevation and cannot be switched to
H2Ras, the PPI should be taken 30 minutes after taking the oral anticancer agent to minimize
the effect of gastric pH elevation. However, this does not guarantee that the gastric pH is
adequately increased to facilitate dissolution of the TKI and avoid a drug interaction.
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BCS and BDDCS
The Biopharmaceutics Classification System (BCS) classifies drugs based on in vitro
measurements of the aqueous solubility and gastrointestinal membrane permeability, because
these two properties determine the rate and extent of oral drug absorption (Table 2) (25). This
BCS classification is used in the development of new molecular entities, to predict the rate and
extent of drug absorption (16, 26). Furthermore, it is used by the FDA to waiver in vivo
bioavailability and bioequivalence testing of immediate-release solid dosage forms for highly
soluble and highly permeable drugs, when such drug products also exhibit rapid dissolution
(26). Additionally, the BCS classification can be useful to predict the effect of food on the
bioavailability of a drug (Table 2).
A limitation of the BCS classification is that membrane permeability is difficult to determine in
vitro. In an alternative classification system, the Biopharmaceutics Drug Disposition Classification
System (BDDCS), the extent of elimination by metabolism versus unchanged fecal elimination is
used to classify the drugs, which is more easily determined. Given that our focus here is absorption,
and the BCS offers a more direct representation of absorption, we use the BCS classification
throughout. Furthermore, the BCS rather than the BDDCS is currently used by the FDA for in vitro
waivers.
The multiple factors that affect absorption in the presence of food prevent a uniform response,
and it is estimated that the accuracy of the prediction of the effect of food by BCS and/or BDDCS
classification is only approximately 70% (11, 13). Therefore, clinical studies remain required to
determine accurately the effect of food in the clinic.

Table 2. BCS classification
BCS class

Characteristics

Rate-limiting step

Expected effect of
food on drug
absorption

Expected effect of
ARA on drug
absorption

Class 1

High permeability, high
solubility

Gastric emptying rate

AUC , Tmax

AUC 

Class 2

High permeability, low
solubility

Dissolution rate

AUC 

Dependent on pKa

Class 3

Low permeability, high
solubility

Permeation rate

AUC 

AUC 

Class 4

Low permeability, low
solubility

Dissolution and
permeation rate

Cannot be predicted

Dependent on pKa

Key:  : increase,  : decrease, : unchanged
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Methods
In this review, oral targeted therapies, excluding hormonal therapy and oral chemotherapy,
approved for solid tumors by both the FDA and the European Medicines Agency (EMA) until
March 2015 were included. Articles for this review were identified through searches of PubMed
up until March 2015 with the search terms ‘food’, ‘fat’, ‘acid reducing agents’, ‘proton pump
inhibitors’, ‘H2 receptor antagonists’. Additionally, articles were identified through relevant
citations in the selected articles and through a search of relevant abstracts. Only papers published
in English were reviewed. Relevant FDA and EMA reports were also studied. Aspects regarding
distribution, metabolism and elimination are beyond the scope of this review.

Characteristics per drug
The BCS classification and the bioavailability of each drug are described in Table 3. Table 4 and 5
provide an overview of the studies that describe the effect of food and ARAs, respectively, on the
bioavailability of each drug and a summary of the advice as stated in this review. When available,
area under the concentration time curve (AUC) from time 0 to last measurement, rather than AUC
extrapolated to infinite time, is reported. Figure 2 shows the AUC fed:fasting ratio for a high-fat
meal for each drug, with a 90% confidence interval (CI). The clinical relevance of the observed
effect of food and ARAs on drug exposure is recorded from the drug label and is significantly
driven by the interpatient pharmacokinetic variation observed for the specific drug.

Angiogenesis inhibitors
Axitinib
Axitinib is a vascular endothelial growth factor (VEGF) inhibitor indicated for the treatment of
patients with metastatic renal cell carcinoma (mRCC). It is a BCS class 2 drug, whereby an increase
in AUC when administered with food can be expected (27). However, administration of axitinib
with a moderate fat meal led to an AUC fed:fasting ratio of 0.90 (0.80-1.01), whereas with a highfat meal the ratio was 1.19 (1.06-1.34) (28). Given the large interindividual variation in exposure
to axitinib, these influences are considered not to be clinically relevant (28, 29). Therefore, it is
advised that the drug can be taken with or without food.
Axitinib has pH dependent solubility, and is barely soluble above pH 2.9 (27). By contrast, in six
patients with advanced solid tumors, administration of axitinib with rabeprazole 20 mg once
daily (OD) for 5 days affected the extent of absorption only slightly, because the AUC ratio
with:without rabeprazole was 0.85 (0.59-1.23), which is not considered to be clinically relevant
(27, 30). Therefore, on both the FDA- and EMA-approved drug labels, the use of ARAs is not
contraindicated (29, 31). Given the strong pH-dependent solubility and the small study this advice
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Table 3. BCS classification and bioavailability for the oral targeted drugs
Class

Drug

BCS

Bioavailability (%)

References

TKI VEGF

Axitinib

2

58

[28]

Pazopanib

2

21

[32]

Regorafenib

2

69

[37]

Sorafenib

2

n.d.

[39]

Sunitinib

4

n.d.

[49]

Afatinib

1 or 3

n.d.

[57]

Erlotinib

2

59-76

[60,123]

Gefitinib

2

59

[69]

Dabrafenib

2

95

[75]

Trametinib

2

72

[124]

Vemurafenib

4

n.d.

[84]

Cabozantinib

2

n.d.

[87]

Crizotinib

4

43

[91]

Imatinib

2

98

[94]

Lapatinib

4

n.d.

[115]

Vandetanib

2

n.d.

[107]

Everolimus

3

16-30

[125,126]

Olaparib

4

n.d.

[115]

Vismodegib

2

32

[120]

TKI EGFR

TKI BRAF/MEK

Other TKIs

Non-TKI

2

Key: F : Bioavailability, n.d : not determined

is based on, we advise to exert caution with prescribing ARAs in combination with axitinib.
The interpatient variability in axitinib exposure is high (90%) in the fasted state and is somewhat
reduced (77%) in the fed state (30). However, this large interpatient variability appears to be
mostly independent of absorption.
Pazopanib
Pazopanib is a multitargeted TKI indicated for the treatment of patients with mRCC and advanced
soft tissue sarcoma. As a BCS class 2 drug, an increase in AUC when administered with food is
expected (32). Indeed, administration of pazopanib with a low-fat meal led to a strong increase
in AUC, with AUC fed:fasting ratio of 1.92 (1.24-2.98) (33). The high-fat condition showed an even
stronger effect, with an AUC ratio of 2.34 (1.64-3.35) (33). To minimize variability in systemic
exposure, it is advised that pazopanib should be administered in the fasted state (33).
Pazopanib is slightly soluble at pH 1.1 and practically insoluble above pH 4. As such, pazopanib
is susceptible to decreased absorption at higher pH values. Consistently with this, a clinical study
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Figure 2. AUC fed:fasting ratio with a high-fat meal for each drug shows a significant food effect for cabozantinib, gefitinib,
and regorafenib and a very strong food effect for lapatinib, pazopanib, and vemurafenib

showed that concomitant administration of esomeprazole with pazopanib decreases the AUC of
pazopanib by approximately 40% (34). Therefore, concomitant use of ARAs with pazopanib should
be avoided (35).
Pazopanib has incomplete and saturable absorption, resulting in low bioavailability (21%) and, as
such, is particularly sensitive to influences on the absorption process (32). Thus, the variation in
absorption of pazopanib significantly adds to the large variability (76%) in pazopanib exposure (36).
Regorafenib
Regorafenib is a multitargeted TKI indicated for the treatment of patients with metastatic
colorectal cancer and gastrointestinal stromal tumor (GIST). A low-fat meal moderately increased
the overall exposure of regorafenib and its active metabolites, M2 and M5, with an AUC fed:fasting
ratio of 1.36, 1.40, and 1.23 respectively (37). A high-fat meal also increased the overall exposure
of regorafenib with a fed:fasting ratio of 1.48. The metabolites formed downstream (M2 and M5)
showed a surprising and unexplained decrease in exposure of 0.80, and 0.49 respectively (37).
An increase in AUC is in line with the BCS class 2 classification (37). Given that regorafenib was
administered with a low-fat meal during the Phase III registration trials, this intake regimen is
advised in the drug label (38).
Regorafenib shows poor solubility, independent of pH (37). No studies have been performed to
analyze the effect of ARAs on regorafenib bioavailability, but no effect is expected. Therefore, the
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use of ARAs is not contraindicated. Importantly, regorafenib shows saturated absorption at
dosages exceeding 80 mg. Therefore, regorafenib exposure does not increase dose proportionally
from 80 to 160 mg (37).
The interpatient variability in regorafenib exposure after multiple dosing is high (43-86%), which
is likely to be partially caused by variability in absorption (37). The low-fat meal led to the smallest
interpatient variability (37).
Sorafenib
Sorafenib is a multikinase TKI indicated for the treatment of patients with mRCC and unresectable
hepatocellular carcinoma. Two food effect studies for sorafenib have been performed. In healthy
volunteers, administration of sorafenib with a moderate-fat meal led to a nonsignificantly
increased AUC fed:fasting ratio of 1.14 (0.89-1.44). By contrast, with a high-fat meal, a decreased
fed:fasting ratio was observed of 0.71 (0.56-0.91) (39). A second small study (n=3 versus n=3) in
patients with a solid tumor showed that intake of food before a 400-mg dose of sorafenib led to
an AUC fed:fasting ratio of 0.77 (40). However, in this study highly variable sorafenib exposures
were seen, probably because of the small sample size and the lack of a crossover design. The
decrease in bioavailability with a high-fat meal is unexpected for a BCS class 2 drug (39). The
decreased bioavailability might be a result of the raised gastric pH, because food can raise the
gastric pH up to 4.9 and sorafenib solubility decreases at a pH of 4.5 or above (39, 41). The FDAapproved label advises that sorafenib should be administered fasted (42). By contrast, the EMAapproved drug label advises that sorafenib can either be administered fasted or with a low- or
moderate-fat meal (43).
The co-administration of omeprazole 40 mg OD for 5 days did not result in a clinically meaningful
change in sorafenib exposure (42). Therefore, the FDA-approved label advises that no dose
adjustment for sorafenib is necessary during administration of ARAs. However, in a Phase II study
of sorafenib combined with erlotinib in patients with non-small cell lung cancer (NSCLC), 15
patients taking PPIs had mean sorafenib trough concentrations of 67% on day 7 (P=0.02) and
61% on day 21 (P=0.003), compared with the concentrations measured in 35 patients not taking
PPIs (44). A decreased exposure in the presence of PPIs is in agreement with the reduced solubility
with pH above 4.5. Therefore, the co-administration of sorafenib with ARAs is not recommended.
Given that sorafenib has to be taken twice daily, even a short-acting ARA would affect the
solubility of sorafenib. Given that absorption of sorafenib is saturable, increasing the dose would
not lead to a proportional increase in exposure (39).
The interpatient variability in exposure of sorafenib is high (5–83%), which can partially be the
result of variable, moderate, and saturated absorption (40, 45-48).
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Sunitinib
Sunitinib is a multitargeted TKI indicated for the treatment of patients with mRCC, GIST and
pancreatic neuroendocrine tumors (pNET) (49, 50). Food does not affect sunitinib bioavailability
to a clinically significant extent, because the AUC fed:fasting ratio was only 1.12 (90% CI 1.08-1.16)
(51). Therefore, it is advised that sunitinib cab be taken with or without food (52). The classification
of sunitinib as a BCS class 4 drug does not represent its absorption characteristics, because its
solubility is high up to a pH of 6.8 and its oral bioavailability is good (49, 53). As such, the
absorption characteristics better align with class 1 characteristics. No published data are available
for the effect of ARAs on the absorption of sunitinib, but no effect is expected given the high
solubility over a broad range of pH and the absent effect of major gastrectomy on sunitinib
exposure (54).
Consistent with the lack of food and ARA effect, the interindividual variability in sunitinib exposure
(AUC) is relatively low (30%) (51, 55).

EGFR TKIs
Afatinib
Afatinib is an epidermal growth factor receptor (EGFR) inhibitor indicated for patients with
metastatic NSCLC whose tumors have EGFR mutations. Administration of afatinib 40 mg with a
high-fat meal decreased AUC significantly, with an AUC fed:fasting ratio of 0.61 (0.50-0.75) (56).
Given that permeability could not be determined in vitro, afatinib is classified as a BCS class 1 or
3 drug (57). The observed food effect is in agreement with what is expected from a BCS class 3
drug. It is advised that the drug should be taken without food.
Afatinib is highly soluble in water up to a pH of 6 and, thus, an effect of ARAs on solubility is not
expected (57). Therefore, the use of ARAs is not contraindicated, although the effect of ARAs on
afatinib exposure has yet to be formally studied. Despite the lack of food and ARA effect, the
interpatient variability of afatinib exposure is high (53-221%) (58, 59). This is mainly explained by
factors other than absorption challenges.
Erlotinib
Erlotinib is an EGFR inhibitor indicated for the treatment of patients with NSCLC harboring an
EGFR mutation or patients with pancreatic cancer. A multiple-dosing food study showed that
erlotinib administration with food led to a significantly higher AUC compared to fasted
administration, with an AUC fed:fasting ratio of 1.34 (0.87-2.07) (60). This increase in AUC is
consistent with the BCS class 2 classification (61). To reduce variation in absorption, the advice is
to take erlotinib in the fasted state.
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Erlotinib has limited solubility at a pH above 5.4. One pharmacokinetic study and two population
studies described the effects of co-administration of ARAs with erlotinib. In the pharmacokinetic
study, administration of erlotinib with omeprazole led to an AUC with:without omeprazole ratio
of 0.54 (0.49-0.59) (62). Administration with 300 mg ranitidine OD showed an AUC with:without
ranitidine ratio of 0.67 (0.61-0.74) (62). However, when ranitidine 150 mg BID was dosed 2 h after
and 10 h before erlotinib, the erlotinib AUC with:without ranitidine ratio was only 0.85 (0.78-0.93)
(62). A retrospective analysis of 109 erlotinib users at one point taking either PPIs or H2RAs
compared with 295 erlotinib users without ARAs, showed no difference in median plasma erlotinib
level or outcome (63). Another study compared erlotinib exposure in erlotinib users with and
without ARAs. This study also showed no significant difference in erlotinib exposure (64). The
duration and intake time of ARAs in relation to erlotinib was not specified in either study, limiting
the interpretation of these results. A third study showed that 124 ARA users had a significantly
worse progression free survival (1.4 versus 2.3 months, P <0.001) and overall survival (12.9 versus
16.8 months, P =0.003) compared with 383 non-ARA users, while comorbidity indices were similar
between groups (65). No pharmacokinetic analysis was performed in this study and, thus, the
causality of this effect is unclear. We advise that, if an ARA is necessary during erlotinib treatment,
an antacid is preferred. Alternatively, ranitidine can be administered 2 h after and 10 h before
erlotinib (23).
The variability in absorption potentially contributes to the large interindividual variability in
erlotinib exposure (40-57%) (66, 67).
Gefitinib
Gefitinib is an EGFR inhibitor indicated as monotherapy for patients with locally advanced NSCLC
with an activating mutation of EGFR. As a BCS class 2 drug, an increase in AUC when administered
with food can be expected (68). In a crossover study in 25 healthy subjects receiving a single dose
of 250 mg gefitinib with and without food, the AUC fed:fasting ratio was 1.37 (1.24-1.51) (69).
Despite this substantial food effect, it was considered not clinically significant, taking into account
the large interpatient variability in exposure. As such, the FDA- and the EMA-approved label advise
that gefitinib can be administered with or without food (68). The relatively large effect of food
on gefitinib exposure should be considered when patients experience toxicities while taking
gefitinib with food. However, the clinical registration trials were performed under fasted intake
of gefitinib (70, 71).
Gefitinib is poorly soluble from a pH above 4. Gefitinib exposure is reduced by co-administration
after two doses of ranitidine 450 mg, with an AUC with:without ranitidine ratio of 0.53 (0.47-0.60)
(68). A retrospective analysis of 43 patients with NSCLC treated with gefitinib did not show signs
of reduced efficacy due to concomitant ARA use: 28 patients who simultaneously used PPIs or
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Design

40 mg single
dose

5 mg single
dose

175 mg single
dose

250 mg single
dose

150 mg single
dose

100 mg for 7
days

10 mg single
dose

250 mg single
dose

400 mg
continuous
dosing

Drug

Afatinib

Axitinib

Cabozantinib

Crizotinib

Dabrafenib

Erlotinib

Everolimus

Gefitinib

Imatinib
Fasted
Fed

10

Fed

10

Fasted

High-fat

24

25

Low-fat

25

Fasted

24

High-fat

24

Fasted

5-6

High-fat

8

Fasted

14

High-fat

12

14

Fasted

12

High-fat

47

High-fat

29
Fasted

Moderate-fat

47

Fasted

27

Fed

25

Fasted

13

Condition

13

N

Table 4. Effect of food on drug bioavailability

33.221

36.342

3.118

2.281

not reported

not reported

not reported

18.823

13.739

8.329

11.842

2.475

2.886

89.8

57.0

0.162

0.125

0.145

0.414

0.676

Mean AUC
(mg*h/L)

0.91

1.37 (1.24-1.51)

0.67

0.78

1.34 (0.87-2.07)

0.70 (0.58-0.85)

0.86 (0.79-0.93)

1.57 (1.36-1.82)

1.19 (1.06-1.34)

0.90 (0.80-1.01)

0.61 (0.50-0.75)

AUC fed:fasted
ratio (90% CI)

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Food
effect?

Can be administered with or without
food

Can be administered with or without
food

Considered not clinically relevant. It is
advised that everolimus is
consistently taken either with or
without food

Should be administered without food

Should be administered without food

Considered not clinically relevant.
Can be administered with or without
food

Should be administered without food

Considered not clinically relevant.
Can be administered with or without
food

Should be administered without food

Expert opinion dosing advice

[99]

[69]

[111]

[60]

[76]

[92]

[88]

[28]

[56,57]

References
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1500 mg single
dose

Lapatinib

400 mg single
dose

800 mg single
dose

160 mg single
dose

Olaparib

Pazopanib

Regorafenib

1250 mg single
dose

Design

Drug

Table 4. Continued

Low-fat

High-fat

24

24

High-fat

12
Fasted

Fasted

12

24

Low-fat

12

High-fat meal

27
Fasted

Standard meal

29

12

Fasted

High-fat

12

29

Low-fat

12

High-fat

27
Fasted

Low-fat

12

Fasted

27

Condition

27

N

0.80 (0.66-0.97)
0.49 (0.40-0.59)

M2: 21.94
M5: 6.22

1.23 (1.01-1.49)

M5: 15.67

1.48 (1.34-1.64)

1.40 (1.15-1.69)

M2: 38.28
Regorafenib:
67.27

1.36 (1.23-1.50)

2.34 (1.64-3.35)

1.92 (1.24-2.98)

1.20 (1.09-1.32)

1.19 (1.08-1.32)

2.61 (1.98-3.43)

1.80 (1.37-2.37)

4.25 (3.60-5.02)

2.67 (2.26-3.16)

AUC fed:fasted
ratio (90% CI)

Regorafenib:
61.75

M5:12.77

M2: 27.43

Regorafenib:
45.39

803

367

566

292

69.6

69.2

58.0

48.7

32.7

17.5

60.9

38.6

14.5

Mean AUC
(mg*h/L)

Yes

Yes

Yes

Yes

Yes

Yes

Food
effect?

It is advised that regorafenib is taken
with a low-fat meal

Should be administered without food

Conflicting advices in FDA and EMA
approved label. The clinical relevance
of the food effect can be disputed.

Should be administered without food

Expert opinion dosing advice

[37]

[33]

[116]

[104]

[103]

References
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34

400 mg single
dose

50 mg single
dose

2 mg single
dose

300 mg single
dose

960 mg single
dose

150 mg single
dose

Sorafenib

Sunitinib

Trametinib

Vandetanib

Vemurafenib

Vismodegib

150 mg OD, for
14 days

Design

Drug

Table 4. Continued

Fed

3

Fed

27

High-fat

20
Fasted

Low-fat

25

Fasted

18

Fed

22

Fasted

14

High-fat

15

Fasted

14

High-fat

22

15

Fasted

22

High-fat

Fasted

3

14

High-fat

15

Fasted

Moderate-fat

16

Fasted

15

Condition

14

N

290.896

238.740

723.822

466.566

416.635

359.9

119.0

21.288

21.291

0.196

1.22 (1.00-1.48)

1.74 (1.25-2.42)

1.12 (0.84-1.49)

4.70 (2.80-8.00)

1.00 (0.96-1.05)

0.76 (0.70-0.83)

0.92 (0.89-0.96)

0.258

1.12 (1.08-1.16)

SU12662: 0.544

0.77

0.71 (0.56-0.91)

1.14 (0.89-1.44)

AUC fed:fasted
ratio (90% CI)

Sunitinib: 1.751

SU12662: 0.573

Sunitinib: 1.476

82.3

107.0

50.18

78.94

72.52

Mean AUC
(mg*h/L)

Yes

Yes

No

No

No

Yes

Food
effect?

Can be administered with or without
food

Drug label advises that can be taken
with or without food. Caution, as
exposure can vary significantly with
intake with or without food

Can be administered with or without
food

Should be administered without food

Can be administered with or without
food

Expert opinion dosing advice

[121]

[86]

[108]

[80]

[51]

[40]

[39]
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H2RAs had similar response rates compared with 15 patients who did not receive PPIs or H2RAs
(72). Based on the convincing pharmacokinetic data, it is advised that ARAs should be avoided if
possible.
The interpatient variability of gefitinib in AUC is high (45–103%), which can be partially explained
by variation in absorption (73, 74).

BRAF and MEK inhibitors
Dabrafenib
Dabrafenib is a BRAF inhibitor indicated for the treatment of patients with unresectable or
metastatic melanoma with BRAF V600 mutation. Administration of a single dose of dabrafenib
with a high-fat meal decreased AUC significantly, with an AUC fed:fasting ratio of 0.70 (0.58-0.85)
(75, 76). This decrease is in contrast with the BCS class 2 classification (75), possibly because of
the elevation of gastric pH by concomitant food intake (76). It is advised that dabrafenib is taken
at least 1 h before or 2 h after a meal, consistent with the use in the pivotal Phase III trials (77).
This has considerable impact for patients, because dabrafenib is dosed twice daily.
No studies investigating the effects of ARAs on systemic exposure of dabrafenib have been
performed, but a decrease in absorption is expected with the use of ARAs given that dabrafenib
is slightly soluble at pH 1 and practically insoluble at pH above 4 (77). Therefore, it is advised not
to use ARAs concurrently (78).
Despite its poor solubility, dabrafenib absorption is high, with a mean absolute bioavailability of
95% (79). Consistent with this, the variability of exposure at steady-state is relatively low (38%)
(77).
Trametinib
Trametinib is a mitogen-activated protein kinase kinase (MEK) inhibitor indicated for the treatment
of patients with unresectable or metastatic melanoma with BRAF V600E or V600K mutations.
Administration of a single 2 mg dose of trametinib with a high-fat, high-calorie meal led to an
AUC fed:fasting ratio of 0.76 (0.70-0.83) (80). This decreased AUC ratio was unexpected, given that
trametinib is a class 2 BCS drug (81). It might be that food influences the permeability or intestinal
metabolism of trametinib. Consistent with the observed effect, the FDA- and EMA-approved
labels advise that trametinib is taken at least 1 h before or 2 h after a meal (82, 83).
No studies investigating the effects of ARAs on systemic exposure of trametinib have been
performed, but trametinib solubility appears independent of pH and, therefore, no effect of ARAs
is expected (81). As such, the use of ARAs is not contraindicated with trametinib monotherapy.
Consistent with the low variability in absorption and the high mean absolute bioavailability (72%),
the interpatient variability in exposure of trametinib at steady state is low (22%) (81).
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Design

n.a.

5 mg multiple dosing

100 mg single dose

250 mg single dose

n.a.

150 mg single dose

n.a.

Drug

Afatinib

Axitinib

Cabozantinib

Crizotinib

Dabrafenib

Erlotinib

Everolimus

No H2RA
Ranitidine 150 mg BD for
5 days, erlotinib
administration 10 hours
after and 2 hours before
ranitidine dose
Ranitidine 300 mg OD for
5 days, erlotinib
administration 2 hours
after ranitidine dose

24
24

24

n.a.

Omeprazole 40 mg OD for
7 days

24

n.a.

No PPI

24

n.a.

Esomeprazole 40 mg OD
for 5 days

16
n.a.

No PPI

Esomeprazole 40 mg OD
for 6 days

16

No PPI

21

Rabeprazole 20 mg OD for
5 days

21

No PPI

6

n.a.

Condition

6

n.a.

N

Table 5. Effect of ARAs on drug bioavailability

No data

13.600

17.000

19.500

7.270

13.500

No data

Not
reported

58.088

53.962

0.345

0.404

No data

Mean AUC
(mg*h/L)

No data

0.67 (0.61-0.74)

0.85 (0.78-0.93)

0.54 (0.49-0.59)

No data

0.90

1.08 (0.97-1.20)

0.85 (0.59-1.23)

No data

AUC ratio
with:without ARA
(90% CI)

No data

Yes

No data

No

No

No

No data

ARA
effect?

The use of ARAs is not
contraindicated

The use of PPIs is contraindicated. If
ranitidine 150mg BID is prescribed,
administer this 2 h after and 10 h
before erlotinib administration

Practically insoluble at pH above 4.
Avoid the use of ARAs

The use of ARAs is not
contraindicated

No ARA effect observed. Caution is
advised considering solubility
strongly decreases at pH > 4

No significant ARA effect observed.
Caution is advised considering
solubility strongly decreases at pH >
2.9

The use of ARAs is not
contraindicated

Expert advice regarding ARAs

[62]

[77]

[93]

[88]

[27]

Reference
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Design

250 mg single dose

400 mg single dose

1250 mg OD for 7
days

n.a.

800 mg multiple
dosing

n.a.

400 mg BID combined
with erlotinib 150 mg
OD multiple dosing

n.a.

n.a.

Drug

Gefitinib

Imatinib

Lapatinib

Olaparib

Pazopanib

Regorafenib

Sorafenib

Sunitinib

Trametinib

Table 5. Continued

n.a.

n.a.

n.a.

With PPI

15
n.a.

No PPI

27

n.a.

Esomeprazole 40 mg OD
for 5 days

n.a.

No PPI

12

n.a.

12

n.a.

Esomeprazole 40 mg OD
for 4 days

With Mg/Al

12
No PPI

No antacid

12

13

Omeprazole 40 mg OD for
5 days

13

No PPI

12

Elevation of gastric pH > 5
by 450 mg ranitidine 13 h
and 1 h before the
gefitinib dose, if necessary
supplemented with
sodium bicarbonate

26

12

No H2RA

Condition

26

N

No data

No data

0.95 mg/L*

1.55 mg/L*

No data

512

848

No data

24.3

32.7

32.6

31.7

33.1

34.1

1.81

3.25

Mean AUC
(mg*h/L)

No data

No data

0.61

No data

0.60 (0.52-0.70)

No data

0.77 (0.62-0.88)

1.04 (0.96–1.12)

1.07 (0.87- 1.07)

0.53 (0.47-0.60)

AUC ratio
with:without ARA
(90% CI)

No data

No data

Yes

No data

Yes

No data

Yes

No

No

Yes

ARA
effect?

[44]

Conflicting data. Caution is advised
with the use of ARAs

The use of ARAs is not
contraindicated

The use of ARAs is not
contraindicated

The use of ARAs is not
contraindicated

[34]

[105]

[101]

[100]

[68]

Reference

Avoid the use of ARAs

The use of ARAs is not
contraindicated

Avoid ARAs when possible

The use of ARAs is not
contraindicated

Avoid the use of ARAs

Expert advice regarding ARAs
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2

37

38

300 mg single dose

n.a.

n.a.

Vandetanib

Vemurafenib

Vismodegib

No H2RA
Ranitidine 150 mg OD for
2 days

15
16

n.a.

n.a.

n.a.

Omeprazole 40 mg OD for
5 days

n.a.

No PPI

14

Condition

16

N

Key: n.a.: not applicable, *: mean plasma concentration

Design

Drug

Table 5. Continued

No data

No data

20.200

19.920

18.780

20.010

Mean AUC
(mg*h/L)

No data

No data

1.01 (0.96-1.07)

0.94 (0.89-0.99)

AUC ratio
with:without ARA
(90% CI)

No data

No data

No

No

ARA
effect?

Decrease in exposure, clinical
relevance is disputed. Caution with
the use of ARAs is advised

The use of ARAs is not
contraindicated

The use of ARAs is not
contraindicated

Expert advice regarding ARAs

[122]

[109]

Reference
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Vemurafenib
Vemurafenib is a BRAF inhibitor indicated for the treatment of patients with advanced melanoma
with BRAF mutation. It has limited oral absorption, because both solubility and permeability are
low (84). As a BCS class 4 drug, a food effect cannot be predicted (84). In all clinical trials, including
the Phase III BRIM-3 trial, vemurafenib was administered without regard to food and, as such, the
FDA-approved label indicates that it can be taken with or without food (84). The EMA-approved
label states that vemurafenib ‘may be taken with or without food, but consistent intake of both
daily doses on an empty stomach should be avoided (85). However, a single dose study with 15
patients showed that the vemurafenib AUC fed:fasting ratio was 4.70 (2.80-8.00) (86). This study
is limited by the small number of patients included and the single dosing design, but the clinically
highly relevant finding should be considered when vemurafenib is administered.
No clinical studies on the interaction of vemurafenib and ARAs were performed, but considering
vemurafenib solubility is not pH dependent, no effect of ARAs on vemurafenib absorption is
expected (84). Despite the BCS class 4 characteristics, the interpatient variability in
pharmacokinetics was originally reported as low, with variability in AUC of 38% (84). However, a
later study showed higher interindividual variability, with variability in AUC of 53% in fed state,
compared to 95% in the fasting state (86).

Other TKIs
Cabozantinib
Cabozantinib is a MET, RET and VEGF receptor 2-targeted TKI approved for the treatment of
metastatic medullary thyroid cancer. As a BCS class 2 drug, an increase in AUC when administered
with food would be expected (87). Administration of a single dose of cabozantinib with a high-fat
meal indeed led to an AUC fed:fasting ratio of 1.57 (1.35-1.82) (88). Therefore, it is advised that
patients do not eat for at least 2 h before and at least 1 h after taking cabozantinib (89).
The solubility of cabozantinib is pH-dependent with a rapid decrease in solubility at a pH above
4 (87). In a crossover study, 21 healthy subjects received esomeprazole delayed-release capsule
40 mg OD for 6 consecutive days, and were administered a single dose of cabozantinib 1 h after
the last dose of esomeprazole. In these subjects, administration with esomeprazole showed no
difference in AUC, with an AUC with:without esomeprazole ratio of 1.09 (0.98-1.21) (88). Therefore,
the use of ARAs is not contraindicated. However, the design of this study hampers the
interpretation of these data, because the pH does not rise above 4 until 3 h after administration
of esomeprazole (90). Therefore, the timing of PPI administration to accurately monitor the effect
of PPIs is important.
Despite the presence of a food effect, the intersubject variability in exposure for cabozantinib in
cancer patients after repeated dosing is relatively low (38-43%) (87).
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Crizotinib
Crizotinib is a multitargeted TKI indicated for the treatment of patients with anaplastic lymphoma
kinase (ALK)-positive advanced NSCLC. As a BCS class 4 drug, a food effect cannot be predicted
for crizotinib (91). A crossover study showed that administration of a single 250-mg dose of
crizotinib with a high-fat meal led to a small decrease in bioavailability, with an AUC fed:fasting
ratio of 0.86 (0.79-0.93) (92). This small decrease is not considered to be clinically relevant.
Therefore, crizotinib may be taken with or without food (91).
The aqueous solubility of crizotinib is pH dependent. Administration of a single dose of 250 mg
crizotinib following 5 days of treatment with esomeprazole 40 mg OD resulted in a 10% decrease
in AUC, which is considered not clinically meaningful (93). Therefore, the use of ARAs is not
contraindicated.
Despite the BCS class 4 characteristics, the interpatient variability in pharmacokinetics is low
(36-38%) (91).
Imatinib
Imatinib is a multitargeted TKI, indicated for the treatment of GIST and for several hematological
indications. It shows rapid dissolution over a pH range of 1.0 to 6.8, which classifies imatinib as a
class 2 drug (94). However, imatinib acts as a class 1 drug because it is rapidly and nearly
completely absorbed with an absolute bioavailability of 98% (94-98). Administration of imatinib
immediately after a high-fat meal led to a non-significant decrease in exposure, with an AUC
fed:fasting ratio of 0.91 (99). The FDA- and EMA-approved labels advise to administer imatinib
with food to reduce gastrointestinal irritation. Regarding the effect of food on imatinib
pharmacokinetics, it can be taken with or without food.
With a good solubility of up to a pH of 6.8, imatinib AUC was consistently not affected by coadministration with omeprazole (ratio with:without PPI 1.07) or an antacid (ratio with:without
antacid 1.04) (100, 101). Therefore the use of ARAs is not contraindicated.
Despite its excellent absorption, the intersubject variability in AUC for imatinib is large (51%) and
is potentially caused by variation in metabolism and elimination (96).
Lapatinib
Lapatinib is a human epidermal growth factor 2 (HER2) and EGFR inhibitor indicated in
combination therapy for the treatment of patients with metastatic HER2-positive breast cancer.
As a BCS class 4 drug, a food effect cannot be predicted (102). Two food studies for lapatinib have
been performed, both showing a pronounced effect on exposure. The first study showed that
AUC fed:fasting ratio with a low-fat breakfast was 2.67 (2.26-3.16), and with a high-fat breakfast
was 4.25 (3.60-5.02). Consistent with the large influence of food on absorption, absolute variability
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in systemic exposure was increased in the fed state (103). The second study showed a comparable
result with an AUC fed:fasting ratio with a low-fat meal of 1.80 (1.37-2.37) and with a high-fat
meal of 2.61 (1.98-3.43) (104). Absolute bioavailability of lapatinib is undetermined, but can be
presumed to be low (<25%). Considering the strong and dose-dependent effect of food, it is
advised that lapatinib is taken without food. However, others have proposed that a study should
be performed with lapatinib in a lower dose while administered with food (17).
The solubility of lapatinib declines rapidly at pH above 4 (105). Consistently with this,
administration of esomeprazole during lapatinib resulted in an AUC with:without esomeprazole
ratio of 0.77 (0.62-0.88) (105). The clinical relevance of this decrease is disputed, because the
FDA-approved label states that the decrease in AUC is not clinically meaningful, whereas the
EMA-approved label states that the use of ARAs should be avoided, because absorption might
be decreased. We advise to avoid ARAs when possible.
Consistent with the strong food effect and the ARA effect, the interpatient variability in lapatinib
AUC is high (70%) (106).
Vandetanib
Vandetanib is a VEGFR, RET and EGFR inhibitor indicated for the treatment of patients with
medullary thyroid cancer. It is classified as a BCS class 2 drug as a result of the strict limits for the
solubility criterion in the BCS classification (107). However, in clinical practice, it behaves as a BCS
class 1 drug, as demonstrated by an AUC fed:fasting ratio of 1.0 (0.96-1.05) (108). As such,
vandetanib can be taken with or without food.
The solubility of vandetanib only decreases at a pH above 6.0 (107). Therefore, an effect of ARAs
is not expected. A clinical study confirmed that co-administration of vandetanib with omeprazole
or ranitidine did not affect vandetanib exposure (109). Therefore, the use of ARAs is not
contraindicated.
The variability in absorption of vandetanib is low, but the intersubject variability in vandetanib
exposure is high (58%), which is caused by other pharmacokinetic factors (107).

Non-TKI oral targeted drugs
Everolimus
Everolimus is a mammalian target of rapamycin (mTOR) inhibitor indicated for the treatment of
mRCC, pNET and metastatic breast cancer. In a multiple dosing pharmacokinetic study in renal
transplantation patients receiving everolimus 2.5 mg OD, a high-fat meal led to an AUC fed:fasting
ratio of 0.79 (0.57-1.10) (110). At doses of 10 mg OD as used in cancer treatment, the total
everolimus exposure decreased by 22% to 33% after intake of a low- or high-fat meal, respectively
(111). The decrease in AUC with food is in line with the BCS class 3 drug characteristics (112).
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Considering the large interpatient variability in exposure this is not a clinically significant effect.
To reduce variability in exposure, it is advised that everolimus is taken consistently either with or
without food.
The solubility of everolimus is not pH dependent, because it is well soluble over the pH range
2–10 (5). Therefore, the use of ARAs is not contraindicated. Consistent with the absence of a
significant food or ARA effect, the variability in everolimus exposure is considered moderate (3645%) (112-114).
Olaparib
Olaparib is a poly ADP-ribose polymerase inhibitor indicated as monotherapy in patients with
germline BRCA-mutated advanced ovarian cancer. As a BCS class 4 drug, a food effect cannot be
predicted (115). Administration of olaparib with a standard meal or a high-fat meal led to an AUC
fed:fasting ratio of 1.19 (1.08-1.32) and 1.20 (1.09-1.32), respectively (116). The interpatient
variability in olaparib exposure was the lowest in the high-fat condition (72%) compared with
92% for fasted and 98% for standard meal (116). The FDA-approved drug label considered this
effect as clinically not significant and, therefore, this label recommends that olaparib be dosed
without regards to food (117). The EMA-approved label states that no food should be taken 1 h
before and 2 h after intake of olaparib (118). Given the high interpatient variability in exposure
(71-102%), the clinical relevance of the food effect can be disputed (115). Administration of
olaparib with food can be beneficial because it might improve gastrointestinal tolerability of
olaparib (115).
No clinical studies regarding the effect of ARAs on olaparib have been performed, but olaparib
shows low solubility independent of pH and, therefore, no effect is expected (115). The use of
ARAs is not contraindicated. The high interpatient variability in exposure to olaparib is not
explained by absorption issues.
Vismodegib
Vismodegib is a Hedgehog pathway inhibitor indicated for the treatment of patients with
metastatic basal cell carcinoma (119). As a BCS class 2 drug, an increase in AUC when administered
with food is expected (120). Administration of a single dose of vismodegib with a high-fat meal
led to an AUC fed:fasting ratio of 1.74 (1.25-2.42). However, after daily dosing, AUC was only
minimally affected by food intake, with a fed:fasting ratio of 1.22 (1.00-1.48) (121). Therefore,
vismodegib can be taken without regard to meals.
Vismodegib has pH dependent solubility, with a fast decline in solubility between pH 1 and 7
(119). In a study where rabeprazole 20 mg was administered 2 h before each vismodegib
administration, the unbound drug concentrations of vismodegib were decreased by 33% (122).
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This effect was considered not to be clinically significant in the EMA- and FDA-approved label,
and, thus, it is advised that the use of ARAs is not contraindicated. However, in a retrospective
study, it was reported that the objective response rate was lower in 11 patients receiving ARAs
compared with 22 patients not receiving ARAs (25.9% versus 43.5%) (120). Increasing the dose
of vismodegib is not likely to compensate for this decrease in solubility, because saturated
absorption occurs and exposure does not increase dose proportionally from 270 to 540 mg
vismodegib (119).
The interpatient variability in exposure was 49%, which is probably the result of variability in
metabolism and elimination (120).

Discussion
Oral molecularly targeted therapies have brought significant clinical benefit for patients with
different types of cancer. However, these agents show large variations in drug exposure. Given
that absorption is limited and even saturable for some of these drugs, this process can contribute
significantly to the large interpatient variability observed. Therefore, the process of absorption
of these drugs can affect treatment outcome and, thus, requires awareness from physicians.
This review presents the absorption aspects of 19 oral targeted anticancer agents and provides
tools to interpret and manage effects of food and ARAs on drug absorption. For many oral targeted
anticancer agents, the bioavailability increases by intake with food. This effect is most pronounced
for pazopanib, vemurafenib, and lapatinib. The BCS classification correctly predicts the food effect
for many class 1 and 3 drugs. For several BCS class 2 drugs, the observed food effect was discordant
with the expectation. Some of these drugs already have excellent bioavailability and, therefore,
food cannot improve absorption further. Furthermore, drugs with a relatively low pKa are affected
by food because this can elevate gastric pH and thereby reduce solubility. Another limitation of
the BCS classification is that it predicts absorption based on biochemical properties and does not
take active transport into account, although most of these drugs are substrates to active transport.
Therefore, clinical food studies are still indispensable to determine the effect of food on absorption
of a drug in real life. Knowledge of the effect of food on absorption is important to warrant
adequate exposure.
Given the pH-dependent solubility of some of these oral targeted oncolytic therapies, their
exposure can be decreased by the use of ARAs. This effect is clinically relevant for gefitinib,
erlotinib, and pazopanib, and possibly also for sorafenib, axitinib, dabrafenib, lapatinib,
cabozantinib, and vismodegib. When ARAs are co-administered, the timing of administration
between the anticancer drug and the ARA is important.
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In 4 out of the 19 described drugs, the FDA- and the EMA-approved labels give conflicting advices
regarding the concomitant use of either food or ARA. This illustrates that a critical appraisal of
the drug label and preclinical and clinical data regarding the interactions with food and ARAs by
clinicians is warranted.
We argue for more awareness regarding absorption in both clinical practice and drug
development. In daily practice, improvement is possible if clinicians are aware of the possible
influences of food and ARAs and discuss these effects with their patients. In the development of
new oral targeted drugs, food studies are essential during dose finding in Phase I and II studies
to maximize the potential of anticancer agents.
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Abstract
Background
Treating breast cancer patients with everolimus and exemestane can be challenging due to
toxicity and suboptimal treatment responses.

Objective
We investigated whether everolimus exposure and early metabolic response are predictors for
toxicity and effectiveness in these patients.

Patients and methods
We performed pharmacokinetic assessments 14 and 35 days after starting treatment. [18F]
fluorodeoxyglucose-positron emission tomography (18F-FDG-PET) was performed at baseline,
and 14 and 35 days after start of therapy. We recorded toxicity, defined as dose interventions
within 3 months, and progression free survival (PFS).

Results
Among 44 evaluable patients, the geometric mean (GM) Ctrough was higher in patients with toxicity
compared to patients without: 17.4 versus 12.3 µg/L (p=0.02). The optimal cut-off value to predict
toxicity was Ctrough >19.2 µg/L. GM Ctrough of patients with and without progressive disease (PD)
within 3 months was not significantly different (12.0 versus 15.2 µg/L (p=0.118)). In 28 evaluable
patients, PD within 3 months could best be predicted using the percentage decrease in peak
standardized uptake value normalized by lean body mass of the lesion with highest FDG uptake
(SULpeak high) at day 14. Patients with <11% versus >11% decrease in SULpeak high at day 14 had a
median PFS of 90 days versus 411 days, respectively (p=0.0013) and more frequently had PD
within 3 months: 70% versus 11%, respectively.

Conclusions
Our results show that everolimus toxicity is related to everolimus Ctrough. No relation was observed
between everolimus exposure and treatment effectiveness. An early FDG-PET can identify patients
at high risk of nonresponse. These results warrant further validation.
Clinicaltrials.gov identifier: NCT01948960.
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Key points
• In breast cancer patients treated with everolimus and exemestane, everolimus Ctrough is an
important predictor of toxicity, as patients with Ctrough >19.2 µg/L have a higher risk of clinically
relevant toxicity.
• A lack of decrease in metabolic activity measured by FDG-PET/CT after 14 days of treatment
can identify a subgroup of patients at high risk of nonresponse, for whom an early adjustment
of therapy or extra follow-up could be considered.

3

Introduction
The introduction of the combination treatment of everolimus and exemestane markedly improved
clinical outcomes in patients with hormone receptor positive metastatic breast cancer (mBC) (1).
Since the BOLERO-2 study, several trials have subsequently confirmed the beneficial effect on
treatment outcomes in these patients (2-4). Unfortunately, not all patients benefit from this
treatment. In the BOLERO-2 study, 10% of patients had progressive disease (PD) as best overall
response and the clinical benefit rate (stable disease, partial response and complete response)
for ≥ 24 weeks was only 51% (5).
Importantly, patients treated with this regimen can experience severe everolimus-induced side
effects, as 27% of patients experience grade 3 or 4 toxicity (6). Moreover, low grade toxicities have
a significant impact on the quality of life of these patients as well and can necessitate dose
adjustments. Therefore, treating breast cancer patients with everolimus can be challenging. Early
prediction of toxicity and nonresponse would greatly facilitate clinical decision-making.
Everolimus exposure, patient characteristics, and early metabolic response could be predictors
for toxicity and response and may be used as pharmacokinetic and pharmacodynamic biomarkers.
Currently, these biomarkers are not used in routine clinical practice.
Everolimus for mBC patients is prescribed at a fixed dose, but shows substantial interindividual
variation in drug exposure of 36-45% (7-10). Evidence is mounting that the everolimus trough
concentration (Ctrough) is an important predictive factor for toxicity and effectiveness (11-14).
The largest study so far, with 938 patients with solid tumors, showed that a twofold increase in
everolimus Ctrough increased the likelihood of tumor size reduction by approximately 40% (12).
In patients with mBC, metastatic renal cell carcinoma (mRCC) or neuro-endocrine tumors, an
everolimus Ctrough >11.9 µg/L was associated with a threefold increase in progression free survival
(PFS) and a Ctrough <26.3 µg/L was associated with a fourfold decreased risk of toxicity (11).
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Patient characteristics can be relevant, as subgroups such as obese or elderly patients can show
different pharmacokinetics compared to other patients. Obesity can lead to an increased volume
of distribution, increased hepatic blood flow, higher CYP3A4 activity, and a change in plasma
binding (15, 16). Everolimus pharmacokinetics in elderly patients can differ as a result of decreased
absorption due to gastric atrophy, lower first pass effect due to a decrease in hepatic blood flow,
and reduced CYP3A4 activity (17-20). The net result of all these influences on drug disposition in
obese or elderly patients is yet unknown.
Functional imaging to assess metabolic response could serve as an early biomarker for the
evaluation of response to treatment. The inhibition of activity of oncogenic proteins by everolimus
and exemestane can result in rapid metabolic changes. These metabolic changes can be detected
using [18F]fluorodeoxyglucose-positron emission tomography (FDG-PET). Early detection of
nonresponse to treatment can facilitate early decision making, including dose adjustments or a
change of therapy. Preclinical data suggest that FDG-PET is a suitable imaging modality for
response assessment to everolimus treatment (21-25). A clinical study of FDG-PET changes in
mRCC patients treated with everolimus showed a modest correlation between metabolic changes
and change in tumor size (26). In mBC patients on endocrine therapy or chemotherapy, metabolic
response on FDG-PET was a good predictor of PFS (27, 28). For mBC patients treated with
everolimus and exemestane, to the best of our knowledge, no clinical study assessing the
predictive value of FDG-PET for treatment response has yet been published.
The current study aimed to investigate whether everolimus exposure is related to the development
of toxicity and treatment effectiveness in patients with mBC. We hypothesized that a therapeutic
window for everolimus can be established, in which the balance between toxicity and effectiveness
is optimal. Additionally, we explored whether early FDG-PET evaluation can be used as an early
read-out for effectiveness. In this way, an ineffective therapy could be stopped earlier, preventing
unnecessary toxicity and costs.

Materials and methods
Patients and study design
The present study was an explorative, prospective, open-label, comparative study carried out in
six hospitals in the Netherlands. We included women planning to start treatment with exemestane
and everolimus. Patients using medication recognized as being strong inhibitors or inducers of
the isoenzyme CYP3A were excluded and no such medication was allowed during the study.
Patients could participate either in the pharmacokinetic part of the study or in the combined
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pharmacokinetic and imaging part. For the pharmacokinetic part, patients were enrolled in three
subgroups: control (<70 years and body mass index (BMI) <30kg/m2), obese (<70 years and BMI
≥30kg/m2), and elderly (≥70 years and BMI <30kg/m2). Planned enrollment was 25 patients per
subgroup, but due to slow recruitment the study closed earlier. For the combined pharmacokinetic
and imaging part, 40 patients were planned for inclusion. In the imaging part of the study, patients
who were elderly and obese could also be included. The study protocol was approved by the
Radboudumc Ethics Committee (reference number 2013-284) and registered as clinicaltrials.gov
identifier: NCT01948960. All patients gave written informed consent. The study was performed
in accordance with the Declaration of Helsinki.

Clinical evaluation
We recorded baseline characteristics, including previous treatments. Clinical evaluation took
place before the start of therapy, and after 14, 35, 60, and 90 days of treatment. Response
assessment was performed with CT of chest and abdomen at baseline, and subsequently every
three months. On the physician’s discretion, additional investigations, such as bone scintigraphy,
could be performed. Follow-up took place until progressive disease (even if everolimus or
exemestane were discontinued earlier) and the reason for treatment discontinuation was
recorded. PFS was defined as the time from start of treatment until PD or death. PD was assessed
using Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 (29). If RECIST assessment was
not possible, PD was assessed by other imaging techniques, CA 15.3 marker, or was clinically
determined. If patients had PD within 14 days after stopping everolimus treatment, patients were
scored as PD on treatment. Patients were censored for PFS and time to dose change event at time
of everolimus discontinuation.
We recorded adverse events using Common Terminology Criteria for Adverse Events 4.0. We
considered adverse events leading to a dose change clinically most relevant. Therefore, we defined
toxicity as adverse events requiring a dose change within 3 months after start of treatment. All
dose changes were recorded until discontinuation of treatment. In our analysis, we included all
dose reductions or dose discontinuations that were a result of toxicity at least probably related
to everolimus. Temporary drug interruptions without dose changes were not included.

Pharmacokinetic analysis and intervention
We performed everolimus pharmacokinetic assessment after 14 days of treatment. In the imaging
part, a second pharmacokinetic assessment was performed at day 35. In the case of dose
interruptions, treatment had to be restarted at least 7 days prior to pharmacokinetic assessment
to ensure steady state pharmacokinetics. Blood samples were collected before (Ctrough) and 1, 2,
3, 5, and 8 h after administration of everolimus. The trough sample was extrapolated as a 24 h
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sample. The area under the concentration time curve (AUC0-24h) was calculated using a
noncompartmental trapezoidal approach (Phoenix WinNonlin v6.3â). We measured everolimus
concentrations in whole blood by a validated liquid chromatography tandem mass spectrometry
technique.
Patients in the imaging part who had a low everolimus AUC0-24h (<550 µg*h/L) at day 14 were
randomized 2:1 to have a dose escalation or not (7, 8). Dose escalation was calculated to achieve
an AUC >550 µg*h/L. Patients in whom the dose was escalated were excluded for the analysis of
the relationship between Ctrough and toxicity and effectiveness.

FDG-PET acquisition and analysis
In the imaging part of the study, patients underwent FDG-PET at baseline, and after 14 and 35
days of treatment. Activity was analyzed using standardized uptake values normalized by lean
body weight (SUL), using the Janmahasatian formula (30). We performed analysis by PERCIST
criteria (31). We measured SULpeak (mean SUL in a volume of interest (VOI) of 1 cm3) and SULmax
(voxel with highest activity). For five target lesions we determined the sum of the SULmax
(sumSULmax) and the sum of the SULpeak (sumSULpeak), and the SULpeak of the lesion with the highest
uptake (SULpeak high). For total lesion glycolysis (TLG), a tumor VOI was determined with a threshold
of minimally two times mean activity of selected reference tissue. TLG then was defined as the
mean uptake times the volume of this VOI, and the sum for up to five lesions was determined
(sumTLG). Additionally, a qualitative judgment was performed independently by two nuclear
medicine physicians.
Further details can be found in the Supplementary material.

Statistical analyses
Before statistical tests were performed, Ctrough data were log (base 10) transformed, in order to
obtain more symmetrically distributed data. A two-sample t-test based on the transformed data
was used to test for differences in the mean Ctrough between patients with and without toxicity
and response. To test for differences in the mean of the transformed Ctrough between the three
subgroups (control, obese, elderly), a one-way ANOVA was used, followed by post-hoc analysis
(equality of variances was tested with Bartlett’s test). No Bonferroni adjustment was performed
for this post-hoc analysis, as this is an explorative study.
For the analyses described below, the untransformed Ctrough data were used. The association
between Ctrough and age and BMI were analyzed, first visually and next with a multivariable linear
regression model with Ctrough as dependent variable and age and BMI as independent variables.
For the association of Ctrough with toxicity and effectiveness, receiver operating characteristic (ROC)
curve analysis was performed and the AUC was determined. Optimal cut-off values were
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determined using the Youden index, the value associated with the highest sum of sensitivity +
specificity - 1. The correlation between Ctrough and metabolic change on FDG-PET was estimated
with Spearman’s correlation.
PFS and the time to dose change were estimated by the Kaplan-Meier estimator. A log rank test
was performed to test whether the survival curves were significantly different. Two separate
multivariable Cox proportional hazards regression models were fitted for PFS and the time to
dose change, using backward selection based on a likelihood ratio test with p >.10 for removal.
Age and BMI were used as covariates for the analysis of time to a dose change event. The ROC
analysis was used to assess which variable of everolimus exposure and which variable of metabolic
change had the strongest association with PD within 3 months. These variables were then used
as covariates in the multivariable model for the analysis of time to PFS. Model assumptions,
including proportional hazards and linearity, were checked and if needed the model was adjusted.
Furthermore, the number of previous treatments was added in this model as a covariate, as this
generally is a significant predictor of PFS.
Analyses were performed with SPSS v22 and graphs were created using Graphpad Prism v5.03.

Results
Study subjects
Between October 2013 and October 2017, we enrolled 61 subjects. Four patients dropped out
due to screen failure and from two patients we could not obtain pharmacokinetic data. The
remaining 55 patients were subdivided into 34 control patients, ten obese patients, nine elderly
patients, and two patients that were elderly and obese. Baseline characteristics of these patients
are presented in Table 1. Twenty patients had an AUC0-24h <550 µg*h/L, and 14 patients were
randomized to have dose escalation. In three patients dose escalation was not executed, as
everolimus treatment had already been interrupted or discontinued. Therefore, 44 patients
were suitable for analysis of the relationship between everolimus Ctrough and toxicity; 43 patients
were evaluable for the relationship between everolimus Ctrough and effectiveness, as one patient
had used exemestane pretreatment, which was not allowed in the study. In four out of these
43 patients, PD was established based on imaging or clinical aspects, as RECIST assessment
was not possible. In the imaging part of the study, 39 patients were included. Of these, 29
patients had lesions with sufficient FDG avidity at baseline and were eligible to proceed for
metabolic response monitoring using FDG-PET. From one of these 29 patients no FDG-PET was
performed at day 14.
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Table 1. Baseline patient characteristics

Characteristic

All patients
(n=55)

Control
patients
(n=34)

Obese
patients
(n=10)

Elderly
patients
(n=9)

Age (years), mean (SD)

61.6 (9.7)

58.1 (8.6)

59.5 (6.5)

74.2 (2.9)

BMI (kg/m2), mean (SD)

26.2 (4.4)

24.4 (3.0)

32.8 (3.0)

24.6 (1.9)

No of previous treatment lines, mean (min-max)
in adjuvant setting

1.0 (0-4)

0.8 (0-4)

1.9 (0-3)

0.8 (0-3)

in metastatic setting

2.1 (0-6)

1.9 (0-6)

1.8 (0-3)

3.1 (2-6)

total

3.2 (1-6)

2.8 (1-6)

3.7 (3-6)

3.9 (2-6)

ductal carcinoma

71

71

45

89

lobular carcinoma

26

23

55

11

Histology (%)

General pharmacokinetics of everolimus
In the 55 patients, the geometric mean (GM) Ctrough was 12.6 µg/L (range 4.6 – 37.5 µg/L) and
AUC0-24h was 565 µg*h/L (range 261 - 1162 µg*h/L). Ctrough was a good predictor of AUC0-24h, with
coefficient of determination (r2) = 0.84 (p<0.001). Nineteen patients had everolimus concentrations
measured at 2 and 5 weeks, without a concurrent dose change. In these patients, the intraindividual coefficient of variation for everolimus at day 14 and day 35 was low: 16.8% for Ctrough
and 14.8% for AUC0-24h.

Main outcomes
Relationship Ctrough and toxicity
The reason for everolimus discontinuation was PD in 70% of patients, versus 30% due to toxicity.
A dose change due to toxicity within 3 months occurred in 45% of patients. The median time to
the first dose change was 52 days (9-159 days). From 24 patients with a dose change event, in
only 2 patients this occurred in the first 14 days of treatment. No dose changes occurred after
day 159 of treatment. The most frequent reason for a dose change or interruption was stomatitis
and the most frequent reason for discontinuation was pulmonary toxicity. Patients with a dose
change <3 months had a significantly higher GM Ctrough compared to patients without a dose
change <3 months: 17.4 µg/L and 12.3 µg/L, respectively (p=0.02). ROC analysis to predict dose
change using Ctrough showed an AUC of 0.71 (p=0.02). Ctrough was a slightly better predictor of
toxicity than AUC0-24h, with an AUC of 0.66. Optimal cut-off value was Ctrough >19.2 µg/L, with
sensitivity 55% and specificity 92%. Thirteen out of 44 patients (30%) had a Ctrough above this
threshold. Eleven out of these 13 patients (85%) had toxicity leading to a dose change <3 months,
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compared to 9 out of 31 (29%) patients who did not develop toxicity, resulting in a relative risk
of 2.9. Median time to first dose adjustment was significantly shorter for patients with Ctrough >19.2
µg/L compared to patients with Ctrough <19.2 µg/L, 42 days versus not reached, p=0.0008 (Figure
1), hazard ratio (HR) 5.8 (95% CI 2.1 – 16.1). When a cut-off of 26.3 µg/L was used, as proposed
previously (11), median time to first dose adjustment for patients with Ctrough >26.3 µg/L was 47
days, compared to not reached for patients with Ctrough <26.3 µg/L, p=0.0028.

3

Figure 1. Inverse Kaplan-Meier estimates of time to dose change event, based on differences in exposure

Relationship Ctrough and effectiveness
GM everolimus Ctrough of patients with and without PD <3 months was 12.0 µg/L and 15.2 µg/L,
respectively (p=0.118). ROC analysis to predict PD <3 months using Ctrough showed an AUC=0.64,
p=0.15. Ctrough was a slightly better predictor of effectiveness than AUC0-24h with an AUC of 0.60.
The optimal cut-off value for Ctrough was <12.6 µg/L, with sensitivity 69% and specificity 60%.
Twenty-one out of 43 patients (48%) had an everolimus Ctrough below this threshold. Nine of these
21 patients (43%) had PD <3 months, compared to 4 out of 23 (17%) patients with everolimus
Ctrough >12.6 µg/L, resulting in a relative risk of 2.5. No relevant difference was seen in the frequency
of censoring in the Kaplan-Meier survival analysis, as 4 out of 21 patients were censored in the
group patients with Ctrough <12.6 µg/L, and 6 out of 22 in the group patients with Ctrough >12.6 µg/L.
Median PFS time was not significantly different for patients with Ctrough >12.6 µg/L and <12.6 µg/L:
318 versus 153 days respectively (p=0.19), HR 0.85 (95% CI 0.41-1.77) (Figure 2).
The relationship between Ctrough and PFS was different for the period of the first 365 days of
treatment and after this period, as shown in a Cox regression analysis with time-dependent Ctrough,
dichotomized for above or below 12.6 µg/L.
The outcomes of the effect of weight (obesity) and age (elderly) on everolimus pharmacokinetics
are presented in the Electronic supplementary material.
61

Chapter 3

Figure 2. Kaplan-Meier estimates of progression-free survival, based on differences in exposure

Exploratory outcomes: response assessment using FDG-PET
Of all performed PET scans, 70 met the acquisition criteria as set by PERCIST. Lesions had sufficient
FDG uptake in 20 of 22 patients (91%) with ductal carcinoma, compared to eight of 12 patients
(67%) with lobular carcinoma.
ROC analysis showed that from sumSULmax, sumSULpeak, SULpeak high, and sumTLG at day 14 and day
35, the percentage decrease in SULpeak high at day 14 (SULpeak high d14) was the best predictor of PD
<3 months. A cut-off of 11% decrease in SULpeak high d14 was optimal (Figure 3), with an AUC of
0.78, sensitivity 0.78, and specificity 0.84. Patients with PD <3 months had a significantly lower
mean decrease in SULpeak high d14 compared to patients without PD <3 months: 7.1% versus 23.0%
(p=0.02). Median PFS was 90 days for patients with <11% decrease in SULpeak high d14, compared
to 388 days for patients with >11% decrease, p=0.0013 (Figure 4). Seven out of ten patients (70%)
with <11% decrease in SULpeak high d14 had PD <3 months, compared to two out of 18 patients
(11%) with a decrease >11%, resulting in a relative risk of 6.4.
When using the European Organisation for Research and Treatment of Cancer (EORTC) response
criteria of > versus <15% decrease in uptake in SULpeak high d14, median PFS was 440 versus 110
days (p=0.0039). Using the PERCIST response criteria of > versus <30% decrease and ≥0.8 SUL
units in SULpeak high d14, median PFS was 440 versus 137 days (p=0.115).
Using the qualitative assessment according to EORTC criteria, PERCIST criteria and the consensus
reading of two nuclear medicine physicians, the accuracy to predict RECIST classification after
three months of treatment was poor, with 0.24, 0.34, and 0.39, respectively. The negative predictive
value of a partial metabolic response to predict the absence of progressive disease at three
months according to EORTC criteria, PERCIST criteria, and the physician consensus reading was
0.78, 0.88, and 0.70, respectively.
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3
Figure 3. Decrease in SULpeak high d14 for patients with and without progressive disease within 3 months. Each bar represents
one patient

Figure 4. Kaplan-Meier estimates of progression free survival, based on differences in metabolic /response at day 14

No significant correlation was found between everolimus Ctrough and the decrease in SULpeak high
d14 (Spearman’s rho= -0.31, p=0.108). Dose escalation did not result in a stronger decrease in
metabolic activity between day 14 and 35 compared to no dose escalation (n=8 vs. n=17).

Multivariable analysis to predict PFS
The total number of previous lines of treatments in the adjuvant and metastatic setting was a
significant predictor of PFS. Median PFS time was 341 days for patients with 1 to 3 previous
treatments (n=38) and 90 days for patients with 4 to 6 previous treatments (n=19) (p=0.003), HR
0.32 (95% CI 0.15 – 0.86). Multivariable Cox regression analysis to estimate time to PFS event was
performed using dichotomized Ctrough at day 14, SULpeak high d14, and the number of previous
treatments as covariates. Based on the plots of the Kaplan-Meier curves (Figure 2), the HR for the
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dichotomized variable Ctrough in the Cox proportional hazards model was allowed to be different
before and after one year after diagnosis. From these covariates, SULpeak high d14 and the number
of previous treatments were significantly associated with PFS (Table 2).

Table 2. Cox proportional hazards model for time to PFS event
HR

95% CI

P value

Ctrough at day 14 > or < 12.6 µg/L

0.999

0.904-1.103

0.978

SULpeak high d14

0.960

0.932-0.990

0.087

Number of previous treatments

1.352

0.957-1.910

0.009

a

a: Ctrough < 12.6µg/L served as the reference group
SUL: standardized uptake values normalized by lean body weight

Discussion
The present study shows that patients with high everolimus trough concentrations (>19.2 µg/L)
have a higher chance of clinically relevant toxicity leading to dose changes. It is clinically highly
relevant to know that one third of patients are exposed to high everolimus Ctrough, with a nearly
threefold increased risk to develop toxicity, as this toxicity can potentially be prevented by dose
adjustments.
The upper limit for toxicity that we found is comparable with the results of a recent, independently
performed study (11). As such, we were able to validate the importance of Ctrough as a predictor
of toxicity. If early dose reduction in the group of patients with Ctrough >19.2 µg/L can reduce the
dose change risk to the risk of patients with Ctrough <19.2 µg/L, severe toxicity could potentially
be prevented in ~50% of these patients.
Secondly, we show that, as early as 14 days after start of treatment, FDG-PET can identify a
subgroup of patients with a high risk of nonresponse to everolimus and exemestane treatment.
To our knowledge, this is the first prospective evaluation of the value of FDG-PET to predict
outcomes of treatment with everolimus and exemestane in mBC patients. A decrease in SULpeak
high

d14 of <11% was found to be the best predictor for early PD, but the cut-off as proposed by

EORTC (≥15% decrease) was a significant predictor as well. The cut-off used in the PERCIST
classification (≥30% decrease) in this study was not a significant predictor. Perhaps the criterion
of PERCIST is too stringent for response monitoring of agents that inhibit activity of oncogenic
proteins. If a patient has a poor decline in metabolic activity on FDG-PET at day 14, the treating
physician can consider adjusting therapy or to follow this patient extra cautiously. This can aid
to give patients optimal outcomes from their anticancer therapy and to avoid side effects and
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costs of an ineffective treatment. Additionally, lobular carcinomas more frequently had lesions
with low FDG activity, consistent with earlier experiences (32), but the majority of lobular
carcinomas were suitable for FDG-PET response monitoring.
In our data, Ctrough was no significant predictor of effectiveness. The relatively small sample size
of our study increases the chance that we were not able to demonstrate a difference between
these groups. A previous study did show a significant relationship between Ctrough and effectiveness
(11). Another study showed no correlation between dose intensity and response rate or PFS, but
no everolimus concentrations were measured in that study (33). The weak relationship between
everolimus Ctrough and outcomes can be explained by the presence of exemestane-sensitive tumors
that would also have responded without adding everolimus to the treatment. This also can explain
the crossing of the PFS survival curves that was seen in our data (Figure 2). Unfortunately, up to
now it cannot be predicted which tumors are exemestane-sensitive and do not need the
combination with everolimus treatment. The fact that no relationship was seen between
everolimus Ctrough and metabolic response supports the notion that other factors influence the
effectiveness of everolimus and exemestane besides everolimus Ctrough.
An additional finding of this study, described in the supplementary file, was that no significant
effect of elderly age and obesity was established on everolimus Ctrough. However, due to the small
sample size there was limited power to detect a possible difference, and no firm conclusions
can be drawn. Elderly patients more frequently had dose changes due to toxicity compared to
control patients. This is in contrast with a previous study in which everolimus dose modifications
were not seen more frequently in patients of ≥70 years (n=118) compared to patients <70 years
(n=364) (34).
Furthermore, we have shown that Ctrough is a better predictor for toxicity and effectiveness
compared to a full AUC with eight measurements. The importance of Ctrough compared to AUC
was also demonstrated in a recent preclinical study showing that continuous low dosing above
a certain threshold can be as effective as intermittent dosing with a higher AUC (35). It has
substantial practical benefits if the collection of only one blood sample is sufficient and even
superior.
The strong points of our study are the prospective nature of our study with collection of extensive
pharmacokinetic data. Our pharmacokinetic results are in agreement with the findings of several
other studies.
Our study also has limitations. Firstly, the sample size of our study is relatively small. Hence, this
is an exploratory, hypothesis generating, study. Furthermore, the value of FDG-PET as an early
read-out is limited by the fact that very few patients are classified as PD after three months. As
such, it was not possible to identify individuals with 100% chance on early progression.
To advance care for patients with mBC, we need to further individualize treatment in order to
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improve effectiveness and reduce toxicity. The most important finding to emerge from this study
is that monitoring everolimus Ctrough has the potential to identify patients at high risk of developing
toxicity. For the future, a patient should have everolimus Ctrough determined seven days after start
of treatment, so that toxicity potentially can be prevented through early dose adjustments. A
prospective evaluation to study whether therapeutic drug monitoring to reach everolimus drug
concentrations in a target window leads to better clinical outcomes is currently ongoing (M17
TDM study). Furthermore, after start of treatment a poor decrease in metabolic activity at day 14
on FDG-PET seems to be an important signal of possible ineffective treatment, but these results
require further validation.
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Materials and methods
FDG-PET acquisition and analysis
FDG-PET images were acquired using dedicated PET/CT scanners. We used the same scanner for
each patient for the baseline scan and the follow-up scans. Serum glucose was measured before
start of the scan. FDG (1.6 MBq/kg) was administered intravenously, and image acquisition was
started 50-70 minutes post-injection. An emission scan was performed from the skull to the
proximal thigh, in combination with a low dose CT scan for anatomical correlation and attenuation
correction.
Using Inveon Research Workplace 4.1 Software (Preclinical Solutions, Siemens Medical Solutions
USA, Knoxville Tennessee, USA) software, loosely fitting regions of interest covering the whole
tumor were semi-automatically drawn over visually discernible hypermetabolic lesions by one
dedicated physician. We measured the activity in Bq/ml and converted this to standardized uptake
values normalized by lean body weight (SUL), using the formula of Janmahasatian (1). The SULpeak
was calculated using a customized Matlab script (Matlab 2014b, Natick, Massachusetts, USA), that
searched automatically for the metabolically most active part of a lesion using a three-dimensional
spherical volume of interest (VOI) of 1 cm3. A maximum of five lesions with the highest SULpeak
were chosen as target lesions, with a maximum of two lesions per organ. In the follow-up scan,
again the five lesions with highest FDG uptake were chosen, which were not necessarily the same
as in the baseline scan. To qualify as target lesion, a lesion had to have a minimal uptake of two
times SUL of the background uptake. As the liver was frequently diseased, the aortic blood pool
was used as reference for background activity in all patients.
For TLG, a tumor VOI was automatically determined with a threshold of minimally two times mean
activity of selected reference tissue. For most metastases, aortic blood pool served as reference
tissue. For bone metastases, normal bone was used as reference tissue and for liver metastases
normal liver tissue was used as reference tissue. In case of ubiquitously diseased liver, aortic blood
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pool served as reference. TLG then was calculated as: . For the total TLG score, per patient the
same lesions were followed over the subsequent scans, and the sum of up to five lesions were
determined (sumTLG).
Changes in SUL during treatment were determined by the percentage change compared to the
baseline measurement: (post-treatment SUL – baseline SUL/baseline SUL), expressed in
percentages.
A qualitative judgment was performed independently by two nuclear medicine physicians who
were blinded for clinical, radiological and histopathological information. Images were scored as
progressive metabolic disease, stable metabolic disease, partial metabolic response, and complete
metabolic response. After independent scoring, a consensus score was established.

Results
Patient categories: obese and elderly patients
Two patients were obese and elderly, and these patients were excluded in the analysis of
pharmacokinetic differences between control, elderly, and obese patients. GM everolimus Ctrough
was 11.1, 15.9, and 17.1 µg/L, for control, obese, and elderly patients, respectively. The mean of
the log-transformed Ctrough differed between the three groups (one-way ANOVA: p=0.022). We
performed two post-hoc tests, comparing elderly versus control patients and obese versus control
patients. Elderly patients had a significantly higher mean log-transformed Ctrough compared to
control patients. However, in a multivariable linear regression analysis with age and BMI as
covariates, both were not significantly associated with Ctrough.
Control, obese, and elderly patients had a dose change event <3 months in 40%, 55%, and 78%
of cases, respectively. The group of elderly patients had the shortest time to dose change event
(41 days, compared to 141 days for control patients and undefined for obese patients, p=0.0053).
Specifically, patients >70 years had a significantly shorter time to a dose change event compared
to patients <70 years: 42 versus 141 days (p=0.0019, HR 0.17, 95% CI 0.05 – 0.52). In a multivariable
Cox regression analysis with age and BMI as covariates, both were not significantly associated
with the time to a dose change event. Median PFS was not significantly different for control,
obese, and elderly patients (log rank, p=0.10).
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Abstract
For solid tumors, quantitative analysis of 18F-FDG-PET/CT potentially can have significant value
in early response assessment and thereby discrimination between responders and non-responders
at an early stage of treatment. Standardized strategies for this analysis have been proposed, and
the PET Response Criteria in Solid Tumors (PERCIST) criteria can be regarded as the current
standard to perform quantitative analysis in a research setting, yet is not implemented in daily
practice.
However, several exceptions and limitations limit the feasibility of PERCIST criteria. In this article,
we point out dilemmas that arise when applying proposed criteria like PERCIST on an expansive
set of patients with metastasized solid tumors. Clinicians and scientists should be aware of these
limitations to prevent that methodological issues impede successful introduction of research
data into clinic practice. Therefore, to deliver on the high potential of quantitative imaging,
consensus should be reached on a standardized, feasible and clinically useful analysis
methodology. This methodology should be applicable in the majority of patients, tumor types
and treatments.

74

PERCIST criteria for quantitative analysis of FDG-PET for response assessment in metastasized solid tumors

Introduction
Despite continuing advances in oncology, response rates to anticancer treatments are still not
optimal. If a treatment is ineffective, the patient is unnecessarily exposed to potential toxicity
and avoidable costs are made. To reduce the number of patients that are exposed to a treatment
without benefit, early identification of treatment failure is essential.
Functional (e.g. multi-parametric MRI) and molecular (e.g. positron emission tomography) imaging
modalities have special merit to determine treatment response, as these can visualize biological
changes at an early stage, whereas much more time is needed before morphological changes,
such as a decrease in size, become apparent on anatomical imaging. Additionally, functional and
molecular imaging techniques can distinguish between active and inactive disease, whereas with
anatomical imaging, discrimination between viable tumor and treatment-induced fibrosis or
necrosis may be difficult.
[18F]-fluorodeoxyglucose positron emission tomography with integrated computed tomography
(18F-FDG-PET/CT) is nowadays the most widely used molecular imaging technique in oncology
for assessment of treatment response. The analysis of 18F-FDG-PET/CT data, however, is very
complex due to the multitude of information and technical challenges, such as partial-volume
effects, physiological variations, acquisition errors and suboptimal signal-to-noise ratio.
In clinical practice, assessment of 18F-FDG-PET/CT scans is performed visually. While this is often
sufficient in the diagnosis and staging of tumors, quantitative analysis is required in the detection
of more subtle changes in response assessment.
Quantitative analysis is one of the assets of 18F-FDG-PET for objective measurement of tumor
metabolism and its changes induced by therapy. For lymphomas, recently the Deauville
classification, a semi-quantitative analysis for treatment response, has been introduced into
routine clinical practice (1). However, for solid tumors so far no (semi-)quantitative analyses have
been implemented in the clinic. Several studies in different solid tumors, including those in nonsmall cell lung cancer (2-6), breast cancer (7, 8), gastro-intestinal stromal tumors (9), esophageal
squamous cell carcinoma (10), colorectal cancer (11), thymic epithelial tumors (12), and head and
neck cancer (13), have shown the potential value of quantitative analysis of 18F-FDG-PET/CT in
early prediction of treatment response. Remarkably, a plethora of different methods is used in
these studies, including change in maximum standardized uptake value (SUVmax) (3), SUVmean in
a circular region of interest(10), SUVpeak to mediastinum ratio (12), SUV at several isocontours (5),
total lesion glycolysis (TLG) (8), as well as a personalized interpretation of the PET Response Criteria
in Solid Tumors (PERCIST) criteria, described as “modified PERCIST” (6).
In order to apply quantitative analysis of 18F-FDG-PET/CT for monitoring treatment response in
clinical practice, robust and non-laborious operator-friendly standardized methods that produce
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reliable and reproducible results are of great importance. In a research setting, such standardized
strategies have been proposed. Several guidelines for quantitative analysis have been suggested
by European Organisation for Research and Treatment of Cancer (EORTC) (14), the Cancer Imaging
Program of the National Cancer Institute (15) and the Netherlands Society of Nuclear Medicine
(16). In 2009, the PERCIST criteria were described, in analogy to the generally accepted Response
Evaluation Criteria in Solid Tumors (RECIST) criteria for tumor response assessment using CT (17).
With a more detailed description of target lesion and measurement choice, this has brought
significant progress in standardizing quantitative analysis. Both the EORTC and PERCIST criteria
were suggested as quantitative analysis techniques by the most recent European Association of
Nuclear Medicine (EANM) procedure guideline for tumor imaging with 18F-FDG-PET/CT (18). When
comparing PERCIST and EORTC criteria, these two methods led to similar responses and overall
survival outcomes (19). The preferable method is PERCIST, as it describes in more detail how
lesions should be assessed and as such leads to more reproducible results. The application of
PERCIST, however, has limitations. PERCIST is time-consuming, cannot be applied in all cases and
puts high demands on acquisition of 18F-FDG-PET/CT, (e.g. time between scanning and injection,
comparable background activity and normoglycemia). Meeting these acquisition criteria is a
prerequisite for obtaining reliable data, as has been shown previously (20). Moreover, other issues
arise when one is trying to apply the PERCIST criteria, which hinder the application of PERCIST in
daily routine. This explains why although RECIST is ubiquitously used in studies, the use of PERCIST
is still limited.
In this article, we will discuss the practical problems in applying PERCIST. Additionally, we
emphasize the need for uniformity in analyzing 18F-FDG-PET/CT scans to be able to succeed in
early prediction of treatment (non)response.

Analyzing metabolic response
PERCIST is of value as it describes methods of analysis in much detail, including several relevant
aspects: 1) the lesions to include 2) the measurements to use, and 3) quantification of a lesion
with complete response. When applying these PERCIST criteria however, several practical
problems arise.

The lesions to include
Analogous to RECIST 1.1, PERCIST includes five target lesions, with a maximum of two target
lesions per organ. To qualify as a possible target lesion, PERCIST sets two criteria: size and FDGactivity.
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Size of the lesion is relevant, as it is related to the potential partial volume effect. This can be
defined as the loss of apparent activity in small lesions because of the limited resolution of the
constructed images of the FDG-PET scanner. PERCIST advises to only include lesions with a
minimal size of 1.5cm diameter volume. However, the size measured on CT is not directly related
to the metabolic volume of a lesion, which can be much smaller. In addition, FDG-avid lesions
cannot always be reliably assessed on CT. For example, bone metastases in the vertebrae can be
highly FDG-avid, but cannot be measured on CT. It is, therefore, not always possible to meet this
criterion.
The second inclusion criterion is the avidity of a lesion. This criterion intends to warrant evaluation
of lesions with a sufficiently high uptake to be able to show a substantial decrease. In order to
do this, the SUV corrected for lean body mass (SUVLBM, also referred to as SUL) in a 1 cm3 spherical
volume of interest (VOI), called SULpeak, is determined. It is defined that lesions should have a
SULpeak at least 1.5-fold greater than liver SULmean + 2 standard deviations (SDs). When the liver is
diseased, which is not uncommon in oncology, it is advised to take two times the SUVmean of the
descending thoracic aorta blood pool as a lower boundary. Unfortunately, this criterion leaves
out most lung lesions, which are generally only mildly FDG-avid, because there is almost no
additional background activity. Due to this low background activity, however, there is more than
a fair chance that these lung lesions show a substantial decrease in activity (Figure 1A). This means
that when applying this criterion, pulmonary lesions will often be disregarded for PERCIST analysis.
As PERCIST includes the five hottest lesions in each follow up scan, five different lesions can be
considered at each follow-up scan. Liver lesions will usually have a higher FDG-uptake due to a
higher background value, and will therefore be preferred over lesions that have low background
activity. This criterion, however, is more related to organ localization than to the aggressiveness
of the lesion.

The measurements to use
Peak standardized uptake value
The primary outcome measurement of PERCIST is the SULpeak of five target lesions. This however,
may represent only a small percentage of the total tumor burden, and information about the rest
of the tumor is lost. Accordingly, a large necrotic area developed under treatment is not taken
into consideration if there is still a small part with high FDG-avidity. If a tumor lesion shows a
decrease in metabolism in most parts of the tumor, but an unchanged high metabolism in a small
part of this lesion, it yet remains debatable which part of the tumor is the best predictor of tumor
response and as such which measurement should be used.
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Figure 1. A: Pulmonary metastasis of sarcoma patient at baseline (A.1) and after 8 weeks of anti-angiogenesis treatment
(A.2): this particular lesion cannot be included according to PERCIST, as its FDG-avidity is too low at baseline, although
response during follow-up seems overt. B: Bone metastasis of breast cancer patient at baseline (left) and after 14 days of
treatment with everolimus and exemestane (right): strong decrease in SUVmax, but blue delineation shows strong increase
in TLG based on isocontour of 70% of SUVmax

Maximum standardized uptake value
Measuring SUVmax is an easier and quicker method for measuring response than the SUVpeak, and
is thought to overlap partly with the SUVpeak. However, SUVmax only reflects the hottest voxel of a
tumor and leaves out large changes in the rest of the tumor. Unfortunately, SUVmax is influenced
by the voxel size of the PET scanner, and a larger VOI as used in PERCIST is preferred to reduce
the noise effects on a single voxel (17).
Total lesion glycolysis
PERCIST advises that TLG is obtained as a secondary, explorative, outcome measurement. TLG is
the product of the tumor VOI and the mean activity of this VOI. As such, TLG includes more
information. The difficulty with TLG however, lies in adequate tumor delineation. Ideally, with
TLG, the whole tumor is included in the VOI, without including normal tissue. Several threshold
approaches have been suggested to obtain appropriate tumor delineation. PERCIST suggests
using an absolute threshold: 2 SD above mean activity of normal liver. This absolute threshold
however, often results in either a threshold too low to correctly exclude normal tissue, or a
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threshold too high to include tumor lesions with lower overall uptake, such as lung lesions.
Another possibility to delineate tumor from background is to subtract “normal background”
FDG-uptake from the tumor lesion. However, as this background varies drastically throughout
an organ, this uptake is not reproducible and therefore not feasible as a measurement.
The most recent EANM guideline proposes a proportional threshold (e.g. 41% of SUVmax) when
determining TLG. (18). A proportional TLG based on the SUVmax, however, results in a wide variety
in TLG follow-up. With this proportional threshold, in general only a part of the tumor is included
in the VOI. When subsequently SUVmax decreases during treatment this threshold decreases,
thereby including a larger part of the tumor in the VOI, leading to a higher TLG. Especially in large
tumors with an intense hotspot resulting in a high SUVmax, which decreases at follow-up, this
paradoxically may result in an overall larger TLG, despite evident response (Figure 1B).
Theoretically, (semi)automatically defined TLG would result in a high repeatability, however, in
reality, repeatability appeared to be low, comparable to manual definition of the TLG (21, 22).

Quantification of a lesion with complete response
If FDG-uptake of a lesion does not exceed background activity, it can be considered a complete
response, as no VOI can be drawn separating normal tissue from tumor tissue. Next, either the
information of this lesion can be left out (avidity considered zero), or the baseline VOI can be
copied in the scan positioned as closely to the original tumor lesion as possible, resulting in an
organ-dependent background FDG-uptake (23). Both methods result in very different numbers,
resulting in a huge impact on the sum of the lesions and with that in percentage of response.
PERCIST suggests subtracting liver background SUL from the original lesion to come to a 100%
decline (17).

Conclusions and recommendations
Quantitative analysis of 18F-FDG-PET/CT potentially can have great value for discriminating
between responders and non-responders at an early stage of treatment. This can be of great
importance for patients’ treatment outcomes and can help to reduce health care costs. However,
it is crucial to be aware of the current limitations.
Firstly, strict adherence to acquisition demands is needed in order to get reliable data. Highly
reproducible data are needed for sensitive assessment of changes in tumor metabolism. As small
deviations from acquisition protocol already can create substantial differences in tumor uptake,
this is a sine qua non. Secondly, quantitative analysis has to be done according to a standardized
method. PERCIST can be considered as a good starting point for a standardizing technique, but
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needs to address the exceptions and limitations in order to increase feasibility. Additionally, TLG
can be a promising measurement for response assessment, but when processing heterogeneous
tumors with metastases located in different body parts, the VOI for TLG should be based on
organ-specific background cut-off values, as was also suggested previously (20).
In conclusion, we argue that the current guidelines are insufficient to produce results that are
generally applicable. As such, in order to realize the high potential of quantitative imaging, first
consensus should be reached on a feasible analysis methodology. Until this consensus is reached,
prudence is advised in applying quantitative analysis of 18F-FDG-PET/CT for treatment response
assessment in metastasized solid tumors.
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Abstract
Purpose
Everolimus treatment is seriously hampered by its toxicity profile. As a relationship between
everolimus exposure and effectiveness and toxicity has been established, early and ongoing
concentration measurement can be key to individualize the dose and optimize treatment
outcomes. Dried blood spot (DBS) facilitates sampling at a patients’ home and thereby eases dose
individualization. The aim of this study is to determine the agreement and predictive performance
of DBS compared to whole-blood (WB) to measure everolimus concentrations in cancer patients.

Methods
Paired DBS and WB samples were collected in 22 cancer patients treated with everolimus and
analyzed using UPLC-MS/MS. Bland-Altman and Passing-Bablok analysis were used to determine
method agreement. Limits of clinical relevance were set at a difference of +/-25%, as this would
lead to a different dosing advice. Using DBS concentration and Passing-Bablok regression analysis,
WB concentrations were predicted.

Results
Samples of 20 patients were suitable for analysis. Bland-Altman analysis showed a mean ratio of
everolimus WB to DBS concentrations of 0.90, with 95% of data points within limits of clinical
relevance. Passing-Bablok regression of DBS compared to WB revealed no constant bias (intercept
0.02; 95%CI 0.93–1.35) and a small proportional bias (slope 0.89; 95%CI 0.76–0.99). Predicted
concentrations showed low bias and imprecision and 90% of samples had an absolute percentage
prediction error of < 20%.

Conclusions
DBS is a valid method to determine everolimus concentrations in cancer patients. This can
especially be of value for early recognition of over- or underexposure to enable dose adaptations.
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Introduction
The introduction of everolimus has brought significant benefit for patients with metastatic renal
cell carcinoma (mRCC), metastatic HR+/HER2- breast cancer (mBC), and advanced or unresectable
neuroendocrine tumors of pancreatic, gastrointestinal or lung origin (1-4). Currently, the treatment
with everolimus in patients with cancer is not individualized and no therapeutic drug monitoring
(TDM) is routinely being performed. The standard initial dose is 10 mg orally once daily, which
may be reduced in case of toxicity or fragility (5). This practice is in contrast to solid organ
transplantation medicine, where doses of 0.75 to 1.0 mg twice daily are used and where TDM of
everolimus, including dried blood spot (DBS) monitoring, to guide dosing has been incorporated
in the standard care for over ten years (6, 7). Also, everolimus treatment of subependymal giant
cell astrocytoma with tuberous sclerosis complex is individualized based on TDM (8).
Several arguments point to the use of TDM for everolimus in patients with cancer as well. A
relationship between everolimus drug exposure and effectiveness and safety has been established
in several studies (9-12). Everolimus trough concentrations above 11.9 µg/L and below 26.3 µg/L,
respectively were associated with a threefold increase in progression-free survival and a fourfold
decreased risk of toxicity in patients with breast cancer, kidney cancer, and neuroendocrine cancer
(10). Larger studies are required to further define the optimal therapeutic window. Everolimus
has an interpatient pharmacokinetic variability up to 36-45% and shows dose proportional
pharmacokinetics over the range of 5 to 10 mg once daily (5, 9, 13-15). Given the exposureeffectiveness relationship, the narrow therapeutic index, the large interpatient variability, and
linear pharmacokinetics, it seems important to guide everolimus dosing pharmacokinetically.
If TDM of everolimus is performed in patients with cancer, sampling with DBS can bring many
advantages over venous sampling, as it is minimally invasive, simple, and flexible. After adequate
training and with clear instructions, patients can perform DBS at home and sent their sample by
regular mail to the laboratory for analysis. Also, physicians may benefit from the ease of the DBS
sampling method, as it can provide them with analysis results before patients visit the outpatient
clinic for their (routine) check-up (7). As such, DBS is a promising alternative to venous sampling
and it already has become increasingly common in other anticancer drugs (16-19). The use of
DBS to predict venous whole-blood (WB) everolimus concentration has been established for
organ transplantation patients, in which the administered dosage of everolimus is much lower
than in cancer patients (6, 7, 20, 21). In patients with cancer, the agreement between everolimus
DBS concentrations and WB concentrations is yet unknown. In order to enhance the
implementation of DBS in clinical practice, this is the first clinical validation study, in which we
aim to determine the agreement and the predictive performance of DBS compared to WB to
measure everolimus concentrations in patients with cancer.
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Methods
Study population
The current study is an observational pharmacokinetic study in patients aged > 18 years, treated
with everolimus for any type of solid tumor at the Radboud university medical center
(Radboudumc), an academic hospital in the Netherlands. No exclusion criteria were set since the
study population intends to reflect a “real-life” group of patients with cancer treated with
everolimus. As such, the dose and duration of everolimus treatment was not restricted for
inclusion. The study was approved by the medical ethics committee of the Radboudumc and all
patients gave written informed consent (clinicaltrials.gov identifier: NCT02809404).

Sampling and everolimus concentration
Each patient was sampled in the outpatient clinic during their routine follow-up, at one moment,
while being on steady state (i.e. treated for at least seven days). Patients were asked not to take
everolimus at the day of the visit at home, but only directly after obtaining the WB and DBS
samples. Two drops of capillary blood were sampled on the sampling paper in order to create
the DBS samples in duplicate. To establish whether the difference in blood source (capillary vs.
whole-blood) is a cause of variation, an additional DBS was made from a drop of whole-blood
(DBSwb).
Since hematocrit might affect the quantification of everolimus in DBS due to inhomogeneity of
the droplet on the paper, the hematocrit value of the WB samples was determined at the day the
venipuncture and DBS took place. All samples per patient were collected within 10 minutes of
each other by a dedicated physician.
Time after drug administration (interval between last dose intake and sampling) and dosing
scheme were documented to estimate everolimus trough concentration (Ctrough), as described by
Wang et al. (22).

Bioanalysis
The DBS and DBSwb samples were visually inspected and scored whether the spot size was
adequately shaped and sized for analysis. If both spots were of correct size, the average
concentration of the two samples was used. If both spots were of incorrect size, these samples
were not used for further analysis. After scoring of spot size, a 7.5-mm disk from the central part
of the blood spot was punched out from the sample paper. Bioanalysis of the WB, DBS and DBSwb
samples was performed using two validated ultra performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) methods. One method was used for the analysis of WB samples
and another method was used to analyze the DBS and DBSwb samples (23).
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Statistical analysis
The Clinical and Laboratory Standards Institute advises to study 40 samples for agreement analysis
(24). However, as everolimus is measured in WB and therefore in the same matrix as DBS and as
no effect of hematocrit is expected, the expected variation in DBS measurements is smaller than
in other DBS studies. Moreover, in transplantation patients previously good agreement of
everolimus measurement between DBS and whole blood has been shown (21). Therefore, we
performed a power analysis for Bland-Altman analysis to determine the sample size (25). Assuming
an expected mean of difference of 9%, with a standard deviation of 5% and a maximum allowed
difference of 25%, and α of 0.05 and power of 0.80, we required samples of 20 patients. Two extra
patients were recruited for the risk of invalid samples.
To study the level of agreement between everolimus concentrations in DBS, DBSwb, and WB,
Bland-Altman analysis was performed (26). In this analysis, we set limits of clinical relevance on
a 25% range around the ratio of the two measurements. This range was chosen, as everolimus
can be dose-adjusted in steps of 25% of the total dose. Passing-Bablok regression analysis was
performed to detect constant and proportional bias, by analyzing the intercept and the slope of
the regression line, respectively (27).
Furthermore, the DBS everolimus concentration was used to predict the measured WB
concentration. With Passing-Bablok regression, the intercept and slope were determined using
the whole population whilst excluding the data of the individual patient from whom the WB
everolimus concentration is to be predicted. Subsequently, the intercept and slope were used to
predict the WB everolimus concentration, based on the DBS concentration. This process was
repeated for each individual patient. For analyzing the predictive performance, the following
equations from the guideline of Sheiner and Beal (28) were used.
For bias:
Eq. 1: median prediction error = median (WBpred — WB)
Eq. 2: median percentage prediction error (MPPE) = median[100% × (WBpred — WB)÷WB]
For imprecision:
Eq. 3: root median squared prediction error (RMSE) = √median (WBpred—WB)2
Eq. 4: median absolute percentage prediction error (MAPE) = median[100% ×|(WBpred — WB)|
÷WB]
Values of MPPE and MAPE of <15% were considered acceptable. Overall predictive performance
was measured by the percentage of samples with an absolute percentage prediction error of <
20%. We set the criterion that at least 67% of samples should have a prediction error of <20%,
analogous to the criteria for cross validation of the European Medicines Agency (EMA) guideline
on bioanalytical method validation (29).
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All calculations were performed using Microsoft Office Excel (Microsoft Inc, Redmond, WA) and
add-in Analyse-it statistics software, version 4.10.2 (Analyse-it Software, Ltd, Leeds, UK).

Results
Patients and everolimus concentrations
As planned, 22 patients were included, from June to December 2015. WB, DBS, and DBSwb samples
of 20 patients were included in the final analysis, since one set of samples were lost and the
duplicate DBS samples of one patient was insufficient for analysis. The population consisted of
11 patients with mBC and 9 patients with mRCC. The median age at index date was 62.0 years
(range 38 – 73) and the median everolimus dose was 10 mg (range 5 – 17.5 mg). The median
hematocrit value of the WB samples was 0.35 L/L (range 0.25 – 0.45) (Table 1). The everolimus
concentrations of the 20 analyzed samples ranged from 3.7 to 33.3 µg/L in DBS, from 3.3 to 31.2
µg/L in DBSwb and from 3.6 to 28.5 µg/L in WB. When the Ctrough concentrations were calculated for
the individual patients using the equation of Wang et al., 55% of patients had a Ctrough concentration
below 11.9 µg/L and 15% a Ctrough concentration above 26.3 µg/L (22).

Table 1. Baseline characteristics of patients
Baseline characteristics

n=20

Age (years)

62 (38 – 73)

Sex (number (%))
Male

8 (40%)

Female

12 (60%)

Weight (kg)

72.4 (48.5 – 90.2)

Hematocrit (L/L)

0.35 (0.25 – 0.45)

Everolimus daily dose (mg)

10.0 (5.0 – 17.5)

Tumor type (number (%))
Breast cancer

11 (55%)

Renal cell carcinoma

9 (45%)

Data are median (range), unless stated otherwise

Agreement between DBS, DBSwb, and WB everolimus concentrations
Bland-Altman analysis was used to determine the level of agreement between DBS, DBSwb, and
WB everolimus concentrations. The Bland-Altman plot with 95% limits of agreement (LoA) showed
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a small and balanced spread of relative differences between DBS and WB everolimus
concentrations, with a mean ratio of everolimus WB to DBS concentrations of 0.90 (95% LoA 0.71
– 1.08). Only 1/20 (5%) of values fell outside the limits of agreement and outside the limits of
clinical relevance (Figure 1). Using Passing–Bablok regression analysis, a strong linear relationship
was found between both methods, with a correlation coefficient of r = 0.97, thus explaining 95%
of the variance (r2 = 0.95). No significant constant bias was found, with an intercept close to zero
(intercept estimate 0.02 µg/L; 95% CI -0.93 – 1.35), and only a small proportional bias (slope
estimate 0.89; 95% CI 0.76 – 0.99) (Figure 2).

5

Figure 1. Bland-Altman plot of ratio between WB and DBS everolimus concentrations versus mean everolimus concentration

Agreement between DBSwb and WB everolimus concentrations was comparable to the results of
the DBS and WB analysis. Bland-Altman analysis showed a mean ratio of everolimus DBSwb
concentrations to WB concentrations of 0.92 (95% LoA 0.79 – 1.05). Passing-Bablok regression
showed a coefficient of determination r2 = 0.98, no constant bias (intercept -0.17 µg/L; 95% CI
-1.37 – 0.51) and no proportional bias (slope estimate 0.93; 95% CI 0.87 – 1.04).
Everolimus concentrations of DBS and DBSwb were similar, as the Bland-Altman plot showed a
mean ratio of nearly 1 (mean ratio 0.98; 95% LoA 0.82 – 1.13). The Passing-Bablok regression of
the two DBS sampling methods showed a coefficient of determination r2 = 0.97, no constant bias
(intercept 0.46 µg/L; 95% CI -0.71 – 2.40) and no proportional bias (slope estimate, 0.93; 95% CI
0.80 – 1.03).
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Figure 2. Passing-Bablok plot of everolimus concentrations from DBS and WB

Predictive performance of predicted everolimus WB concentrations compared with
measured WB
Based on the DBS concentrations and using the intercept and slope, everolimus WB concentrations
were predicted. The total error of this prediction is determined by bias (average difference
between estimator and true value) and imprecision (variance of the estimator). Bias between the
predicted and the measured everolimus concentration was negligible, with median absolute
difference as measured by MPE of only 0.015 µg/L, and median relative difference as measured
by MPPE of 0.035%. The imprecision of the predicted concentration was small, with RSME of 0.76
µg/L and median absolute percentage prediction error (MAPE) of 6.1%. These values are well
within the acceptable limits of 15%. Overall predictive performance was good, as 90% of samples
had an absolute percentage prediction error of < 20% (Figure 3), which fell within the criterion
of at least 67% of samples (29).

Discussion
In this study, we have shown that the agreement of DBS with WB concentration measurements
of everolimus in patients with cancer is very high over the entire concentration range. With DBS,
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Figure 3. Percentage prediction error of predicted to measured everolimus concentration

5

results of 95% of samples fell within the limits of clinical significance, which would thereby lead
to the same dosing advice as when WB measurement was used. The predictive performance of
DBS was excellent, with negligible bias and small imprecision and good overall predictive
performance, satisfying the EMA criteria for cross validation (29, 30). Consequently, in view of the
high agreement and excellent predictive performance, DBS is a valid method as a practical
alternative for venous sampling to measure everolimus concentrations in patients with cancer.
As such, these results confirm the results of a DBS validation study of everolimus in 55 transplant
patients, where a similar slope and a somewhat larger intercept was found (21).
DBSwb was determined in order to discriminate influences of the blood drop collection methods
(capillary vs. whole-blood) and material (filter paper vs. EDTA tube). As DBS and DBSwb everolimus
concentrations were nearly similar, it can be concluded that collection of blood by finger prick
does not affect concentration measurements of everolimus.
Albeit not significantly, DBS and DBSwb did show consistently higher everolimus concentrations
compared to measuring everolimus in WB. Everolimus is strongly bound to erythrocytes
(approximately 85% at the blood concentration range of 5-100 µg/L) (31, 32), and we speculate
that this fraction can have a higher concentration at the center of the punch of the sampling
paper. When hematocrit levels are low (≤0.20 L/L), chromatographic effects can play a role,
resulting in inaccurately lower everolimus concentration measurements (33). Especially DBS
samples with high everolimus concentrations (> 20 µg/L) in combination with low hematocrit
can provide inaccurate lower results (21, 34). As hematocrit levels were ≥0.25 L/L for all patients,
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the impact of hematocrit on everolimus concentration measurement was not an issue in the
population we investigated. However, awareness should be in place for everolimus measurements
in patients with a hematocrit below 0.20 L/L. The collection of blood spots by volumetric
absorptive microsampling is an alternative for DBS sampling that might overcome this issue, as
it enables the collection of an accurate blood volume, independently of hematocrit levels (35).
It is important to note certain limitations of this study. First, the finger prick sampling was
performed by a dedicated physician at the hospital, and since this situation does not reflect the
at-home oncology sampling setting, the results cannot be extrapolated without further validation.
Therefore, we recommend future studies to perform a validation of clinical utility with DBS cards
sampled by patients themselves. However, we expect at-home sampling to be feasible when
clear instructions and adequate training are provided, since previous literature has shown that
86 to 98% of the DBS samples obtained from patients were suitable for analysis (36-38). Second,
the number of analyzed DBS was relatively small. A smaller sample size leads to a wider confidence
interval, resulting in a decreased power to detect a difference between two methods. However,
this sample size is comparable to the sample size in other studies with DBS and oral anticancer
agents (16, 39), while the agreement between DBS with WB for everolimus is markedly better
than for other anticancer drugs, such as pazopanib and nilotinib (16, 39). DBS shows a relatively
high performance to measure everolimus concentrations, when compared to the performance
of DBS for measuring other drugs. This can partially be explained as everolimus is measured in
WB instead of plasma, and therefore has the same matrix as DBS. Moreover, good agreement of
DBS and whole blood has been shown for everolimus in transplantation patients (21). Therefore,
we considered it appropriate to base our sample size on a power calculation using previously
obtained data in transplantation patients treated with everolimus for our assumptions. This deems
to be a legitimate approach, since our data indeed show highly similar results to the previous
independently performed study. Third, only trough levels were analyzed. This did not lead to
restrictions however, as a wide range of everolimus concentrations were obtained.
In summary, it can be concluded that this is the first study that demonstrates the clinical validity
of DBS sampling for analysis of everolimus concentration in patients with cancer. Measuring
everolimus concentrations in patients with cancer is particularly important to identify patients
with very low or high everolimus concentrations. In our study 70% of our patients had extrapolated
everolimus trough concentrations that fell outside the proposed therapeutic window. In these
patients, it is likely that dose adjustments can improve effectiveness or prevent toxicity. DBS is a
patient-friendly and practical alternative for WB concentration measurements and in this study
has shown to be accurate for the goal to individualize everolimus therapy in cancer patients.
Implementation of standard everolimus DBS measurement early after start of treatment has the
potential to improve clinical outcomes for patients with cancer treated with everolimus.
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Abstract
Everolimus has important clinical activity in various malignancies, but its use can be complicated
by respiratory adverse events. Important everolimus-induced respiratory adverse events are
interstitial lung disease (ILD) and infections, either typical or opportunistic. Furthermore,
noneverolimus-related respiratory events can occur. Due to the non-specific presentation of most
of these respiratory disorders, it is often not possible to differentiate between these causes on
clinical and radiological grounds only. Considering the potentially fatal nature of opportunistic
infections, these are especially important to recognize. To be able to distinguish between ILD and
(opportunistic) infections as the underlying cause, an aggressive diagnostic workup, including
bronchoalveolar lavage, should be performed in patients treated with everolimus who develop
respiratory disease. We report three cases of severe opportunistic pulmonary infections during
everolimus treatment, concerning two Pneumocystis jirovecii pneumonia infections. These cases
illustrate the diagnostic challenges of respiratory adverse events and the importance of a
thorough diagnostic workup for correct diagnosis and treatment.
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Introduction
Everolimus is an inhibitor of the mammalian target of rapamycin (mTOR), a component of the
intracellular PI3K/Akt signaling pathway that regulates cell proliferation, growth, metabolism and
angiogenesis (1). Initially, everolimus was developed as immunosuppressive therapy for solid
organ transplantation, as it inhibits the interleukin (IL)-2-stimulated T-cell proliferation pathway
(2). Additionally, as a key regulator of cell growth and proliferation, mTOR is implicated in the
pathogenesis of multiple malignancies. This resulted in the use of everolimus, in a much higher
dose, as an anticancer agent for metastatic renal cell carcinoma (mRCC), for pancreatic
neuroendocrine tumor and in combination with exemestane for breast carcinoma (3-5).
Furthermore, everolimus is currently under investigation for the treatment of multiple other
malignancies.
The use of everolimus is, however, frequently complicated by adverse events. Among the most
common adverse events, with an incidence of more than 10%, are stomatitis, rash, fatigue,
diarrhea, decreased appetite and nausea. Respiratory adverse events occur frequently as well,
with reported incidences in phase III trials of 20-30% for cough, 18-24% for dyspnea, 12-14% for
pneumonitis/interstitial lung disease (ILD) and 10% for respiratory infections. These respiratory
adverse events can even be fatal, as has been reported in cases of pneumonia, adult respiratory
distress syndrome, candidial pneumosepsis and bronchopulmonary aspergillosis (3, 5, 6).
Due to the immunosuppressive nature of everolimus, it is especially important to be aware of
opportunistic infections, as these can be life-threatening if left untreated. This requires a specific
diagnostic workup and treatment. Besides these everolimus-induced disorders, respiratory
symptoms have a broad further differential diagnosis, such as carcinomatous lymphangitis,
congestive heart failure, pulmonary embolism or radiation recall pneumonitis.
Due to the nonspecific presentation of most of these respiratory disorders, it is often not possible
to differentiate between these causes on clinical and radiological grounds only.
In this report, we illustrate three cases of severe opportunistic respiratory infections during
treatment with everolimus, that demonstrate the diagnostic challenges of these respiratory
adverse events and the importance of a thorough diagnostic workup for correct diagnosis and
treatment.
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Case-reports
Case A
A 61-year-old woman with hypertension and type 2 diabetes mellitus was treated with everolimus
for renal cell carcinoma with retroperitoneal lymph node metastases, after treatment failure with
sunitinib. After 13 weeks of treatment with everolimus, she presented with progressive dyspnea
and a productive cough. Physical examination revealed fever up to 39.0°C and bilateral crackles.
Laboratory results showed a leukocyte count of 4.9x109/l, with neutrophil count of 3.7x109/l and
lymphocyte count of 0.9x109/l, C-reactive protein of 97 mg/l (normal range <10 mg/l) and lactate
dehydrogenase of 530 U/l (normal range <450 U/l). Everolimus treatment was discontinued, as
drug-induced interstitial lung disease was suspected. The chest X-ray showed bilateral perihilar
patchy condensations and moderate unilateral pleural effusion on the left side of the thorax.
Computer tomography-scan (CT) of chest and abdomen revealed patchy diffuse infiltrative
changes in both lungs and extensive pleural effusion (Figure 1). As symptoms worsened, extensive
bacterial and viral cultures, molecular diagnostic and aspergillus antigen tests were performed
on bronchoalveolar lavage (BAL) fluid. Cytology showed no signs of malignancy. P. jirovecii was
not identified by Giemsa and immunofluorescence staining, but polymerase chain reaction (PCR)

Figure 1. Patchy diffuse infiltrative changes in both lungs and left-sided pleural effusion
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analysis of BAL fluid proved positive for Pneumocystis jirovecii, while other investigations remained
negative. Consequently, trimethoprim/sulfamethoxazole 5/25 mg per kilogram body weight once
daily was started for three weeks, which resulted in a rapid clinical recovery. The patient was
discharged from the hospital after one week.
The diagnosis of Pneumocystis jirovecii pneumonia (PCP) in this patient was based on the positive
PCR for Pneumocystis-DNA in BAL fluid, the striking response to anti-Pneumocystis therapy and
the absence of other diagnosable infective agents. However, there was no confirmation of the
presence of Pneumocystis jirovecii organisms by microscopy.

Case B
A 51-year-old woman, known with estrogen receptor positive breast cancer with mediastinal and
hilar lymph node metastases and carcinomatous pleuritis, started with everolimus and exemestane
treatment after progression on letrozole. During treatment she developed fever and dyspnea for
which she was admitted to the hospital. Physical examination revealed a fever of 38.6 °C, a marked
tachypnea of 36 per minute and dull percussion with diminished respiratory sounds over the left
lower lung. Laboratory results showed a leukocyte count of 5.1x109/l, neutrophil count of 3.5x109/l,
lymphocyte count of 1.0x109/l, monocyte count of 0.6x109/l and C-reactive protein of 112 mg/l
(normal range <10 mg/l). A chest X-ray showed a substantial amount of pleural fluid on the left
side. At that moment the differential diagnosis was interstitial lung disease, pulmonary infection
or progression of carcinomatous pleuritis. Everolimus was interrupted and empirical treatment
with amoxicillin/clavulanic acid was started after bacterial and viral cultures were obtained. A
pleural drainage was performed, after which a repeated chest X-ray showed a left sided pulmonary
consolidation. Due to persistent dyspnea despite the pleural drainage and the antibiotics, further
diagnostic investigations were performed. A spiral CT angiography excluded pulmonary embolism
but did show ground glass opacities and a consolidation. In addition, there was minor progression
of lymphadenopathy. At that moment, multiplex PCR on a throat swab for respiratory viruses
turned out to be positive for influenza B virus. Considering the duration of symptoms, treatment
with a neuraminidase inhibitor was considered not beneficial. The respiratory situation gradually
improved and the patient could be discharged. Subsequently, combined with exemestane,
everolimus was restarted in a reduced dose of 5mg every other day initially and increased to 5mg
once daily later on. During this treatment the dyspnea recurred however, after which a new chest
CT was performed. This showed considerable pleural fluid again, as well as progression of the
pathological lymph nodes. It was not possible to determine whether the pleural fluid was solely
due to progression of the carcinomatous pleuritis or whether ILD contributed to the pleural fluid
as well. Considering the unequivocal progressive disease of the lymph nodes, treatment with
everolimus and exemestane was discontinued and patient was started on chemotherapy.
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This case illustrates how immunocompromised patients are vulnerable to severe or complicated
influenza infections.

Case C
A 52-year-old man with renal cell carcinoma with pulmonary metastases, treated with sunitinib,
developed progressive sensory disorders. An MRI of the head showed cerebral metastases. He
was started on dexamethasone 6mg bid and received whole brain irradiation. This led to
substantial clinical improvement and four weeks after start of the dexamethasone second line
treatment with everolimus was initiated. At this moment, the dexamethasone was tapered, as
dexamethasone is a CYP3A4 inducer and everolimus is a substrate for CYP3A4. Two weeks after
the start of everolimus our patient developed a fever, a few days later followed by progressive
illness with a productive cough and fever up to 39°C with chills. Laboratory results showed a
leukocyte count of 3.9x109/l, neutrophil count of 2.2x109/l and lymphocyte count of 0.9x109/l,
C-reactive protein of 176 mg/l (normal range <10 mg/l) and lactate dehydrogenase of 351 U/l
(normal range <250 U/l), which was markedly increased compared to 192 U/l at start of everolimus.
A chest X-ray showed no new abnormalities. The patient was suspected of a bacterial or viral
pneumonia or ILD and was admitted to the hospital, where empirical treatment was started with
penicillin, ciprofloxacin and oseltamivir, taking into consideration the influenza season. Everolimus
was discontinued considering the immunosuppressive effects, as well as the possibility of ILD.
Sputum culture was negative for bacterial pathogens, but multiplex PCR on a throat swab was
positive for respiratory syncytial virus (RSV). During the following days, however, the patient’s
condition deteriorated, and a chest CT was performed. This showed extensive diffuse
consolidations and a possible viral infection was suggested by the radiologist. However, a repeated
multiplex PCR on a throat swab was negative for RSV. Therefore, it was suspected that the clinical
situation was not explained sufficiently by RSV only and it was chosen to further investigate for
possible opportunistic infections and not to treat with ribavirin at that moment. A BAL was
performed and cultures and material for PCR were obtained. PCR analysis proved positive for
Pneumocystis jirovecii in sputum as well as in BAL fluid, while a microscopical smear for
Pneumocystis jirovecii and other examinations were negative. PCR for RSV was negative on the
BAL fluid. Treatment with trimethoprim/sulfamethoxazole combined with prednisone resulted
in significant clinical benefit within two days.
The PCP infection of this patient was most likely a consequence of the immunosuppressive effects
of the combination of everolimus and dexamethasone. Retrospectively, PCP prophylaxis could
have been considered at the start of everolimus (7, 8). In general, due to the immunosuppressive
nature of everolimus, the use of other immunosuppressants such as corticosteroids should be
prescribed with caution.
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Discussion
The use of everolimus can be complicated by respiratory disorders such as ILD and infections,
either typical or opportunistic. The incidence of ILD was reported to be 18-24% in phase III trials
but is greatly dependent on the criteria used. This is illustrated by the RECORD-1 study, in which
clinically suspected pneumonitis was reported in 14%, but a dedicated review of clinical and
radiological aspects showed an incidence of pneumonitis of 54% (3, 9). Besides immunosuppressive
properties, mTOR inhibitors can have pro-inflammatory effects as well, by promoting the proinflammatory cytokines IL-12 and IL-1b, and inhibiting the anti-inflammatory cytokine IL-10 (10).
In addition, they stimulate antigen presentation via autophagy in monocytes/macrophages and
dendritic cells (11). Possibly, these pro-inflammatory effects play a role in the development of
everolimus-induced ILD.
Respiratory infections are an important other cause of lung disease associated with everolimus
treatment, as demonstrated by infectious pneumonia in 10% of the patients with renal
angiomyolipoma associated with tuberous sclerosis complex, treated with everolimus in EXIST-2
(6). Furthermore, several cases of opportunistic respiratory infections have been described. To
our knowledge, three cases of PCP infection during treatment with everolimus have been
described previously, one of which was fatal (12-14). Pneumocystis jirovecii is an opportunistic
fungus that can result in life-threatening pneumonia (15). Microscopical visualization by
immunofluorescent staining of induced sputum or BAL fluid is considered the gold standard, but
lacks sensitivity, especially in HIV-negative patients (16, 17). To overcome these limitations, PCRbased methods have been developed. Although PCR has a very high negative predictive value,
the detection of Pneumocystis DNA can both reflect colonization and infection (18). The use of
quantitative measures such as real-time PCR assessing of fungal load has been suggested to
discriminate between colonization and infection (19), but is debated due to lack of standardization
of the approach and of clinical validation (20).An aggressive workup including bronchoscopic
lavage and, in some cases, lung tissue biopsy should be performed if induced sputum is negative.
In patients with positive PCR results but negative microscopic staining, PCP treatment is
recommended, depending on the clinical aspects (16).
In addition to opportunistic infection with PCP, patients being treated with everolimus are at risk
of other opportunistic infections as well. Cases have been described of fatal candidial
pneumosepsis, tuberculosis reactivation and severe hepatitis B reactivation (21-23). Furthermore,
viral (respiratory tract) infections can have a severe clinical course. Here, we present a severe case
of influenza. Furthermore, the presence of RSV, next to Pneumocystis jirovecii in case C reflects
the drug-induced immunosuppressive state and the susceptibility for viral infections.
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This increased susceptibility to (severe) infections with viral, fungal and other opportunistic
organisms is a result of the inhibition of IL-2 induced T-cell proliferation (24, 25).
These clinical problems demonstrate that respiratory adverse events during everolimus treatment
can be a result of the immunosuppressive effects as well as the proinflammatory effects.

Summary
In patients treated with everolimus who develop respiratory symptoms it is critical to distinguish
between interstitial lung disease, lower respiratory tract infection, including those caused by
opportunistic micro-organisms, and other, non-everolimus related pulmonary disorders. This is
especially important since these disorders are potentially life threatening and each require
different therapy. Clinical and radiological aspects are often insufficient to make this distinction.
Therefore, a thorough diagnostic workup, including BAL, is indicated.
Due to the immunosuppressive nature of everolimus, use of other immunosuppressants such as
corticosteroids should be prescribed with caution.
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Chapter 7

Abstract
mTOR inhibitors have clinically significant activity against various malignancies, such as renal cell
carcinoma and breast cancer, but their use can be complicated by several toxicities. Interstitial
lung disease (ILD) is an adverse event of particular importance. Mostly, mTORi-induced ILD remains
asymptomatic or mildly symptomatic, but it can also lead to severe morbidity and even mortality.
Therefore, careful diagnosis and management of ILD is warranted. The reported incidence of
mTORi-induced ILD varies widely as because of a lack of uniform diagnostic criteria and active
surveillance. Due to the nonspecific clinical features, a broad differential diagnosis that includes
(opportunistic) infections should be considered in case of suspicion of mTORi-induced ILD. The
exact mechanism or interplay of mechanisms leading to the development of ILD remains to be
defined. Suggested mechanisms are either a direct toxic effect or immune mediated mechanisms,
considering mTOR inhibitors have several effects on the immune system. The clinical course of
ILD varies widely and is difficult to predict. Consequently, the discrimination between when mTOR
inhibitors can be continued safely and when discontinuation is indicated is challenging. In this
review we give a comprehensive review of the incidence, clinical presentation and pathophysiology
of mTORi-induced ILD in cancer patients. We present newly developed diagnostic criteria for ILD,
which include clinical symptoms as well as basic pulmonary function tests and radiological
abnormalities. In conjunction with these diagnostic criteria, we provide a detailed and easily
applicable clinical management algorithm.
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Introduction
Mechanism of action of mTOR inhibitors
The phosphatidylinositol 3-kinase (PI3K), Akt, mammalian target of rapamycin (mTOR) pathway
plays a central role in the control of the growth of cells, tissues, and organisms. This pathway
physiologically is activated by a variety of upstream signals, such as nutrients, hypoxia, stress,
and growth factors. Pathologically, several genetic events can lead to constitutional activation
of this pathway and in many malignancies it is overactive. mTOR is a key kinase in this pathway,
which forms two distinct protein complexes: mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2). When activated, mTORC1 induces mRNA transcription and the translation of numerous
proteins stimulating cell cycle progression and subsequently driving cell growth, division, and
metabolism and inhibiting apoptosis. In addition, angiogenesis is stimulated by production of
hypoxia-inducible factor 1 (HIF-1) and HIF-2 alpha and subsequently vascular endothelial growth
factor (VEGF). As a result, the activation of mTORC1 leads to cell division, angiogenesis, cell
survival, and as such promotes cancer development (1-3). mTORC2 controls the actin cytoskeleton,
but also phosphorylates and activates Akt, an important regulator of cell survival.
Rapamycin (also known as sirolimus) and its analogs (temsirolimus and everolimus) specifically
inhibit mTORC1 activity. The anti-tumor effect of these mTOR inhibitors (mTORi) results from
growth delay, cell cycle arrest and impairment of angiogenesis (2, 4, 5). Inhibition of interleukinstimulated T-cell proliferation results in an immunosuppressive effect (1, 6, 7). After prolonged
treatment there is a small inhibitory effect on mTORC2 (8).

7

Development of mTOR inhibitors
The first mTORi developed is sirolimus, which was registered for patients receiving kidney
transplants. As the antiproliferative activity of sirolimus in diverse types of tumors was noted,
mTORi were developed further as temsirolimus and everolimus (9, 10). With the registration of
everolimus in combination with exemestane for breast cancer patients, the use of everolimus has
increased substantially. Nowadays, everolimus, temsirolimus, and newer mTORi are under
investigation for the treatment of several other malignancies, either as a single agent or in
combination with other agents (5, 11, 12). A fourth mTORi, ridaforolimus, is being evaluated for
several indications but has not been registered yet (13). Considering Akt activation is thought to
contribute to development of resistance to classical mTORi, dual mTORi that inhibit both mTORC1
and mTORC2, are now being developed (14, 15). Furthermore, several PI3K inhibitors are under
different stages of investigation (16). PI3K is located upstream in the signaling pathway in which
mTOR is involved, but mechanism of action and side effect of inhibitors of both targets differ
widely.
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Adverse events of mTOR inhibitors
The use of mTORi can be complicated by several class-related adverse events. The most commonly
seen adverse events are stomatitis, rash, anemia, fatigue, diarrhea, hyperglycemia,
hypertriglyceridemia, decreased appetite, and nausea (17, 18). Generally, these adverse events
are grade 1 or 2 in severity and are manageable. However, a retrospective analysis of 1367
metastatic renal cell carcinoma (mRCC) patients treated with everolimus showed that adverse
events were the reason for discontinuation in 20% of patients (19). In these patients discontinuation
mostly occurred within the first three months of treatment. Grade 3 or 4 respiratory symptoms
occur in up to 10% of patients and are, together with stomatitis, the most common high grade
adverse events (17, 20).

mTOR inhibitor-induced interstitial lung disease: current status
Relevance
ILD was recognized as an adverse event early after the introduction of sirolimus (21, 22). Although
most patients with ILD are asymptomatic or mildly symptomatic, the significance of mTORiinduced ILD should not be underestimated, as it can lead to respiratory insufficiency and even
mortality. Several fatal outcomes due to ILD have been reported for sirolimus (23), everolimus
(24, 25), and temsirolimus (18, 26, 27).
The diagnosis of mTORi-induced ILD is often difficult as clinical, radiological, and pathological
features are non-specific. Besides ILD, infections are an important cause of respiratory disease
associated with mTORi treatment. The incidence of infectious pneumonia is up to 10% in patients
with renal angiomyolipoma treated with everolimus(28). Furthermore, several cases of
opportunistic respiratory infections have been described, including Pneumocystis jirovecii
pneumonia (PCP), severe viral respiratory tract infections (29), fatal candidial pneumosepsis(20),
and fatal recurrent bronchopulmonary aspergillosis (20). Radiological and clinical aspects of these
infections often are not distinguishable from ILD (29-32). Therefore, to differentiate between ILD
and infection, a thorough diagnostic workup, often including bronchoalveolar lavage, is indicated.
To prevent serious toxicity, mTORi are frequently interrupted in case of respiratory symptoms. In
the BOLERO-2 trial, 10% of patients required everolimus dose interruption or reduction because
of ILD (33). If therapy with an mTORi is discontinued prematurely, a potentially effective treatment
regimen is disregarded. Continuing treatment for too long on the other hand can lead to severe
morbidity and mortality.
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Incidence
Data regarding the incidence of mTORi-induced ILD based on a uniform detailed definition and
active surveillance are lacking. Therefore, the reported incidence varies widely as a result of nonuniform diagnostic criteria, diverse underlying malignancies, differences in concomitant
medication and treatment duration and the retrospective nature of these studies. Early phase 2
clinical trials with everolimus or temsirolimus reported incidences of clinically manifest ILD of 3%
to 13% (26, 27, 34, 35). Increasing experience with the use of mTORi has shown that radiological
changes on high resolution computed tomography (HRCT) are often seen in asymptomatic
patients and may precede the development of clinical symptoms. Nowadays, a much higher
incidence of all grade ILD is reported, varying from 14% to 45% for temsirolimus (18, 36-39) and
3% to 54% for everolimus (17, 20, 24, 25, 36, 40-44), possibly influenced by increased awareness
of ILD and improved imaging criteria.
To resolve this wide variation in the reported incidence of ILD, a recent meta-analysis has been
performed(45). The overall incidence of treatment-emergent pulmonary adverse events during
mTORi treatment for solid tumors in phase 2 and 3 trials was analyzed(45). In this meta-analysis
22 trials were included with a total of 4242 patients. The incidence rate of any grade pneumonitis
was 0.11 and of grade 3-4 pneumonitis 0.03. For any grade and for grade 3-4 dyspnea the
incidence rates were 0.15 and 0.03 and for any grade and grade 3-4 cough 0.23 and 0.01,
respectively. This comprehensive meta-analysis is noteworthy for its large number of included
patients. Its principal limitation however, is the lack of uniform diagnostic criteria and active
surveillance.
The importance of active surveillance for the estimation of the incidence of ILD is demonstrated
by retrospective analyses of the RECORD-1 trial and the Global ARCC trial. In the phase 3 RECORD-1
trial, studying everolimus in patients with mRCC, clinically apparent ILD was reported in 14% of
patients. A dedicated retrospective review of clinical and radiological aspects however, revealed
an incidence of radiographic findings possibly related to ILD in 54% of these patients (20, 42).
In the Global ARCC trial of temsirolimus in poor prognosis mRCC, the incidence of reported ILD
was 2%, while in 29% of the patients radiological findings possibly related to ILD were detected
(38, 46). This clearly illustrates that without active surveillance the incidence of ILD is substantially
underestimated. This underestimation will mainly embody asymptomatic or low grade ILD. The
clinical implications of subtle radiologic changes in the absence of clinical symptoms in terms of
risk for progression to clinically apparent or severe ILD are yet unknown.
Valuable real-world prospective epidemiological data are available from the all-case surveillance
for drug-induced ILD in Japan. An interim report of this surveillance of everolimus-induced ILD
showed an incidence of ILD of 17.4% (105/605 cases) with a mortality rate due to ILD of 3.8%
(4/105 cases). About 30% of these patients with ILD were asymptomatic. For temsirolimus this
surveillance is still ongoing (47).
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Pathophysiology
Histological or cytological analysis of bronchoalveolar lavage (BAL) fluid in patients with mTORiinduced ILD typically shows hypercellularity with lymphocytosis, especially CD4+ cells, and
sometimes eosinophilia. Predominance of neutrophils in BAL fluid in early phase of ILD has been
described in case reports, which progressed to lymphocytic alveolitis (37, 48-54). Furthermore,
intrapulmonary hemorrhage has been described with sirolimus, where BAL fluid showed
hemosiderin-laden macrophages (53, 55-58). Therefore, it has been suggested that mTORi can
give rise to two separate types of pulmonary toxicity: a lymphocytic pneumonitis without
hemorrhage and alveolar hemorrhage without lymphocytic alveolitis (57).
Two main mechanisms for the pathophysiology of mTORi-induced ILD have been proposed.
Firstly, a dose-related effect and therefore directly toxic effect has been suggested (51, 53, 59).
Numerous studies however, argue against a dose-effect relationship for the development of ILD.
Several cases describe the development of ILD in patients with normal or even low levels of
sirolimus (53, 55). For temsirolimus, the incidence of ILD was not increased in patients who are
treated at a much higher dose for mantle cell lymphoma, compared to the lower dose in mRCC
patients (39). No dose-dependent relationship in the development of ILD was seen either in a
phase II study where different doses of temsirolimus were used (34). Finally, cases of ILD have
even been described following the placement of an everolimus-eluting coronary artery stent, in
which systemic exposure to everolimus is very limited (60, 61).
Another proposed mechanism of a direct toxic effect comes from a mouse model in which
temsirolimus treatment led to alveolar epithelial and endothelial injury. In addition, alveolar
macrophage depletion occurred, resulting in surfactant lipid accumulation. Both epithelial and
endothelial injury and surfactant accumulation contribute to an inflammatory state in the lung (62).
Alternatively, an immunological origin of ILD is suggested with regard to the high numbers of
CD4+ cells and eosinophils found in BAL fluid of patients with ILD (51, 54). Three main
immunological mechanisms have been proposed. Firstly, mTORi might expose cryptic antigens:
proteins that are normally shielded are exposed to the immune system and become accessible
to self-reacting T lymphocytes (51). Thereby, an autoimmune response is induced, leading to
lymphocytic alveolitis and interstitial pneumonitis (51).
Secondly, a delayed-type hypersensitivity reaction is possible. mTORi have high affinity for plasma
proteins, and as such they may be immunogenic as a hapten (55). This is a small molecule that
can act as an antigen and illicit an immune response when bound to a carrier protein. The mTORiprotein complex can be processed by antigen-presenting cells and the processed antigen complex
will be recognized by T-cells. This leads to release of cytokines and preferential differentiation of
Th0 to Th1 cells, with recruitment and activation of macrophages and other inflammatory cells
(55). This process of delayed-type hypersensitivity could be HLA (human leucocyte antigen) class
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dependent (63).
Thirdly, an increasing number of studies point to the possibility that pulmonary inflammation
could be the result of an effect of mTORi on cytokine production. Several in vitro studies show
that mTORi stimulate cells of the innate immune system to produce pro-inflammatory cytokines
such as interleukin (IL)-12, IL-23, tumor necrosis factor (TNF), and IL-1β as well as block the release
of the anti-inflammatory cytokine IL-10 (64-67). An in vitro study confirms that mTORi lead to
activation of NF-κB, and subsequently to increased expression of the adhesion molecule ICAM-1
by the endothelium, resulting in increased tissue infiltration by leucocytes (68). A study in mice
confirmed that sirolimus stimulates the production of NF-κB–driven proinflammatory cytokines
such as TNF-α and IL-1β (62, 69).

Risk factors
The identification of risk factors for ILD is important in order to selectively diagnose and treat
specific patient groups. A recent retrospective analysis of 196 patients showed a higher incidence
of ILD in everolimus compared to temsirolimus (38% vs. 22%, p= 0.018) (70). A possible explanation
for this finding may be differences in the drug properties, dosing schedules, or the compatibility
with the predisposition of patients. Also, racial differences and/or HLA-classes may bring on a
genetic susceptibility to develop ILD (63, 71, 72). Based on data regarding the incidence of ILD
in patients with mRCC, the incidence of everolimus-induced ILD seems to be higher in Japanese
patients (50). The same racial differences were also observed in the BOLERO-2 trial, in which ILD
occurred in 23.5% of Asian patients vs. 14.1% of non-Asian patients (73).
For sirolimus, a higher age and male sex have been suggested as risk factors for ILD (23, 74),
although this was not confirmed by other studies (53). In addition, baseline radiographic
abnormalities consistent with ILD possibly represent a risk factor for further deterioration into
clinically manifest ILD (24, 42). Thus far, no influence on the development of ILD has been found
for patients with a history of smoking, chronic obstructive pulmonary disease, pulmonary
metastases or an abnormal baseline pulmonary function test (PFT) (36, 75, 76). Whether previous
thoracic radiotherapy poses a risk factor for ILD is unknown. Although cases of radiation recall
syndrome during treatment with mTORi have been reported, the relationship between pulmonary
findings diagnosed as radiation recall and ILD is unclear (77).
It is unclear if tumor type is a risk factor for the development of ILD. A comparison of ILD
development in different malignancies is difficult, considering the differences in treatment duration
as well as the scoring method of respiratory adverse events. Table 1 shows the incidences of
respiratory adverse events in phase 3 studies of everolimus for different indications. It is noteworthy
that in the EXIST-2 trial, in which 79 patients were treated with everolimus for angiomyolipoma,
no high grade respiratory events were reported during 38 weeks of therapy (28).
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Table 1. Respiratory adverse events in phase 3 studies of everolimus 10mg OD for several indications

any grade (%)

grade ¾ (%)

any grade (%)

grade 3/4 (%)

hormone-receptor–positive
advanced breast cancer

482

14.6

18

4

22

1

RECORD-1

metastatic renal cell carcinoma

274

20.1

24

7

30

<1

GRANITE-1

advanced gastric cancer

437

7.1

14

4

11

<1

EXIST-2

renal angiomyolipoma
associated with tuberous
sclerosis complex or sporadic
lymphangioleiomyomatosis

79

38

<10

n.r.

20

RADIANT-2

low-grade or intermediate-grade
neuroendocrine tumors

215

37.0

12

2%

RADIANT-3

advanced, low-grade or
intermediate-grade pancreatic
neuroendocrine tumors

204

38.1

<10

n.r.

Reference

grade 3/4 (%)

Indication

BOLERO-2

Pulmonary
adverse
events*

any grade (%)

Trial

Median duration of exposure
to everolimus (weeks)

Cough

Number of patients treated
with everolimus

Dyspnea

12

3

17

14

4

20

3

0.7

97

0

<1

0

28

<10

n.r.

12

2

40

11

0

17

2

25

* Includes pneumonitis, interstitial lung disease, lung infiltration, pulmonary fibrosis, pulmonary alveolar hemorrhage,
alveolitis, and pulmonary toxicity. Abbreviation: n.r. = not reported

Clinical presentation
mTORi-induced ILD is a clinical diagnosis made by observation of clinical signs and symptoms,
radiological changes, PFT, and, importantly, the exclusion of other possible causes of diffuse
parenchymal lung disease. The time to onset of ILD after start of treatment is relatively short,
most being diagnosed within six months after start of treatment. The median time to the
development of clinically manifest ILD is between 51 to 108 days (24, 36-39, 42, 44, 50).
The most common symptoms of ILD are nonspecific and include dyspnea, (dry) cough, fever,
fatigue, hypoxia, and occasionally hemoptysis (36, 75, 79). This makes it difficult to distinguish
mTORi-induced ILD from other diagnoses, such as (opportunistic) pulmonary infections or
pulmonary events such as carcinomatous pleuritis or lymphangitis, congestive heart failure,
pulmonary embolism or radiation recall pneumonitis.
The clinical application of the CTCAE version 4.0 term ‘pneumonitis’ is limited. Grade 1 constitutes
of asymptomatic ILD, with clinical or diagnostic observations only (Table 2). Grade 2 is
symptomatic, but not yet severe or limiting self care activities of daily living (ADL). Since symptoms
for grade 2 symptoms can differ considerably in severity, this classification does not guide to an
individualized management strategy. Previously, it has been proposed to subdivide grade 2 into
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grade 2a if symptoms are minor, non-threatening, and do not impact ADL and grade 2b if
symptoms are more severe and begin to impact ADL (76, 80).
For a more objective and quantified classification, radiological abnormalities as well as
abnormalities in pulmonary function tests should be included in the classification. In this review,
a more objective and quantified classification together with a management algorithm is proposed.

Table 2. CTCAE v4.0 definition of pneumonitis
Grade 1

Grade 2

Grade 3

Grade 4

Grade 5

Asymptomatic;
clinical or
diagnostic
observations only;
intervention not
indicated

Symptomatic;
medical
intervention
indicated; limiting
instrumental ADL

Severe symptoms;
limiting self
care ADL; oxygen
indicated

Life-threatening
respiratory
compromise; urgent
intervention
indicated (e.g.,
tracheotomy or
intubation)

Death

Definition: a disorder characterized by inflammation focally of diffusely affecting lung parenchyma

Imaging
Radiographic manifestations often predate clinical symptoms in mTORi-induced ILD. The most
common radiographic features are ground glass abnormalities (Figure 1), focal areas of
consolidations, and reticular opacities. Furthermore, nodular opacities, traction bronchiectases,
honeycombing, airtrapping, interlobular thickening, pleural effusion, and patterns consistent
with diffuse alveolar damage can occur (36, 38, 48, 50, 79, 81). Radiological abnormalities mostly
occur bilateral and more frequently in the lower lobes (36). These radiographic changes are
however not specific. Therefore, it is not possible to differentiate between ILD, infection, and
progression of underlying disease based on imaging alone.

Pulmonary function tests
Similar to other drug-induced ILDs, mTORi-induced ILD causes impaired diffusing capacity and
can ultimately lead to restrictive lung disease, if left untreated (18, 37, 71). In a study of patients
with temsirolimus-induced ILD, diffusing capacity of the lung for carbon monoxide (DLCO) proved
to be a sensitive diagnostic parameter, as it is decreased prior to development of clinical
symptoms.(37) A retrospective analysis of 36 mRCC patients treated with everolimus also showed
a significant decline in DLCO in all patients, even in patients without radiographic signs of ILD
(82). Therefore, determination of DLCO is most helpful in monitoring the occurrence of ILD and
can be used to determine its severity and follow the course of disease. Spirometry with forced
vital capacity (FVC) can be used to establish a restrictive lung pattern.
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Figure 1. HRCT of breast cancer patient with everolimus-induced ILD: patchy consolidations, interlobular septal thickening
and ground glass abnormalities in both lower lobes

Relationship of ILD with clinical outcome of cancer
Several studies point to the observation that the development of ILD can be viewed as a
pharmacodynamic marker that correlates with clinical response. Three studies with mRCC patients
treated with either everolimus or temsirolimus report on this relationship.
In a large retrospective review of 310 patients, the 36 patients who developed ILD had a
significantly longer overall survival than the 274 patients without ILD (median 15.4 vs. 7.4 months,
respectively, p< 0.001) (83). In a second study, 14 out of 96 patients (15%) who developed
pulmonary abnormalities compatible with ILD had a significantly better median progression free
survival (PFS) (15.0 vs. 3.0 months, p=.0026) and overall survival (17.4 vs. 8.2 month, p=.0036)
compared to the patients without symptoms of ILD (84). In another study, 14 out of 46 patients
developed pulmonary abnormalities compatible with ILD. In the patients with radiographic
characteristics of ILD compared to no radiographic abnormalities, progressive disease was less
commonly observed (14% vs. 56%) and the rate of stable disease was significantly higher (86%
vs. 44%, p=.01) (36). These three studies were not corrected for lead-time bias, however. When
patients benefit from treatment they will be treated for a longer period and as such have a higher
cumulative risk of developing ILD.
Contrary, no relationship between ILD and PFS was found in an exploratory analysis of the
RECORD-1 trial, where outcomes of 132 mRCC patients with new radiographic findings consistent
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with ILD were compared to 142 patients without new radiographic findings (42). In breast cancer
patients, data are sparse, but in a phase 2 study with 49 patients no relationship between ILD and
response was established (44).
Thus, in mRCC patients it seems that the development of ILD may serve as a marker of efficacy,
although the number of patients studied is very low, and this association may be subject to bias.
No data on the correlation between ILD and efficacy of mTORi is available in breast cancer
patients. One can speculate that an immunological effect contributes to both the toxicity as well
as the efficacy. It would be of value to know more about this relationship, as it can weigh in the
risk/benefit balance when considering to reintroduce an mTORi after a patient has recovered
from ILD.

Management of ILD
The principle of management of ILD consists of mTORi interruption and/or dose reduction and
treatment with corticosteroids. However, evidence-based management strategies of mTORiinduced ILD are lacking. Especially in the management of subclinical or mildly symptomatic ILD
a dilemma arises. It is difficult to determine if treatment can be safely proceeded or that dose
reduction or interruption is needed. The absence of widely accepted guidelines on the
management of pulmonary side effects of everolimus results in divergent clinical management.
Several sources give advice on the treatment of mTORi-induced ILD. Mostly, they underline the
importance of a differential diagnosis and ruling out an infection, and generally advise dose
interruption/reductions, and treatment with corticosteroids (42, 79, 85-87). Limitations of these
guidelines are that these are all based on CTCAE pneumonitis grading. Especially CTCAE grade
2 is too clinically divergent for a single management advice (Table 2). Furthermore, the dosing
and duration of corticosteroids often is not specified. Sometimes prednisolone is advised at high
doses, without sufficient evidence. A disadvantage of high dose prednisolone is the
immunosuppressive effect, adding to the risk of opportunistic infections.

Proposed definition and treatment plan
Progress for mTORi-induced ILD in identification of risk factors, predictors of the course of disease
and generally accepted treatment strategies has been hampered by the lack of uniformly accepted
diagnostic criteria. This has led us to propose a diagnostic classification together with a detailed
treatment strategy for mTORi-induced ILD, as shown in Tables 3 and 4. The proposed diagnostic
classification is unique, in that it includes clinical symptoms as well as basic pulmonary function
tests and radiological abnormalities.
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Generally, all patients are instructed to immediately report new or worsening respiratory
symptoms. If respiratory symptoms are reported, HRCT and a PFT are performed. Radiation
exposure from HRCT, if performed without volumetric CT scan, is limited, with an organ dose on
the lungs of 3.5 millisievert compared to 24 millisievert for a routine chest CT (88).
For the PFT, it was chosen to take the baseline test as a reference value instead of the expected
value based on anthropometric values. This was chosen as these patients undergo serial
measurements and the significance lies in a decline in pulmonary function of the specific patient,
and not the comparison with the general population. As intraindividual variability in PFT outcomes
can be high, a cutoff value of 2 standard deviations was chosen as a significant decline. As anemia
is a frequent adverse event with mTORi treatment, it is important to determine hemoglobincorrected DLCO.
An analysis for possible infectious diseases is included, as this is an important step in the
consideration of the differential diagnosis of respiratory symptoms during treatment with mTORi.
Pulmonary infections, including opportunistic infections, are especially important to consider as
this necessitates an aggressive diagnostic workup. Other consideration in the differential diagnosis
should include congestive heart failure, pulmonary infection, pulmonary embolism, carcinomatous
lymphangitis or pleuritis, radiation recall pneumonitis, asthma bronchiale, and gastroesophageal
reflux.
Table 3. Proposed diagnostic classification of respiratory symptoms during treatment with mTOR inhibitors
CTCAE gradea

(HR)CT
parenchymal
abnormalities

PFT declineb

Infectious analysisc

Conclusiond

0

Absent

Non-significant

-

No ILD

Significant

General

Inconclusive

Non-significant

-

Suspected ILD

Significant

General + consider BAL

ILD

Non-significant

General

Airway disease

Significant

General + consider BAL

Suspected ILD

Non-significant

General + consider BAL

Suspected ILD

Significant

General + BAL

ILD

Non-significant

General + consider BAL

Inconclusive

Significant

General + BAL

Inconclusive

Non-significant

General + BAL

ILD

Significant

General + BAL

ILD

Present

1 or 2

Absent

Present

3 or 4

Absent

Present

a: clinical symptoms such as dyspnea, cough, fever. NOTE: CTCAE pneumonitis is NOT included. b: definition significant PFT
decline: hemoglobin corrected DLCO ≥ 2x standard deviation (SD) decline compared to baseline OR FVC ≥ 2 SD decline
compared to baseline. c: general analysis: chest X-ray, sputum culture and serology for bacterial pathogens and PCR for
respiratory viruses. In case of suspected opportunistic infection: bronchoalveolar lavage (BAL) for cell differentiation, bacteria,
respiratory viruses and PCP. d: provided that other possible diagnoses are considered or excluded
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Table 4. Proposed clinical management of mTOR inhibitor-induced ILD
Conclusion

mTOR inhibitor treatment

Further management

Airway
disease

Continue mTOR inhibitor, watchful waiting

Start inhaled steroids (i.e. ciclesonide 320mcg BID).
Reduce dose every two weeks if symptoms allow

Suspected ILD

Continue mTOR inhibitor, watchful waiting

In case of quick deterioration of clinical condition:
treat as ILD

ILD

Interrupt mTOR inhibitor until resolution of
symptoms to CTCAE grade 1 (≥ 3 weeks).
Restart at reduced dose.
In case of life-threatening ILD: permanently
discontinue mTOR inhibitor

Start prednisolone 40mg qd orally. Reduce dose
with 10mg every two weeks. From 20 mg, reduce
with 5mg every week until stop. Add PCP
prophylaxis until stop of prednisolone.
Combine with empirical antimicrobial therapy
while results of diagnostic procedures are pending

Inconclusive

In case of grade 3 or 4 symptoms: interrupt
mTOR inhibitor pending analysis of differential
diagnosis

Analyze for other possible causes of symptoms

A distinction is made between suspected ILD and ILD, to be able to differentiate between patients
in whom mTORi treatment can be continued with watchful waiting and patients in whom mTORi
treatment should be interrupted and treatment with corticosteroids is warranted. In case of ILD,
mTORi treatment is interrupted and prednisone is started 40mg qd orally for two weeks and is
then gradually tapered over several weeks as described in Table 4. This starting dose corresponds
with advices from several others (85, 87, 89). Considering the immunosuppressive effects of mTORi
this prednisone schedule should be combined with PCP prophylaxis, i.e. trimethoprimsulfamethoxazole 480mg qd or 960mg three times a week, until prednisolone is stopped. Empirical
antimicrobial therapy directed at likely pathogens should be considered while results of diagnostic
procedures and cultures are pending.
If a patient has recovered from ILD, the decision to reintroduce an mTORi should be made on a
case-by-case basis. A benefit/risk assessment has to be made, based upon the severity of the ILD,
the expected benefits of treatment, and the availability of alternative therapies.
We acknowledge that this treatment strategy is not evidence-based. An evidence-based treatment
algorithm only becomes possible if diagnostic criteria are broadly accepted.

Questions for further research
Prospective data investigating mTORi-induced ILD are needed to resolve several clinically relevant
problems. Currently, our group is enrolling patients in a prospective clinical trial with a
standardized approach to breast cancer patients treated with everolimus that present with
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respiratory symptoms (clinicaltrials.gov: NCT01978171). With this study we aim to further clarify
the incidence, risk factors, and pathophysiology, but also to provide readily-applicable guidelines
for the management of this challenging condition.
Prospective evaluation of possible biomarkers predicting development, facilitating diagnosis and
to follow the course of mTORi-induced ILD are urgently needed. Several biomarkers have been
described in other types of ILD (50, 90-94). Interestingly, case reports have described the potential
value of KL-6 as a diagnostic for mTORi-induced ILD (95, 96). It is remarkable that the most
frequently used tumor marker for metastatic breast cancer, namely CA 15.3, is also a biomarker
for pulmonary inflammation. Therefore, caution should be taken in using CA 15.3 for disease
evaluation in breast cancer patients (97).

Conclusion
mTORi-induced ILD is an adverse event of particular importance in cancer patients. Thorough
understanding of ILD is essential to prevent premature discontinuation of these agents on the
one hand and severe iatrogenic morbidity on the other hand. Improved prediction of the
development and clinical course of ILD is paramount to reduce the morbidity associated with
ILD, while maximizing efficacy of mTORi treatment, thus realizing the potential of personalized
medicine in cancer treatment. A new and uniform definition for ILD with a practical management
algorithm is proposed. The overall goal is to improve quality of care for cancer patients treated
with mTORi.
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Abstract
Background
Everolimus-related interstitial lung disease (ILD) (also: pneumonitis) poses a difficulty to physicians,
as it is hard to discriminate ILD from other causes of respiratory symptoms and to decide upon
safe treatment continuation.

Objective
We investigated the capability of pulmonary function tests (PFT), plasma biomarkers, everolimus
pharmacokinetics, and FDG-PET to discriminate between everolimus-related ILD and other causes
of respiratory problems and to predict the severity of ILD.

Patients and methods
Women starting treatment with everolimus plus exemestane for advanced breast cancer were
included. At baseline and during the first 3 months respiratory symptoms, PFT with diffusion
capacity of the lungs for carbon monoxide corrected for hemoglobin (DLCOc) and forced vital
capacity, serum plasma biomarkers (including SP-D and YKL-40), everolimus trough concentration,
and 18F-FDG-PET were prospectively recorded.

Results
Twenty-seven (out of 29 included) patients were evaluable for analysis. Fifteen patients (56%)
developed everolimus-related respiratory signs or symptoms and four patients (15%) needed
everolimus discontinuation and received corticosteroids. Change in DLCOc differentiated ILD
from alternative diagnoses with 0.91 sensitivity and 0.78 specificity. Decrease in DLCOc (nonsignificant) was greatest in patients who needed everolimus discontinuation. Serum SP-D and
YKL-40 could differentiate ILD from alternative diagnoses with 0.83 and 0.83 sensitivity, and 0.85
and 0.62 specificity, respectively. 18F-FDG-PET abnormalities did not precede clinical symptoms.
No relationship between ILD and everolimus trough concentration was found.

Conclusions
This study shows that everolimus-related ILD occurs frequently. Prospective monitoring of DLCOc
in combination with measurement of serum SP-D and YKL-40 appear useful to discriminate ILD
from other causes of respiratory symptoms. Clinicaltrials.gov identifier: NCT01978171.
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Key points
• This is the first study to prospectively investigate drug-induced interstitial lung disease and
the value of diverse diagnostic biomarkers to discriminate ILD from alternate diagnoses.
• Diffusion capacity and the plasma biomarkers YKL-40 and SP-D can differentiate everolimusinduced ILD from alternate causes.
• A rapid decrease in diffusion capacity could be an indication of severe ILD needing treatment
discontinuation.

Introduction
In the past decades many novel anti-cancer agents including targeted therapies and immune
checkpoint inhibitors have been developed, resulting in significant improvement of treatment
outcomes (1, 2). These new treatments are associated with specific toxicities, including pulmonary
toxicities, that require adequate management to prevent serious morbidity and even mortality
(3, 4). Interstitial lung disease (ILD), or non-infectious pneumonitis, is an adverse event of special
importance, as it is often hard to discriminate between different causes of respiratory symptoms
as well as to decide upon safe treatment continuation.
An anticancer drug that is associated with frequent occurrence of ILD is the mTOR inhibitor
everolimus, with a reported incidence of ILD varying between 3 and 54% (5). In a meta-analysis
of 4242 cancer patients treated with mTOR inhibitors, the incidence of any grade pneumonitis
was 11%, any grade dyspnea 15%, and any grade cough 23% (6). It is important to note that mTOR
inhibitor-induced ILD can be very serious, as respiratory insufficiency and even fatal cases have
been described (7-9). mTOR inhibitor induced ILD is suspected to be of immunological origin,
possibly by exposure of cryptic antigens, delayed-type hypersensitivity, or by an increase in
proinflammatory cytokines (10-13).
Everolimus plus exemestane is a valuable treatment option for patients with advanced breast
cancer (ABC), but ILD is amongst the most common high grade adverse events and is a frequent
cause of treatment discontinuation (14-17). In the BOLERO-2 trial, 10% of patients required
everolimus dose interruption or reduction because of ILD (18). Cough and dyspnea are reported
frequently and may have several causes, including opportunistic infections such as Pneumocystis
jirovecii pneumonia (19). In patients with everolimus-induced ILD it is hard to predict whether or
not treatment can be continued safely. Biomarkers leading to better recognition of ILD and to
improved prediction of its severity are lacking but would be of significant clinical value. Biomarkers
that may contribute to this are pulmonary function tests (PFT), plasma biomarkers, everolimus
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pharmacokinetics, and [18F]-fluorodeoxyglucose positron emission tomography with integrated
computed tomography (FDG-PET).
Two small retrospective studies have shown an association between mTOR inhibitor-induced ILD
and a decline in diffusing capacity of the lung for carbon monoxide (DLCO) (20, 21). In other ILDs,
plasma biomarkers such as surfactant protein A (SP-A), surfactant protein D (SP-D), CC16, CCL18,
YKL-40, lactate dehydrogenase (LDH), and cancer antigen (CA) 15-3 correlate with pulmonary
inflammation (22-27)H. Previous studies have demonstrated that a high everolimus trough
concentration is associated with a higher risk of toxicity (14, 28). Increased FDG-avidity in the
lungs on FDG-PET scans has been reported in several patients with drug-induced ILD such as
bleomycin, rituximab, etoposide, and paclitaxel, mostly as diffuse bilateral FDG-accumulation
(29-35). It has been reported to detect ILD earlier than high resolution computed tomography
(36). Therefore, this may be an early marker of ILD.
It is not known yet if PFT can discriminate ILD from other causes or can predict its severity. Also,
no biomarkers in blood are known to predict or monitor the development and severity of druginduced ILD. Furthermore, it is not known whether there is an exposure-effect relationship in the
development of everolimus-induced ILD, as the pathophysiological mechanism of everolimusinduced ILD is not known.
A prospective analysis of any form of drug-induced ILD, following patients from the start of
treatment has not been performed yet. In the current study, we prospectively investigated in ABC
patients receiving everolimus plus exemestane whether PFT, plasma biomarkers, everolimus
trough concentrations, and FDG-PET can discriminate everolimus-induced ILD from other
respiratory problems. Furthermore, we determined whether changes in PFT are indicative of the
severity of ILD.

Methods
Patients
The present investigation (PREVENT study) is a prospective, open-label, observational,
explorative study, carried out in three hospitals in the Netherlands. The study protocol was
approved by the Radboudumc ethics committee (reference number 2013-285) and all patients
gave written informed consent. Clinicaltrials.gov identifier: NCT01978171. We included
postmenopausal women with ABC before start of treatment with everolimus plus exemestane.
Planned enrollment was 100 patients to guarantee the presence of enough cases of ILD.
No formal power analysis was done as this is an exploratory study. Recruitment was considerably
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slower than anticipated due to reduced use of this treatment when data became available that
no survival benefit was demonstrated. Furthermore, CDK4/6 inhibitors came available as an
alternative line of treatment. For this reason and considering the high frequency of ILD already
observed in the study participants, the study was closed early.

Clinical evaluation
Patients were evaluated at baseline and at days 14, 35, 60, 90, and 120 after start of therapy. At
each visit adverse events were recorded using the common terminology criteria for adverse events
(CTCAE), version 4.03. Using clinical symptoms, PFT, and imaging, patients were classified as
having airway disease, suspected ILD, ILD, or an alternative diagnosis (Table 1), as described in
detail previously (5). In case of respiratory symptoms, infectious analysis was performed with
chest X-ray, sputum culture, PCR for respiratory viruses, serology for atypical pneumonia
(Mycoplasma pneumoniae, Chlamydia psitacci), and legionella antigen test in urine. In case of
possible opportunistic infection, a bronchoalveolar lavage for Pneumocystis jirovecii pneumonia
was performed.

Table 1. Diagnostic classification of respiratory symptoms
CTCAE gradea (dyspnea,
cough, fever)

PFT declineb

Chest CT
Infectious analysis
parenchymal abnormalities

Conclusionc

0

Non-significant

Absent

-

No ILD

Present

-

Suspected ILD

Absent

General

Inconclusive

Present

General + consider BAL

ILD

Absent

General

Airway disease

Present

General + consider BAL

Suspected ILD

Absent

General + consider BAL

Suspected ILD

Present

General + BAL

ILD

Absent

General + consider BAL

Inconclusive

Present

General + BAL

ILD

Absent

General + BAL

Inconclusive

Present

General + BAL

ILD

Significant

1 or 2

Non-significant

Significant

3 or 4

Non-significant

Significant

a: CTCAE pneumonitis NOT included. b: significant PFT decline defined as: DLCOc corrected for Hb decline ≥ 2 SD compared
to baseline AND/OR FVC decline ≥ 2 SD compared to baseline. c: provided that other possible diagnoses are considered or
excluded, such as pulmonary infection, congestive heart failure, pulmonary embolism, carcinomatous lymphangitis or
pleuritis, radiation recall pneumonitis, asthma bronchiale, or gastroesophageal reflux
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Pulmonary function tests
PFT were performed according to ATS/ERS criteria and was performed at every scheduled visit
until day 120 and extra when respiratory symptoms occurred. Forced vital capacity (FVC in liters)
and single breath diffusion capacity of the lungs for carbon monoxide (DLCO in mmol/min/kPa)
were measured. DLCO was corrected for hemoglobin (DLCOc) (37).

Plasma biomarkers
Blood was drawn at every scheduled visit until day 120 and at occurrence of new respiratory
symptoms. More information on the measurements is provided in the Supplementary material.
Considering the variation in absolute values between individuals, the ratio of plasma biomarkers
relative to the baseline value was used.

FDG-PET and pharmacokinetics
Patients could choose to participate in the FDG-PET imaging part or not. FDG-PET was performed
at baseline, day 14, and day 35 after start of treatment. Scans were qualitatively judged by a
nuclear medicine physician for FDG-avid abnormalities consistent with ILD. The temporal
relationship between FDG-abnormalities and clinical symptoms was evaluated.
Everolimus trough concentrations were measured in whole blood at day 14, 24 hours after
everolimus administration, by a validated liquid chromatography tandem mass spectrometry
technique.

Statistics
To compare groups of patients, for each patient we used the PFT or plasma biomarker
measurement at the first moment of the patient’s highest severity classification (ILD > suspected
ILD > alternative diagnosis > airway disease > no respiratory signs). For patients without
respiratory symptoms, the value of PFT closest to the moment of median onset of ILD was used,
day 65. Data were analyzed qualitatively, as described in the Supplementary material.
Using a Mann-Whitney U test, the change in PFT was compared between patients with everolimus
related (suspected) ILD and patients with respiratory signs due to an alternative diagnosis. Using
a Mann-Whitney U-test, plasma biomarkers were compared between patients with (suspected)
ILD and patients without respiratory symptoms, with airway disease, or with respiratory symptoms
due to other causes. A receiver operating characteristic (ROC) curve analysis was performed, with
calculation of the area under the curve (AUC), and testing whether this AUC significantly differed
from 0.50. An optimal cut-off value was determined using the Youden index (value with highest
sum of sensitivity + specificity – 1) (38). Sensitivity, specificity, and negative and positive predictive
value were calculated.
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In patients with (suspected) ILD, the change in DLCOc and FVC at the first moment of the highest
classification was compared between patients with and without the need for everolimus
discontinuation. In patients who discontinued everolimus due to (suspected) ILD, it was visually
evaluated whether discontinuation was preceded by a rise in plasma biomarkers.
As this is an exploratory and hypothesis-generating analysis, no correction for multiple testing
was performed.

Results
Patients
Between April 2014 and October 2017, 29 subjects were enrolled. Almost all patients who were
eligible for the study did participate in the study. Two patients were a screen failure (in one patient
after informed consent it was decided to start a different treatment and in the other patient
informed consent was withdrawn due to decline of general wellbeing), and 27 patients could be
analyzed. Population demographics are described in Table 2.

Table 2. Population demographics
Characteristic

Result

Age (years; median and rage)

62 (35-76)

Race

All Caucasian

Eastern Cooperative Oncology Group Performance Status score (n, %)
0

18/27 (67)

1

8/27 (30)

2

1/27 (4)

Follow-up time (days, median)

95

Current or ex-smokers (n)

8/27

History of pulmonary disease (n)

3

chronic obstructive pulmonary disease

1

asthma bronchiale

1

bronchiectases

1

History of radiation of the breast region (n, %)

8

15/27 (56%)

Number of previous treatments (mean)
in adjuvant setting

1,1

in metastatic setting

2,1

total
Lymphocyte count <500/mm3 during treatment

3,2
1 patient at 2 timepoints
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Respiratory symptoms
From the 27 patients included, fifteen patients (56%) developed everolimus-related respiratory
problems (symptoms or DLCOc or CT abnormalities): 3 patients were classified as ILD, 11 with
suspected ILD (two patients asymptomatic, but with CT abnormalities consistent with ILD), and
1 with airway disease. Eight patients (30%) had an alternative diagnosis (4 progression of
malignant pleural effusion, 3 suspected viral respiratory infection, 1 Pneumocystis jirovecii
pneumonia). Four patients (15%) had no respiratory symptoms. Details of the classification are
described in Supplementary table 1 of the Supplementary material.
Median time to onset of (suspected) ILD was 65 days (range 32-119). Four patients discontinued
treatment because of (suspected) ILD and were treated according to protocol with prednisolone
60mg/day followed by tapering, for a mean duration of 69 days (range 50-95) and everolimus
was discontinued permanently. In three patients at diagnosis of ILD everolimus was discontinued
and corticosteroids were started, in one patient corticosteroids were started 10 days later. This
resulted in clinical improvement in all cases. From the four patients who discontinued treatment
because of (suspected) ILD, 1 patient had a history of pulmonary problems (asthma), 1 patient
was a previous smoker, and 1 patient previously underwent radiation of the breast, but pulmonary
abnormalities in this patient were bilateral. In these patients, there was a clear increase in
pulmonary symptoms compared to baseline, therefore the symptoms were not attributable to
an increase of the pre-existent problems.

Pulmonary function tests
Due to logistical reasons no PFT was done in three patients at day 60 and in three patients at day
90. In the four patients who discontinued everolimus due to (suspected) ILD, DLCOc was better
correlated with ILD than FVC. In three out of these four patients, a ≥2SD decrease in DLCOc
preceded the diagnosis of ILD (Figure 1). In two out of these four patients the PFT decline was
considered significant according to the diagnostic protocol. No other patients had a significant
PFT decline.
PFT to discriminate (suspected) ILD from an alternative diagnosis in patients with respiratory
symptoms
The median decrease in FVC was 0.21L (8%) in the 14 patients with everolimus-related (suspected)
ILD, compared to 0.20L (6%) in the 8 patients with respiratory symptoms due to an alternative
cause (p=0.328 and p=0.328, respectively). DLCOc decrease was 1.02 mmol/min/kPa (16%) in
everolimus-related (suspected) ILD versus a 0.10 mmol/min/kPa increase (1%) in patients with
other causes (p=0.004 and p=0.005, respectively) (Figure 2). ROC analysis using the absolute
decrease in DLCOc to predict (suspected) ILD showed an AUC of 0.90 (p=0.003). At the optimal136
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Figure 1. Pulmonary function tests in patients who discontinued everolimus due to (suspected) ILD

cut off point of a 0.16 mmol/min/kPa decrease in DLCOc this had a sensitivity of 0.92 and a
specificity of 0.86, with a positive and negative predictive value of 0.92 and 0.86, respectively.
Alternatively, if a cut-off of a >0.0 mmol/min/kPa DLCOc change is used to diagnose alternative
causes and a >1.0 mmol/min/kPa DLCOc decrease for (suspected) ILD, 67% of patients can be
diagnosed and this is correct in 93% of cases.

8

PFT to predict the need for treatment discontinuation in patients with (suspected) ILD
Patients with (suspected) ILD with need for treatment discontinuation show a stronger DLCOc
decrease compared to patients without need for discontinuation (Figure 3A and B), but this
difference was not statistically significant. The median slopes of the 6 weeks before day zero were
-0.042 and -0.00063, respectively. However, the DLCOc decrease was not statistically significant
different in patients with (-1.78 mmol/min/kPa, 27%) versus without (-0.73 mmol/min/kPa, 14%)
everolimus discontinuation (p=0.26 and p=0.15, respectively). No significant difference was
observed in FVC decrease in patients with (0.21L, 7%) or without everolimus discontinuation
(0.19, 8%), (p=0.70 and p=0.94, respectively).
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Correlation between DLCOc decrease and severity of respiratory symptoms
In the total group of patients as well as in the group of patients with (suspected) ILD, no significant
correlation was observed between the severity of symptoms and DLCOc decrease, Spearman r
-0.26 (95%CI -0.60, 0.16) and -0.44 (95%CI -0.80, 0.17).

Figure 2. Change in DLCOc compared to baseline per classification in patients with respiratory symptoms. Each bar
represents one patient

Figure 3. Spaghetti plots of DLCOc for patients with (suspected) ILD with versus without need for discontinuation
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Plasma biomarkers
Plasma biomarkers were collected from 25 patients, with a total of 123 samples. Due to logistical
problems, from two patients no samples could be collected and from the other 25 patients, one
sample on day 14 and two samples on day 35 were not collected. One sample had to be discarded
due to pre-analytical errors.
Plasma biomarkers to discriminate between patients with and without (suspected) ILD
Patients with (suspected) ILD were compared to patients without respiratory symptoms, airway
disease, or respiratory symptoms due to an alternative cause. Concentrations of YKL-40 and SP-D
in patients with (suspected) ILD were significantly higher compared to patients without
(suspected) ILD (Table 2), median ratio 1.31 versus 0.94 and 1.27 versus 0.64, respectively. No
significant difference between the ILD and no ILD group was seen regarding CA 15-3, uteroglobin,
CCL18, SP-A, and LDH concentrations. YKL-40 and SP-D showed the highest ROC AUC. At the
optimal cut-off points (>1.10 and >1.00, respectively), these plasma biomarkers had high
sensitivity and specificity and positive and negative predictive values (Table 3).
The optimal cut-offs for DLCOc and SP-D were combined, and patients were classified as with or
without (suspected) ILD when both tests indicated in the same direction. This could classify 70%
of patients, with positive and negative predictive values of 1.0 and 0.80, respectively.

Median ratio for patients
without (suspected) ILD (n=13)

Median ratio for patients with
(suspected) ILD (n=12)

p

Area under the ROC curve

Sensitivity

Specificity

Positive predictive value

Negative predictive value

Table 3. Diagnostic performance of change of plasma biomarkers from baseline to discriminate patients with and without
(suspected) ILD

YKL-40

0.94

1.31

0.039

0.75

0.83

0.62

0.67

0.80

SP-D

0.64

1.27

0.003

0.85

0.83

0.85

0.83

0.85

SP-A

1.07

1.63

0.077

0.71

Uteroglobin

1.23

1.29

0.849

0.53

CCL18

0.27

0.38

0.231

0.64

CA 15.3

1.19

1.02

0.479

0.59

LDH

1.37

1.47

0.735

0.55

Plasma
biomarker

8
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Figure 4. Plasma biomarkers in patients who discontinued everolimus due to (suspected) ILD
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Plasma biomarkers to predict the need for treatment discontinuation in patients with (suspected) ILD
In three out of four patients who discontinued everolimus treatment due to ILD, plasma biomarker
data were available. In these three patients, changes in concentration of plasma biomarkers SPA, SP-D, and YKL-40 paralleled development of ILD best (Figure 4). However, plasma biomarker
concentrations did not allow discrimination between patients with and without the need for
treatment discontinuation. In patients with (suspected) ILD, the median ratio of YKL-40 was 1.29
in patients without need for discontinuation, compared to 1.32 in the patients with need for
discontinuation (p=1.00). For SP-D, medians were 1.09 and 1.52, respectively (p=0.11).

Everolimus pharmacokinetics
Everolimus trough concentrations were measured in 26 patients. There was no difference in
everolimus concentrations of patients with versus without (suspected) ILD, with geometric mean
concentrations of 10.3 and 10.1 µg/L, respectively (p=0.94).

FDG-PET
Four patients did not participate in the FDG-PET imaging part, and therefore FDG-PET data were
available from 11/15 patients with everolimus-related respiratory symptoms. From these patients,
none had enhanced FDG uptake at day 14, while 7/11 patients showed an FDG-uptake pattern
consistent with ILD on day 35. In these patients, FDG-uptake was most often focal consolidations,
either unilateral or bilateral. From these 7 patients with respiratory symptoms and FDG-PET
abnormalities, 6 patients were classified as (suspected) ILD at or before day 35. The seventh patient
showed pulmonary abnormalities consistent with ILD at day 35 and developed suspected ILD at
day 89. As such, FDG-PET abnormalities mostly did not precede the clinical diagnosis. No enhanced
FDG uptake was seen in patients without everolimus-related respiratory symptoms.

8
Discussion
To the best of our knowledge, this is the first prospective study investigating drug-induced ILD.
We demonstrate that in ABC patients treated with everolimus, DLCOc decline and the plasma
biomarkers YKL-40 and SP-D seem to discriminate patients with versus without (suspected) ILD.
DLCOc shows a much better diagnostic performance for detecting ILD than FVC. The amount of
DLCOc decline seems to be different for (suspected) ILD and alternative causes, such as malignant
pleural effusion and respiratory infections. However, as DLCOc is foremost a marker of disease
severity, analysis in more patients is needed to confirm the discriminative capability of DLCOc.
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A fast decrease in absolute DLCOc could be an alarming indicator for severe toxicity necessitating
treatment discontinuation. Furthermore, this study shows that the grade of respiratory symptoms
is not a good reflection of the decrease in diffusion capacity. As such, measurement of DLCOc
could be used as an indication of the severity of parenchymal changes. As the change in PFT
compared to baseline is more informative than the absolute value, PFT is preferably performed
at baseline and during follow-up.
SP-D is a protein involved in pulmonary immune and inflammatory regulation and in surfactant
homeostasis and has previously shown its value in hypersensitivity pneumonitis and idiopathic
pulmonary fibrosis (39-41). YKL-40 is involved in tissue remodeling after an inflammatory response
and has been associated with idiopathic pulmonary fibrosis, sarcoidosis, and hypersensitivity
pneumonitis (42). However, YKL-40 is also known to be associated with breast cancer markers
(43). We demonstrate that these proteins also increase in drug-induced ILD. SP-A, uteroglobin,
CCL18, and LDH showed a non-significant increase in everolimus-induced ILD.
No correlation was seen between everolimus trough concentration and the development of
(suspected) ILD, whereas other everolimus-related toxicities have been related to trough
concentration (14, 28). This observation is in line with other studies that have indicated that the
development of ILD is not exposure related (44, 45). Most patients with (suspected) ILD had FDGavid pulmonary abnormalities. However, as these FDG-PET abnormalities mostly did not precede
the clinical symptoms, FDG-PET does not seem to have significant predictive value for ILD.
The incidence of ILD was high, as 56% of patients developed everolimus-related respiratory
problems, and 15% had to discontinue treatment because of drug-induced ILD. This high
incidence is in contrast with earlier studies, such as the BOLERO-2 (16), which demonstrates that
the incidence of ILD is higher when awareness is high.
Furthermore, it illustrates that the incidence of ILD is very variable as there are no generally
accepted criteria for the diagnosis. It is important to note that patients with CT abnormalities or
a DLCOc decrease may have no or minor symptoms and the majority of patients with suspected
ILD continued everolimus without further deterioration. Everolimus discontinuation and
treatment with prednisolone resulted in good recovery of symptoms and PFT in our patients with
severe ILD.
The strong point of this study is the prospective collection of a comprehensive dataset. A
prospective study of drug-induced ILD following patients from start of treatment has not been
published before. A limitation of this study is the limited sample size. Therefore, these results
should be seen as hypothesis generating. Despite this however, clear observations could be made
because of the high incidence of everolimus-induced ILD. Another limitation is that as yet the
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diagnosis of drug-induced ILD is largely made per exclusionem. In patients with respiratory
symptoms, infectious analysis for viral, bacterial, and yeast infections was performed on clinical
suspicion and therefore was not performed in all patients. As such, it is possible that cases have
been assessed as ILD when an alternative diagnosis was missed. Also, the criteria we used are not
externally validated yet. However, up to date, no validated criteria exist. The criteria we used are
detailed and use multiple sources of information. Therefore, we believe this is preferable above
for instance the CTCAE criteria, which are very nonspecific. Furthermore, we acknowledge the
risk that PFT is not a fully independent biomarker, as a significant PFT decline is part of the
diagnostic criteria for ILD. However, only two patients had a significant PFT decline and patients
were only diagnosed with ILD if other causes were excluded. In this study everolimus was used
in combination with exemestane. Exemestane is not associated with ILD (46), and therefore this
does not seem to influence ILD incidence.
Our data should be considered explorative and hypothesis-generating. Although our results will
have to be confirmed in another study, we do suggest that a rise in SP-D combined with a decrease
in DLCOc (>0.16 mmol/min/kPa) is suggestive of everolimus-induced lung injury. DLCOc and
plasma biomarker measurements could be useful in monitoring of other forms of drug-induced
ILD, especially for targeted therapies such as PI3K inhibitors and Akt inhibitors, with similar classrelated pneumonitis. However, the use of the biomarkers identified in our study need to be
confirmed for these other anticancer therapies.
In summary, we report a high incidence of everolimus-related ILD and have prospectively shown
that DLCOc and SP-D and YKL-40 provide valuable tools for early diagnosis of everolimus-induced
lung toxicity. If after validation these tests can be applied in a clinical algorithm this can help to
keep patients on treatment when possible, while also preventing drug-induced morbidity.
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Methods
Clinical evaluation
In case of (suspected) ILD the decision for treatment discontinuation was based on the discretion
of the treating physician. Follow-up stopped if a patient discontinued everolimus due to
progressive disease. If discontinuation was due to ILD, evaluation was continued during the
recovery of ILD.

Pulmonary function tests
Before quantitative analysis, we depicted our data graphically. In patients who discontinued
everolimus due to ILD it was visually evaluated if a decrease in DLCOc or FVC preceded
discontinuation. The relationship between the severity of respiratory symptoms at the first
moment of the patient’s highest severity classification and the degree of decrease in DLCOc at
that moment was studied visually. Spaghetti plots were constructed showing the change in
DLCOc in patients with (suspected) ILD to compare patients with and without the need for
discontinuation of everolimus treatment. As changes in PFT in the period before discontinuation
are of main interest, this plot is constructed with on the x-axis the number of days before “day
zero”: the day of everolimus discontinuation or maximally the 120st day of treatment in patients
who continued treatment. The slopes in the period of the last six weeks of these groups were
compared by measuring the absolute change in DLCOc divided by the number of days. The period
of six weeks was chosen by clinical experience, as this is the time over which ILD often develops
and deteriorates.

Plasma biomarkers
One 9ml lithium-heparin tube and one 9ml serum tube with clot activator were collected.
Following centrifugation, plasma and serum were collected and dispersed over three aliquots,
which were stored at -80°C. YKL-40, CCL18, SP-D, and CA 15-3 levels were determined by two
separate duplex bead-based immunoassays (R&D Systems) in accordance with the manufacturer’s
instructions. Plasma biomarkers concentrations were measured on a Bio-Plex System 100 (BioRad). Enzyme-linked immuno sorbent assay (ELISA) (BioVendor) was used for quantification of
surfactant protein A (SP-A) and was performed in accordance with the manufacturer’s instructions.
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Supplementary table 1. Diagnostic classification per patient at first moment of maximal classification
Study
id

Number of
treatment
days

CTCAE
grade

Significant
PFT decline?

CT abnormalities

Conclusion

1

14

2 cough

0

no new pulmonary
abnormalities

alternative diagnosis:
suspected viral upper
respiratory infection

2

91

2 dysnea

1

ground glass opacities

ILD

3

84

0

0

no new pulmonary
abnormalities

no respiratory symptoms

4

11

2 cough, 2
dyspnea

0

consolidations

suspected ILD

5

35

2 dyspnea

0

pleural effusion

alternative diagnosis: pleuritis
carcinomatosa

6

112

1 cough

0

pleural effusion

alternative diagnosis: pleuritis
carcinomatosa

7

46

3 dyspnea,
2 cough

0

infiltrative abnormalities,
pleural effusion, and reticular
thickening basal

ILD

8

89

1 cough, 1
dyspnea

0

ground glass opacities and
reticular thickening

suspected ILD

9

17

1 cough, 1
fever

0

no new pulmonary
abnormalities

alternative diagnosis: PCR
positive for rhinovirus

10

34

1 cough, 1
dyspnea

0

infiltrative abnormalities

suspected ILD

11

34

0

0

infiltrative abnormalities

suspected ILD

12

79

2 cough, 2
dyspnea

0

infiltrative abnormalities,
ground glass opacities, and
thickening of interlobular
septae

suspected ILD

13

62

1 dyspnea

0

Ground glass opacities

suspected ILD

14

13

1 cough, 1
dyspnea

0

pleural fluid and pleuritis
carcinomatosa

alternative diagnosis: pleuritis
carcinomatosa and possible
lymphangitic carcinomatosa

15

62

0

0

no new pulmonary
abnormalities

no respiratory symptoms

16

119

2 cough

0

infiltrative abnormalities,
ground glass opacities

suspected ILD

17

48

2 dyspnea

0

no new pulmonary
abnormalities

alternative diagnosis:
suspected viral upper
respiratory infection

18

57

0

0

no new pulmonary
abnormalities

no respiratory symptoms

19

55

0

0

no new pulmonary
abnormalities

no respiratory symptoms

20

32

0

0

infiltrative abnormalities

suspected ILD

21

60

0

0

no new pulmonary
abnormalities

no respiratory symptoms
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Supplementary table 1. Continued
Study
id

Number of
treatment
days

CTCAE
grade

Significant
PFT decline?

CT abnormalities

Conclusion

22

45

2 dyspnea,
1 cough

0

consolidation

alternative diagnosis: proven
Pneumocystis jirovecii
pneumonia

23

51

2 cough, 2
dyspnea

1

consolidations and ground
glass opacities

ILD

24

89

2 dyspnea

0

consolidation and pleural
effusion

suspected ILD

25

90

1 cough

0

consolidations, ground glass
opacities and reticular
thickening

suspected ILD

26

14

1 cough

0

no new pulmonary
abnormalities

alternative diagnosis:
suspected viral upper
respiratory infection

27

35

0

0

consolidations

suspected ILD
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Abstract
Background
The mTOR inhibitor everolimus used in cancer has immune-modulating effects that are both
immunosuppressive, as well as immune-stimulating, leading to antitumor response but also to
pulmonary toxicity. We studied the association of immunological cell subsets with antitumor
response and pulmonary toxicity in breast cancer patients treated with everolimus plus
exemestane.

Methods
In this exploratory analysis, peripheral blood mononuclear cells (PBMCs) were collected at
baseline, 14, 35, 60, and 90 days after start of treatment, and at time of pulmonary toxicity. The
percentage and absolute number of T-cells, B-cells, NK-cells, monocytes and numerous subtypes
were measured in peripheral blood using flow cytometric analysis and were compared using a
(paired) t-test.

Results
From 20 patients, a total of 89 samples were collected. During treatment the absolute number
of most immune cell subsets, including the regulatory T-cells (CD4+CD25+CD127low FOXP3+ T-cells),
decreased. At baseline, responders versus non-responders had 0.86% versus 0.32% CD4+ effector
cells (CD45RA+CD27-) (p=0.1266) and non-response could be predicted with 0.71 sensitivity and
0.82 specificity. Patients who developed pulmonary toxicity compared to patients without
pulmonary toxicity had relatively more NKT-cells at baseline (6.0% versus 1.3%, p=0.0068, 59k
versus 12k*109/l, p=0.0081) and at the moment of toxicity (5.2% versus 1.2%, p=0.0106 and 47k
versus 16k*109/l, p=0.0466). Baseline percentage NKT cells predicted pulmonary toxicity with
0.78 sensitivity and 1.0 specificity.

Conclusions
Our results suggest that baseline CD4+ effector cells may be predictive of antitumor responses
and baseline NKT cells may be predictive of pulmonary toxicity. These results warrant further
validation.
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Précis
In advanced breast cancer patients starting on treatment with the mTOR inhibitor everolimus
plus exemestane, the baseline percentage of CD4+ effector cells and NKT-cells was predictive of
non-response and pulmonary toxicity, respectively.

Introduction
The phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt), mammalian target of rapamycin
(mTOR) pathway plays a central role in the control of cell growth. Hyperactivity of this pathway
promotes cancer development (1, 2). Rapamycin (also known as sirolimus), everolimus, and
temsirolimus are mTOR inhibitors targeting this pathway (1, 3). Everolimus is used as an anticancer
agent in breast cancer, metastatic renal cell carcinoma (mRCC), and neuro-endocrine tumors (4).
In addition to its role in the development of cancer, the PI3k/Akt/mTOR pathway is also a key
regulator of immune cells, where it determines the differentiation, homeostasis, and functional
regulation of CD4+ and CD8+ T-cell subsets and balances effector and CD4+CD25hiFOXP3+
regulatory T cells (Tregs) (5, 6). Everolimus is known to favor expansion of Tregs and preservation
of their suppressive activity (7-10). This inhibition of effector T cells and sparing of Treg by mTOR
inhibitors is part of the underlying mechanism preventing graft rejection in transplant patients.
In contrast to its immunosuppressive characteristics, everolimus can also have an immunestimulating effect, which promotes antitumor response. Everolimus can enhance an immunological
antitumor reaction by an increase in the number of tumor-specific T-helper 1 (Th1) CD4+ T-cells
(11), an increase in interferon-gamma production leading to cytotoxic T-cell responses of CD8+
T cells with enhanced formation of CD8+ memory cells (12), a decrease in the number of Tregs
and in the number of T cells expressing the T-cell anergy receptor CTLA-4 (13), and by an increase
in antitumor properties of γδ T-cells (14). In summary, everolimus affects a wide range of cells in
the immune system.
Notably, everolimus treatment has been associated with immune modulating effects leading to
stomatitis, pulmonary toxicity (also described as interstitial lung disease (ILD) or as pneumonitis),
and dermatitis (15, 16). The pathophysiological mechanism of this inflammatory toxicity is yet
unknown. Three main immunological mechanisms of mTOR inhibitor-induced pulmonary toxicity
have been proposed: exposure of cryptic (hidden) antigens resulting in an autoimmune response
(17), a delayed-type hypersensitivity reaction (18), or an increase in pro-inflammatory cytokine
production (19, 20).
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In this study we investigated the effects of everolimus plus exemestane treatment on the
peripheral blood immune cell composition in patients with advanced breast cancer, using flow
cytometry. We analyzed 1) the effects on the major peripheral immune cell subsets, 2) association
with pulmonary toxicity, and 3) association with antitumor response.

Materials and methods
Patients and clinical aspects
This prospective, open-label, explorative study was carried out in three hospitals in the
Netherlands (Clinicaltrials.gov identifier: NCT01978171). The study protocol was approved by the
Radboudumc ethics committee (reference number 2013-285) and all patients gave written
informed consent. We included postmenopausal women who were planned to start treatment
with everolimus plus exemestane. Toxicity was recorded using the Common Terminology Criteria
for Adverse Events (CTCAE), version 4.0. Pulmonary toxicity was classified as airway disease,
suspected ILD, ILD, or an alternative diagnosis, based on symptoms, pulmonary function tests,
and imaging, as described previously (16). Tumor response was evaluated using Response
Evaluation Criteria In Solid Tumors (RECIST) 1.1.
Planned enrollment was 100 patients to ensure sufficient cases of ILD, but recruitment was slower
than anticipated due to reduced use of this treatment. Sufficient cases of ILD were already
observed, and therefore it was decided to close the study earlier.

Preanalytical procedure
Peripheral blood was drawn at baseline, and 14, 35, 60, and 90 days after start of treatment.
Additionally, where possible, blood was drawn at time of grade 3 pulmonary toxicity. At each
moment, four 10ml EDTA tubes (BD vacutainer K2EDTA, ref 367525, New Jersey, USA) and one
8ml serum clot tube (BD Vacutainer SST II Advance, ref 367953, New Jersey, USA) was collected.
Peripheral blood mononuclear cells (PBMCs) were isolated using density gradient centrifugation
(Lymphoprep, Nycomed Pharma AS, Oslo, Norway) derived from patient whole blood. The isolated
PBMCs were divided over 2-3 ampoules (8-10 x 106 PBMC/ampule) and frozen in liquid nitrogen.
On the day of analysis, frozen cells ampoules were thawed in a water bath at 37°C, washed
completely, and resuspend in RPMI culture medium (10% HPS). Serum tubes were centrifuged
and the serum was removed using a pipet and divided over three cryotubes that were frozen in
liquid nitrogen until the performance of analysis.
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Flow cytometry measurement
Thawed PBMC were phenotypically analyzed using multi-color flow cytometry (Beckman-Coulter,
Brea, CA, USA). The staining panels that were used are described in supplementary table 1. In
case of intracellular stainings, the corresponding mAbs were added after fixation and
permeabilization of the cells (eBiosciences). Appropriate isotype mAbs and/or fluorescence minus
one (MFO) controls were used to define marker settings. Using these panels the following cell
populations were defined: classical (CD14++, CD16-), non-classical, and intermediate monocytes,
CD4, CD8, CD4+CD8+, CD4-CD8-, NK total, NKT-cells, NK dim, NK bright, T-cells, B-cells, Tregs
(CD4+CD25hiCD127lo/neg), CD45RA/RO status, CD4 or CD8 memory cells: naïve (CD45RA+CD27+),
effector (CD45RA+CD27-), effector memory (CD45RA-CD27-), central memory (CD45RA-CD27+),
proliferation status (Ki67+), FOXP3 status, Th0 (CD4+CCR6-CD183-CD194-), Th1 (CD4+CCR6CD183+CD194-), Th2 (CD4+CCR6-CD183-CD194+), Th17 (CD4+CCR6+CD183-CD194-), and Th1*
(CD4+CCR6+CD183+CD194-).
Analysis was done using Kaluza software, version 2.1 (Beckman Coulter). Cell populations were
gated and adjusted manually, similar as described in detail previously (21). Cell doublets were
excluded using forward scatter (FS) time of flight versus FS integral. Leucocytes were selected
using CD45 expression versus side scatter (SS). Cells were plotted using color density logic
displays, expect for FS and SS. The absolute number of cell subsets as measured by flow cytometry
was calculated based on the whole blood lymphocytes cell count numbers (21).
Cytokine measurements
In patients with marked pulmonary toxicity, IFN-γ, IL-17A, IL-8, and TNF-α were measured in serum
sampled at baseline and at a moment of pulmonary toxicity, using a Luminex based bead assay
(Luminex Corporation, Austin, USA), according to the manufacturer’s instructions. For the serum
cytokine measurements, the levels of detection were as follows: IFN-γ <1,22 pg/ml, IL-17A <2,27
pg/ml, IL-8 <1,46 pg/ml, TNF-α < 1,87 pg/ml.
Definition of response and pulmonary toxicity
Tumor evaluation was done ~100 days after start of treatment. Non-response was defined as
progressive disease (as determined by the treating physician) within 100 days. Patients without
progressive disease at that moment were defined as responders.
Pulmonary toxicity was defined as ILD or suspected ILD and this was compared to patients with
airway disease, an alternative diagnosis or without respiratory symptoms (16). In patients with
(suspected) ILD, the sample at the first moment of the patient’s highest severity classification was
used. In patients without ILD the sample closest to the moment of median onset of ILD was used,
i.e. day 60.
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Statistical analysis
To analyze the effects of everolimus treatment, the baseline value of percentage and absolute
numbers of immune cell subsets were compared with the mean value of the samples obtained
during treatment (day 14, 35, 60, and 90 after start of treatment), using a paired t-test. For
differences between responders versus non-responders, and patients with versus without
pulmonary toxicity, cell subsets were compared with a t-test. The significance level was set at p
< 0.05. As this was an exploratory analysis, no correction for multiple testing was performed.
Receiver operating characteristic (ROC) curve analysis was performed, with calculation of the
area under the curve (AUC). The optimal cut-off value was determined using the Youden index
(22). Changes over time were interpreted by visual inspection of graphs and by analysis of
covariance (ANCOVA) comparing the mean value during treatment with the baseline value as a
covariate. Analyses were performed using IBM SPSS Statistics, version 25, graphs were created
using Prism GraphPad (v.5.03).

Results
Patients and clinical aspects
From April 2014 to October 2017, 20 subjects were included and a total of 89 samples were
collected. Median age was 62 years (range 38-76). From two patients, no baseline sample was
obtained. Eleven patients were classified as responders, 7 patients as non-responders, and from
1 patient the response could not be evaluated, as treatment was discontinued after 16 days of
treatment due to severe toxicity. During treatment ten patients were classified as having
significant lung toxicity (9 suspected ILD, 1 ILD), and ten patients lacking significant lung toxicity
(4 patients had respiratory symptoms due to an alternative cause, 2 patients had airway disease,
and 4 patients had no respiratory symptoms).

During treatment the absolute numbers of most white blood cell subsets decreased
During treatment with everolimus and exemestane, the absolute number of most immune cell
subsets decreased significantly (Figure 1). When comparing the baseline cell count to the cell
count during treatment (mean of day 14, 35, 60, and 90), the reduction in leukocyte cell counts
was mainly due to a decrease in absolute numbers of lymphocytes. Neutrophil and monocytes
numbers did not change significantly. The absolute number of non-classical (CD14+CD16+) and
intermediate (CD14++CD16+) monocytes, NKT cells (CD3+CD56+CD14-) and Th2 (CD4+CCR6-CD183CD194+) cells were increased (Figure 1 and Supplementary figure 1).
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Figure 1. Absolute cell counts during treatment for several cell subsets
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At day 14, the absolute number of non-classical (CD14+CD16+) and intermediate (CD14++CD16+)
monocytes increased (from 22k to 36k*106/ml and 26k to 31k*106/ml, respectively), while the
absolute numbers of classical (CD14++CD16-) monocytes decreased (349k to 243k*106/ml).
Accordingly, the proportions of non-classical (4.0 to 9.1%, p=0.0119) and intermediate monocytes
(6.7 to 11.7%, p<0.0001) increased, and classical monocytes (86.5% to 74.1%, p=0.0006) decreased
(Figure 2).
The absolute number of regulatory T-cells (CD4+CD25+CD127low FOXP3+ T-cells) decreased as well,
with the strongest decrease at day 14 (16k versus 11k*106/ml, p=0.0073) (Figure 3). This was also
seen with a different gating strategy, as a percentual decrease in FOXP3+ cells (85% versus 75
within the CD4+ Treg population, p=0.0069), and in CD4+ CD25+CD127low cells (5.9% versus 4.9%,
p=0.0062).

Figure 2. Absolute cell counts of monocyte subtypes at baseline and during treatment

Relationship with antitumor response
High baseline effector CD4+ or CD8+ T cell numbers are associated with good antitumor response
When comparing responders to non-responders (n=11 versus n=7), there was a tendency that
high baseline CD4+ or CD8+ effector cell (CD45RA+CD27-) numbers were associated with a better
anti-tumor response (Figure 4). The mean percentage of CD4+ effector cells in responders versus
non-responders was 0.86% versus 0.32%, p=0.1266. ROC analysis to predict response showed an
AUC of 0.79. At a cut-off of < 0.24% CD4+ effector cells, non-response could be predicted with
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Figure 3. Regulatory T cells during treatment

9
sensitivity of 0.71 and specificity of 0.82. Similar results were seen with absolute and relative
numbers of the CD4+ effector CD45RO-CD27-, CD8+ effector CD45RA+CD27-, and CD8+ effector
CD45RO-CD27- population (Supplementary Table 2). During treatment these differences became
smaller, and no significant differences were seen at day 14 (Supplementary figure 2).
At baseline, responders compared to non-responders had more proliferative (Ki67+) CD8+ T-cells:
8.7k*109/l versus 3.7k*109/l, p=0.040, and 4.6% versus 2.9% of the CD4-CD8+ population, p=0.078
(Supplementary figure 3). ROC analysis to differentiate between responders and non-responders
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showed an AUC of 0.78. At a cut-off of >3.16%, this predicted non-response with 0.71 sensitivity
and 0.82 specificity. No difference between responders and non-responders were seen in the
percentage proliferative conventional CD4+ T-cells or Tregs.

Figure 4. Absolute and relative numbers of CD4+ and CD8+ effector cells at baseline in responders versus non-responders

A decrease in CD4+ T-cells or intermediate monocytes predicts non-response
In responders, the numbers of CD4+ and CD8+ cells did not change, whereas in non-responders
at day 14 the number of CD4+ T-cells decreased. Using ANCOVA with the baseline value as
covariate showed that at day 14, non-responders compared to responders had less CD4+ T-cells
(adjusted mean 64.7% versus 72.2%, p=0.040). A similar trend was observed in the intermediate
monocytes (CD14++CD16+), where non-responders showed a strong decrease in intermediate
monocytes compared to responders. Using ANCOVA with the baseline value as covariate showed
that at day 14, non-responders compared to responders had fewer intermediate monocytes
(adjusted mean 10.4% versus 13.8%, p=0.088).
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Relationship with toxicity
Patients with pulmonary toxicity have increased numbers of NKT-cells and intermediate
monocytes
Patients who developed pulmonary toxicity during treatment already had more NKT cells at
baseline compared to patients without pulmonary toxicity (6.0% versus 1.3%, p=0.0068, 59k*109/l
versus 12k*109/l, p=0.0081). The baseline percentage and absolute number of NKT cells could
both predict pulmonary toxicity with AUC 0.88. At the cut-off of more than 2.7% NKT cells this
predicted pulmonary toxicity with 0.78 sensitivity and 1.0 specificity. For the absolute number
with a cut-off of more than 33.9k NKT cells *106/ml, this predicted pulmonary toxicity with 0.75
sensitivity and 1.0 specificity. At the maximal moment of toxicity, patients with pulmonary toxicity
had more NKT-cells (CD3+CD56+) compared to patients without pulmonary toxicity (5.2% versus
1.2%, p=0.0106 and absolute 47k*109/l versus 16k*109/l, p=0.0466) (Figure 5).
Patients who developed pulmonary toxicity also had a higher percentage of intermediate
monocytes at baseline compared to patients who did not develop pulmonary toxicity, 8.2% versus
5.2% of the CD14+ monocyte population, p=0.0444, or 27k*109/l versus 14k*109/l, p=0.0647.
At the moment of maximal pulmonary toxicity, patients with toxicity had significantly more
proliferative (Ki67+) conventional CD4+ T-cells (1.79% versus 0.75%, p=0.0004) and significantly
more proliferative naïve CD8+RA45+ T-cells (2.43% versus 0.89% of the CD4-CD8+ population,
p=0.0149). Furthermore, there was a trend towards more Tregs (defined as CD4+CD25+CD127low)
(7.0% versus 5.2% of the CD4+CD8- population, p=0.0618).
During pulmonary toxicity serum cytokines are not increased
In four patients IFN-γ, IL-17A, IL-8, and TNF-α serum levels were measured at baseline and at a
moment of pulmonary toxicity, but in all samples the level of each of the cytokines measured
was below the level of detection. Therefore, no further analysis of cytokines was performed.
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Figure 5. NKT cells in patients with versus without pulmonary toxicity

Discussion
We performed a prospective immunomonitoring study of PBMCs in ABC patients treated with
everolimus plus exemestane. At baseline both antitumor response and pulmonary toxicity could
be predicted with high sensitivity and specificity. High baseline numbers of (CD4+ or CD8+
CD45RA+CD27-) effector cells and high numbers of proliferative CD8+ cells both were associated
with a better antitumor response. The antitumor response of these effectors cells might be the
result of their high cytolytic activity, as CD8+CD45RA+CD27- T-cells can produce IFN-γ and TNF-α,
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abundantly express Fas-ligand mRNA, and contain perforin and granzyme B (23). It is likely that
these cells reflect terminally differentiated effector memory cells (TEMRA’s), which are associated
with high cytotoxic antitumor activity (24).
At baseline, as well as at the moment of pulmonary toxicity, patients with pulmonary toxicity had
higher NKT-cells compared to patients without pulmonary toxicity. NKT cells have
immunoregulatory function and can both promote and inhibit inflammation. Hypersensitivity
pneumonitis is associated with high fractions of NKT cells in bronchoalveolar lavage fluid and
has been shown to differentiate pneumonitis from sarcoidosis and healthy controls (25, 26).
Furthermore, an increased percentage of NKT-like cells has been seen in the peripheral blood
and in the bronchoalveolar lavage fluid of patients with cryptogenic organizing pneumonia (27).
However, a recent study showed that mTOR inhibition induces suppressive FOXP3+ invariant
NKT-cells (28). Therefore, there can be large differences in the functional aspects of NKT-cells.
Possibly, in hypersensitivity pneumonitis and in mTOR inhibitor induced pneumonitis, NKT-cells
are implicated by the release of inflammatory cytokines such as IL-2, IFN-γ, and TNF-α.
Patients who developed pulmonary toxicity had more intermediate monocytes at baseline
compared to patients who did not develop pulmonary toxicity. Thus, intermediate monocytes
appear to be associated with pulmonary toxicity. Intermediate monocytes are known to be
capable of secretion of pro-inflammatory cytokines and have a role in antigen processing and
presentation (29). They are increased in several inflammatory conditions, such as sepsis, active
Crohn’s disease, rheumatoid arthritis, and are especially increased in severe asthma (29, 30).
Furthermore, we demonstrate that during treatment the absolute number of most immune cell
subsets decreased. Only the absolute number of non-classical and intermediate monocytes, NKT
cells and Th2 cells increased. Interestingly, also the absolute number of Tregs decreased. This is in
contrast to the in vitro increase of Tregs in the presence of rapamycin or everolimus (7, 8, 31-33),
and to the in vivo increase of Tregs in transplantation patients treated with rapamycin or sirolimus
(9, 10), as well as to the in vivo increase of Tregs in mRCC patients treated with everolimus (6, 11).
However, to the best of our knowledge, the effect on Tregs has not been described in vivo in
breast cancer patients treated with everolimus plus exemestane. Exemestane is a steroidal
aromatase inhibitor and immunomodulating effects of this drug have been described (34), such
as a decrease in lymphocyte count (35). Moreover, a decrease in Tregs has been described with
letrozole, a nonsteroidal aromatase inhibitor (36). However, in a study of breast cancer patients
treated with exemestane and cyclophosphamide (known to result in Treg depletion), even with
this combination an increase in naïve and memory Tregs was seen after 1 and 3 months of
treatment (37). Finally, it is possible that the decrease in Tregs that is observed is the result of
recruitment of the Tregs from the peripheral blood to the tissues and/or metastases.
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A limitation of this study is that cells were frozen before analysis. It cannot be excluded that
cryopreservation affects certain cell types more than others and it may result in differential loss
of immune cell marker expression, although in our hands this is mainly the case for chemokine
receptors. Nevertheless, as the procedure was the same for all subgroups, differences observed
between the groups are still demonstrative. Furthermore, it is important to note that the patients
described in this study were treated with the combination of everolimus and exemestane. The
effects observed during treatment might cause differences in immune reaction between
everolimus treatment as monotherapy compared to everolimus plus exemestane combination
treatment. However, most in vivo research on the immunological effects of mTOR inhibitors so
far has been done in patients using other immunosuppressive agents, such as corticosteroids
and calcineurin inhibitors, that have a strong impact on immune cell subsets. Additionally, the
number of patients included in this study was relatively low.
In conclusion, we demonstrate that during treatment with everolimus and exemestane the
absolute number of most immune cell subsets decreased. An unexpected decrease in Tregs was
observed as well, possibly influenced by the dose or the concomitant use of exemestane. High
baseline effector CD4+ and CD8+ T-cells and high proliferative CD8+ cell numbers both were
associated with a better antitumor response. Patients with pulmonary toxicity had higher NKTcells compared to patients without pulmonary toxicity, at baseline as well as at the moment of
pulmonary toxicity. As baseline values appeared to be predictive of antitumor response and
pulmonary inflammation, this may be very helpful to identify patients more or less suitable for
this treatment. As this was an exploratory analysis in a relatively small cohort, validation of these
results in a new and larger cohort is required.
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Table S2. Absolute and relative numbers of CD4+ and CD8+ effector cells at baseline in responders versus nonresponders

Cell subset
CD4+

RA+
RO-

CD8+

RA+
RO-

Responders

Nonresponders

p

Absolute (*106/ml)

2.436

1.044

0.3878

Relative (%)

0.86

0.32

0.1266

Absolute (*106/ml)

1.651

528

0.3657

Relative (%)

0.40

0.17

0.2103

Absolute (*106/ml)

35.783

9.875

0.0884

Relative (%)

23.3

11.2

0.1450

Absolute (*106/ml)

28.443

7.941

0.0796

Relative (%)

18.3

9.2

0.1959
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Figure S1. Absolute cell cout of Thelper cells
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Figure S2. CD4+ and CD8+ effector cells over time in responders versus nonresponders
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Figure S3. Absolute and relative numbers of proliferative CD8+ T-cells at baseline in responders versus nonresponders
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Chapter 10

Summary
This thesis focuses on identifying strategies to optimize everolimus treatment in patients with
advanced breast cancer. In this summary, practical recommendations are formulated and future
perspectives are discussed. The focus is on treatment directed to the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) pathway in hormone
receptor-positive HER2-negative advanced breast cancer, but the findings can be of value for
other types of malignancies as well.
In chapter 2, the influence of food and acid reducing agents on everolimus exposure and 18
other oral targeted anticancer drugs is described. At the dosage used in cancer treatment,
everolimus exposure is decreased by 22% and 33% after intake of either a low- or high-fat meal,
respectively, when compared to intake in the fasted state (1). Considering the large interpatient
variability in everolimus exposure, this is considered not to be a clinically significant effect. If
everolimus is taken consistently either with or without food the intrapatient variability in exposure
is reduced. Everolimus is well soluble over a wide range of pH, thus the absorption is not influenced
by acid-reducing agents.
CLINICAL RECOMMENDATION: Everolimus should be administered consistently either with
or without food. The concomitant use of acid-reducing agents is not contraindicated.
Chapter 3 describes the results of the INPRES study that investigated whether everolimus
exposure is predictive for toxicity and effectiveness in breast cancer patients. Patients with high
everolimus trough concentrations (Ctrough >19.2 µg/L) have a higher chance of developing clinically
relevant toxicity leading to dose changes. Ctrough is a better predictor for toxicity than the full area
under the concentration time curve. In one third of the patients high everolimus trough
concentrations were detected, which were associated with a nearly threefold increased risk to
develop toxicity leading to dose changes. Therefore, the risk of toxicity can be considerably
reduced in a significant number of patients if everolimus concentrations are routinely measured.
In our study it could not be proven that Ctrough is predictive of effectiveness. Possible explanations
are the small sample size (n=44) and the efficacy of exemestane, which is taken together with
everolimus. In a study in 54 patients with breast cancer, kidney cancer or neuroendocrine cancer,
a significant relationship between Ctrough and everolimus effectiveness was demonstrated (2).
Secondly, 18F-FDG-PET/CT can identify a subgroup of patients with a high risk of nonresponse to
everolimus and exemestane treatment as early as 14 days after start of treatment. The best
predictor for early progressive disease was a less than 11% decrease in standardized uptake value
normalized by lean body mass of the lesion with highest FDG uptake at day 14. The cut-off point
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as proposed by EORTC (15% decrease) was a significant predictor of response as well. If a patient
has a poor decline in metabolic activity on 18F-FDG-PET/CT at day 14, the treating physician can
consider following this patient extra cautiously, to select an alternative therapy, or to increase
the dose of everolimus, provided that Ctrough and tolerability offer a window for dose optimization.
This approach may prevent patients being exposed to an ineffective treatment.
CLINICAL RECOMMENDATION: Measure Ctrough in all patients ~5 days after start of everolimus
treatment and adjust the dose to reach an everolimus trough concentration of <19.2 µg/L to
avoid toxicity, but >11.9 µg/L to preserve efficacy, provided that toxicity is limited. If a patient
has a poor decline in metabolic activity on 18F-FDG-PET at day 14, consider following this
patient extra cautiously, to select an alternative therapy, or to increase the dose of everolimus,
provided that Ctrough and tolerability offer a window for dose optimization.
In the INPRES study we applied the PET Response Criteria in Solid Tumors (PERCIST) for quantitative
analysis of 18F-FDG-PET/CT and experienced that the use of these criteria is hampered by several
limitations. These limitations were described in chapter 4.
Firstly, PERCIST advise to include only lesions with a diameter of at least 1.5cm. However, the size
measured on CT is not directly related to the metabolic volume of a lesion, which can be much
smaller. Moreover, FDG-avid lesions cannot always be reliably assessed on CT. Secondly, PERCIST
includes only the five lesions with the highest avidity. This leaves out most lung lesions, which
are generally only mildly FDG-avid, as there is almost no additional background activity. Due to
this low background activity, however, there is more than a fair chance that these lung lesions
show a substantial decrease in avidity. Thirdly, the primary outcome measurement of PERCIST is
the peak standardized uptake value of five target lesions. This represents only a small percentage
of the total tumor burden, and information about the rest of the metastases is lost. Total lesion
glycolysis (TLG) is suggested as a secondary, explorative, outcome measurement, but adequate
tumor delineation is difficult with TLG. PERCIST suggest using an absolute threshold. However,
this often results in either a threshold too low to correctly exclude normal tissue, or a threshold
too high to include tumor lesions with lower overall uptake, such as lung lesions. We advocate
that if metastases located in different organs are analyzed, the volume of interest for TLG should
be based on organ-specific background cut-off values. In conclusion, we argue that PERCIST can
be considered as a good starting point for a standardized quantitative analysis, but that the
current PERCIST guidelines are not fully feasible and discard possibly important information. Of
note, in the INPRES study, described in chapter 3, the change in avidity in one lesion with the
highest avidity was a better predictor for treatment response than the sum of the changes in five
lesions, as is suggested by PERCIST.
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RECOMMENDATION: Consensus should be reached on a standardized, feasible and clinically
useful methodology for quantitative analysis of 18F-FDG-PET/CT. For total lesion glycolysis,
the volume of interest should be based on organ-specific background cutoff values.
An alternative method to measure everolimus concentrations in patients with cancer was
investigated in the SPOT study described in chapter 5. An alternative to venous blood sampling
for the quantification of everolimus concentrations is the dried blood spot (DBS) method, in which
a blood drop is collected with a finger prick. DBS is patient-friendly and practical, as it is minimally
invasive and patients themselves can perform DBS at home and send their samples by regular
mail to the laboratory. In this study, it was demonstrated that in patients with cancer, everolimus
concentration measurement using DBS had very high agreement with measurement in venous
whole blood over the entire concentration range. Results of 95% of the DBS samples fell within
the limits of clinical significance. The predictive performance of DBS was excellent, with negligible
bias and high precision, satisfying the European Medicines Agency criteria for cross validation.
Consequently, we conclude that DBS is a valid method and a practical alternative for venous
sampling to measure everolimus concentrations in patients with cancer.
CLINICAL RECOMMENDATION: Implementation of standard everolimus measurement with
dried blood spot 5-7 days after start of treatment can aid to individualize the treatment with
everolimus.
The second part of this thesis focuses on respiratory problems during everolimus treatment.
During everolimus treatment respiratory adverse events occur frequently. Two clinically important
and potentially life-threatening causes related to everolimus exposure are opportunistic
respiratory infections due to the immunosuppressive effects of everolimus and interstitial lung
disease (ILD) as a consequence of the proinflammatory effects of everolimus. It is critical to
distinguish those diagnoses from non-everolimus related disorders causing respiratory symptoms.
Clinical and radiological aspects are often insufficient to make this distinction. Chapter 6 illustrates
the diagnostic difficulties encountered in daily practice and presents three cases of severe
opportunistic pulmonary infections during everolimus treatment, of which two patients with a
Pneumocystis jirovecii pneumonia.
CLINICAL RECOMMENDATION: Interstitial lung disease and Pneumocystis jirovecii pneumonia
are important differential diagnostic considerations when respiratory symptoms occur in
everolimus-treated patients. Perform bronchoscopic lavage where needed if induced sputum
is negative. Try to avoid the use of concomitant other immunosuppressants, such as
corticosteroids, to reduce the risk of opportunistic infections.
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In chapter 7 a comprehensive review is given of the incidence, clinical presentation, and
pathophysiology of mTOR inhibitor-induced ILD in cancer patients. Awareness and thorough
understanding of ILD is essential to prevent premature discontinuation of treatment on the one
hand and severe iatrogenic morbidity on the other hand. We present newly developed diagnostic
criteria for ILD, based on clinical symptoms, pulmonary function tests, and radiological findings.
We highlight the need to better predict the development and clinical course of ILD in order to
reduce morbidity.
CLINICAL RECOMMENDATION: Diagnosis of everolimus-induced ILD should be made based
on the combination of clinical symptoms, pulmonary function tests, and radiological findings.
A detailed and easily applicable clinical management algorithm for the treatment of ILD is
provided in chapter 7.
In chapter 8 we describe the results of the PREVENT study, in which we investigated which
parameters can identify everolimus-induced ILD. This first prospective study ever in drug-induced
ILD is unique as patients were followed from start of treatment. The diffusion capacity and the
plasma biomarkers YKL-40 and SP-D are very good diagnostic parameters to discriminate between
patients with and without (suspected) ILD. A fast decrease in diffusion capacity is an alarming
indicator for significant lung involvement with an increased risk of severe toxicity that necessitates
treatment discontinuation. Pulmonary abnormalities on FDG-PET do not have significant
predictive value for everolimus-induced ILD, as FDG changes mostly do not precede symptoms.
No relationship was seen between everolimus trough concentration and the development of
(suspected) ILD. It is important to note that this pulmonary toxicity does not seem to be exposurerelated, in contrast to other everolimus-related toxicities (as described in chapter 3). 85% of the
patients in the PREVENT study developed respiratory symptoms and 56% developed any
everolimus-related ILD, highlighting the relevance of this topic. Most patients with suspected ILD
could continue everolimus without further deterioration of respiratory symptoms. If ILD is severe,
everolimus discontinuation and treatment with prednisolone 60mg/day for two weeks (followed
by tapering), is an effective treatment leading to full recovery of pulmonary function.
Diffusion capacity and plasma biomarker measurements can be useful in monitoring of other
forms of drug-induced ILD as well. In patients with cancer, ILD/pneumonitis is an adverse event
of interest in several (new) therapies, including targeted therapies and checkpoint inhibitors.
CLINICAL RECOMMENDATION: In patients treated with everolimus, a rise in SP-D combined
with a >0.16 mmol/min/kPa decrease in DLCOc compared to baseline is strongly suggestive
of everolimus-induced lung injury.
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Chapter 9 describes the immunomonitoring analysis of the PREVENT study and relates
immunological parameters to effectiveness and toxicity. It shows that patients with a high
percentage of effector cells before start of treatment have a higher chance of response. Responders
versus non-responders had 0.86% versus 0.32% CD4+ effector cells (p=0.1266) and non-response
could be predicted with 0.71 sensitivity and 0.82 specificity. Patients who developed pulmonary
toxicity compared to patients without pulmonary toxicity had relatively more NKT-cells at baseline
(6.0% versus 1.3%, p=0.0068, 59k versus 12k*109/l, p=0.0081). Pulmonary toxicity could be
predicted with 0.78 sensitivity and 1.0 specificity. These results suggest that baseline CD4+ effector
cells may predict antitumor responses and baseline NKT cells predict pulmonary toxicity.
These findings can possibly also be of interest for drug-induced ILD in other targeted anticancer
agents.
RECOMMENDATION: We encourage further analysis of the association of baseline effector
cells and antitumor response in patients with cancer treated with everolimus and of the
association of NKT-cells and pulmonary toxicity due to anticancer drugs.
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General discussion
The PI3K/Akt/mTOR pathway plays a central role in the control of the growth of cells, tissues, and
organisms. Activation of this pathway leads to cell division, angiogenesis, cell survival, and as
such promotes cancer development (3-5). As a result, the PI3K/Akt/mTOR pathway is one of the
most commonly deregulated pathways in human cancers. Several genetic events can lead to
constitutional activation of this pathway. In breast cancer, aberrations in the PI3K/Akt/mTOR
pathway are common, with activating mutations in PIK3CA, the gene encoding the p110α catalytic
subunit of PI3K, present in about 40% of hormone receptor-positive breast tumors (6-8). Increased
signaling through this pathway is implicated in therapeutic resistance (9, 10). Consequently,
targeting the PI3K/Akt/mTOR pathway holds promise for the treatment of breast cancer patients.

Patient categories
Everolimus in breast cancer patients has been investigated in several pivotal trials named BOLERO,
of which the BOLERO-2 was the registration study for everolimus in hormone receptor-positive
HER2-negative advanced breast cancer with progression on a nonsteroidal aromatase inhibitor.
In this study everolimus plus exemestane was compared to exemestane monotherapy and a
significant benefit in progression free survival was shown of 11.0 versus 4.1 months (11).
The BOLERO-6 trial studied the same population as the BOLERO-2 trial and compared the benefit
of everolimus plus exemestane with everolimus monotherapy and capecitabine monotherapy
(12). It proved the superiority of everolimus plus exemestane compared with everolimus
monotherapy. A comparison between everolimus plus exemestane and capecitabine
monotherapy was inconclusive.
The single-arm BOLERO-4 phase II trial studied everolimus plus letrozole as first line treatment
in ER-positive HER2-negative advanced breast cancer, with the possibility for second line treatment
with everolimus and exemestane (13). This trial showed that everolimus plus letrozole is an
effective first line treatment in these patients.
As activation of the PI3K/Akt/mTOR pathway is involved in resistance to HER2-targeted treatment
(14), the addition of PI3K/AKT/mTOR inhibitors to anti-HER2 treatment may overcome resistance
to trastuzumab. Everolimus was studied in HER2+ breast cancer patients in the BOLERO-1 and
BOLERO-3 studies. The BOLERO-1 trial studied the addition of everolimus to trastuzumab and
paclitaxel, as first-line treatment in advanced breast cancer (15). No improvement in progression
free survival was seen in the total population, despite a small and non-significant trend in the
hormone-receptor negative subpopulation. The BOLERO-3 trial studied the addition of everolimus
to trastuzumab and vinorelbine in advanced breast cancer patients with previous taxane therapy
and trastuzumab resistance (16). Only a modest improvement in progression free survival was
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seen, at the cost of significant toxicity. When data from these studies were combined, it was
suggested that especially patients with PIK3CA mutations, pTEN loss, or hyperactive PI3K pathway
derive PFS benefit from the addition of everolimus to trastuzumab and chemotherapy (17).
The value of everolimus is further studied in several categories of breast cancer patients:
premenopausal women (18), adjuvant treatment for high risk patients (19), and triple negative
advanced breast cancer patients (20). The sequence of everolimus and exemestane treatment in
relationship to the moment of fulvestrant treatment is also being examined (21).

Role of everolimus with the advent of CDK4/6 inhibitors
In the past years, important new treatments for breast cancer patients have come available,
resulting in improved outcomes. Specifically, for patients with hormone receptor-positive HER2negative advanced breast cancer, the development of CDK4/6 inhibitors caused a huge gamechange. Based on the PALOMA-2, MONALEESA-3, and MONARCH 3, palbociclib, ribociclib, and
abemaciclib, respectively, have been FDA approved both in first-line setting combined with
letrozole and in second-line combined with fulvestrant. The optimal timing is currently studied
prospectively in the BOOG SONIA trial that randomizes between first-line or second-line addition
of a CDK4/6 inhibitor. The introduction of CDK4/6 inhibitors has a significant influence on the
positioning of everolimus and exemestane for these patients. The optimal position of everolimus
in relation to this new class of agents has not been studied. Preclinical data suggest that resistance
to CDK4/6 inhibitors is class-related and if resistance to a CDK4/6 inhibitor develops, mTOR
signaling remains intact (22), providing rationale for everolimus and exemestane treatment when
resistance to a CDK4/6 inhibitor has developed. In vitro data also show that tumors resistant to
fulvestrant and palbociclib can be sensitive to fulvestrant plus everolimus or to fulvestrant plus
a PI3K inhibitor (22). A small retrospective study showed that everolimus plus exemestane after
progression on palbociclib showed a significantly higher objective response rate when compared
with the BOLERO-2 results, but shorter median progression free survival and overall survival (23).
A mixed-treatment comparison meta-analysis of randomized controlled trials showed that in
previously treated patients, palbociclib plus fulvestrant did not differ significantly in progression
free survival compared with everolimus plus exemestane. However, there was a significantly
higher rate of treatment discontinuation due to adverse events in the everolimus plus exemestane
group (24). Moreover, recently, the CDK4/6 inhibitors abemaciclib and ribociclib showed an overall
survival benefit in different treatment settings (25-27), whereas the BOLERO trials did not succeed
to demonstrate an improved overall survival in the everolimus-treated patients (28).
Taken together, these data indicate that everolimus plus exemestane can be a rational treatment,
specifically after the development of resistance to a CDK4/6 inhibitor, although robust evidence
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for the benefit in this setting is not yet available. Besides sequential therapy, the simultaneous
treatment with everolimus, exemestane, and a CDK4/6 inhibitor is currently being investigated
in the CLEE011X2106 (NCT01857193) and TRINITI-1 studies (NCT02732119). A manageable safety
profile and promising clinical results have been shown so far (29).

10

183

Chapter 10

Future perspectives
As suboptimal responses and toxicity impair the benefit of treatments targeting the PI3K/Akt/
mTOR pathway in breast cancer patients, strategies are needed to come closer to the right
treatment for the right patient at the right moment. Here, I discuss strategies that have the
potential to improve outcomes when treating breast cancer patients with inhibitors of the PI3K/
Akt/mTOR pathway.

Prediction of response with molecular biomarkers
Given that response rates to everolimus are still modest and some patients are intrinsically
resistant to everolimus, identifying predictive biomarkers for response is paramount for successful
treatment.
In 302 patients included in the BOLERO-2 trial, primary tumor samples were analyzed and no
general relationship was seen between PIK3CA mutations or PI3K-pathway activity and the extent
of everolimus benefit (30). When this pathway is studied in more detail, it is seen that patients
with PIK3CA exon-9 mutations derive more benefit from everolimus therapy compared with
patients with PIK3CA exon-20 mutations (30, 31). It is postulated that an activating mutation in
exon-20 results in Akt-mediated tumor survival that is not influenced by mTOR inhibition. Tumors
with FGFR1 and FGFR2 amplification or activating mutations appeared to derive less progression
free survival benefit from everolimus, possibly because of reduced dependence on mTOR signaling
(30). Furthermore, tumors with high chromosomal instability, as calculated based on genomic
structural aberrations found with next generation sequencing, showed reduced benefit from
everolimus compared to tumors with chromosomal stable tumors. Possibly, tumor heterogeneity
is increased in tumor with higher chromosomal instability, resulting in tumors harboring
polyclonal populations and as such making them prone to treatment resistance (30). Additionally,
an analysis on cell-free DNA was done in 550 patients included in the BOLERO-2 trial. In this
analysis, the benefit of everolimus was maintained irrespective of PIK3CA H1047R, E545K, and
E542K genotypes (32).
A pooled meta-analysis showed that mutations of PIK3CA in breast cancer are predictive of a
worse clinical survival outcome (33). However, there was not enough evidence that these
mutations can be predictive for everolimus efficacy.
In conclusion, genetic biomarkers are associated with clinical benefit of everolimus, but more
research is required to determine the role of genes coding for the PI3K/Akt/mTOR pathway. Up
till now, no tissue biomarker has been found that can be used to select patients likely to benefit
from everolimus treatment. Furthermore, it should be kept in mind that the PI3K/Akt/mTOR
pathway is inherently complex with a redundancy of signaling crosstalk, making the molecular
dissection of this signaling pathway highly difficult.
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Reducing toxicity
Optimal outcomes of everolimus in cancer patients can only be reached with adequate
management of adverse events. In this thesis I have described interstitial lung disease as an
important adverse event of everolimus and provided an algorithm for diagnosis and treatment
of ILD. Diffusion capacity and plasma biomarker have the potential to aid in diagnosing ILD and
as an indicator for severe toxicity, necessitating treatment discontinuation.
Another important adverse event of everolimus therapy is stomatitis (oral mucositis). Stomatitis
is a frequently occurring adverse event of everolimus and the most common reason for treatment
discontinuation. Therefore, management of this adverse event is critical for keeping patients on
everolimus treatment. The single-arm phase II SWISH trial showed that with prophylactic use of
dexamethasone mouthwash grade ≥2 stomatitis occurred in 2%, compared with 33% in historical
controls from the BOLERO-2 trial treated without this intervention (34). Treatment with
dexamethasone mouthwash is nowadays advised in the drug label. An alternative option is to
provide patients with topical corticosteroids (as mouthwash or oral paste) and instruct them to
start as soon as any stomatitis symptoms occur. Furthermore, the following measures should be
advised to patients before start of treatment: good oral hygiene, frequently rinse the mouth, and
avoid spicy or acidic food and alcohol- or peroxide-containing mouthwashes. If clinically suspect:
culture for fungal infection or herpes simplex virus and treat appropriately.
Regarding the risk of infections, it is important to evaluate the risk of previous hepatitis B or C
virus and tuberculosis. Prophylactic treatment to prevent reactivation might be indicated.
Everolimus-induced rash can be treated with topical low- to moderate-strength steroids and
topical antibiotics. If topical antibiotics are insufficient, systemic antibiotics such as doxycycline
or minocycline can be considered.
Hyperglycemia occurs especially in patients with abnormal fasting glucose levels before initiation
of treatment. Metformin is the preferred treatment as initial therapy.
Knowledge and awareness of everolimus-related adverse events supports optimal dosing, the
management of adverse events, and the preservation of quality of life.
Several strategies are studied to improve dosing of everolimus. Individualizing treatment based
on pharmacokinetics is possible with therapeutic drug monitoring. As shown in this thesis, evidence
is accumulating that everolimus exposure determines risk of toxicity, and as such there is strong
rationale for the use of therapeutic drug monitoring in these patients, as is already routinely being
done in transplantation patients treated with everolimus. A prospective evaluation of the relation
between therapeutic drug monitoring to reach everolimus drug concentrations in a target window
and clinical outcomes is currently ongoing in the Netherlands (DPOG-TDM study).
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An alternative strategy to achieve adequate dose intensity, is dose induction (35). By slowly
increasing the dose of everolimus early toxicity, such as stomatitis, could be reduced, and
subsequently the risk of treatment discontinuation is reduced.
A third strategy to improve everolimus dosing is to split the dose of everolimus from once-daily
full dose to twice-daily half dose. Since everolimus trough concentrations are considered critical
for adequate mTOR target (S6K1) suppression, dividing the daily dose of everolimus into two
dosages can be a method to maintain an adequate trough level, while reducing high everolimus
peak levels (36). In a simulation study it was shown that twice daily everolimus 3.75mg led to
comparable target suppression compared with a once daily 10mg schedule (37). Dosing
everolimus twice daily 5mg has been shown to result in lower maximum concentrations without
negative impact on the through concentration or total exposure (38).
Furthermore, tumor genetics have the potential to predict outcomes, as several single nucleotide
polymorphisms in the PI3K/Akt/mTOR pathway genes have been shown to be associated with
incidence of toxicity as well as with response (39).
Taken together, these results illustrate the importance of (post-marketing) fine-tuning of dosing
method to reduce toxicity while maintaining efficacy.

Other inhibitors of the PI3K/mTOR/AKT pathway
After the approval of everolimus in oncology numerous agents have been developed targeting
PI3K and Akt and thereby signaling through the PI3K/Akt/mTOR pathway.
As PI3K inhibitors have the potential to be a major therapeutic class of drugs in the treatment of
various types of cancer, more than 50 PI3K inhibitors have been developed and studied (40).
PI3-kinases are a family of signal transducer enzymes, capable of phosphorylating
phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3).
Binding of PIP3 to Akt subsequently leads to the activation of Akt, which can activate mTOR
signaling. Based on structure and function, PI3-kinases are divided in four different classes (41).
Class I PI3Ks are implicated in tumorigenesis. The class I PI3Ks are heterodimeric molecules,
composed of a regulatory and a catalytic subunit and exist in several isoforms, class IA: PI3Kα,
PI3Kβ, PI3Kδ, and class IB: PI3Kγ. The first generation PI3K inhibitors bind to all class I PI3K isoforms
and are referred to as ‘pan-PI3K inhibitors’. Second-generation PI3K inhibitors are more isoformselective. Furthermore, agents are developed inhibiting both PI3K and mTOR: the ‘dual PI3K/mTOR
inhibitors’.
As of February 16th 2020, three PI3K inhibitors are FDA approved: idelalisib (PI3Kδ inhibitor),
copanlisib (PI3Kα and PI3Kδ inhibitor), duvelisib (PI3Kγ and PI3Kδ inhibitor), and alpelisib (PI3Kα
inhibitor). The first three are approved for hematological malignancies. Alpelisib is approved for
hormone receptor positive, HER2- PIK3CA mutated breast cancer. These new agents however,
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are hampered by the adverse events profile (40). Adverse events such as nausea, vomiting, fatigue,
cough, fever, headache, and anorexia occur frequently, but mostly are of low-grade severity.
However, serious and life-threatening inflammatory adverse events such as hepatitis, colitis, and
pneumonitis occur as well. P100δ, the catalytic unit of PI3Kδ, is mainly expressed in leucocytes,
and inhibition of PI3Kδ leads to activation of immune response. This activated immune response
is thought to be the cause of idelalisib-induced colitis, hepatitis, and pneumonitis. Other serious
adverse events related to PI3K inhibitors are dermatological reactions, myelosuppression and
infections, metabolic effects such as hyperglycemia and hypertriglyceridemia, gastrointestinal
reactions, and pneumonitis. Importantly, several fatal cases have been described. Due to the
severe adverse events profile, the development of many potential new PI3K inhibitors have been
discontinued.
PI3K inhibitors have only modest activity as monotherapy, so rational therapeutic must be
developed, where these agents may restore sensitivity to other treatments. A number of phase
III studies in hormone receptor-positive breast cancer have been performed so far.
Buparlisib (BKM-120) was the first pan-PI3K inhibitor in a clinical trial with breast cancer patients
and was used together with fulvestrant in the phase III studies, BELLE-2 and BELLE-3. In these
studies, the addition of buparlisib showed a modest benefit in progression free survival,
accompanied with significant toxicity, mainly comprising gastrointestinal and liver toxicities, rash,
and hyperglycemia. Therefore, it was decided not to pursue this combination any further.
The phase III study SANDPIPER compared fulvestrant plus taselisib (also known as GDC-0032)
with fulvestrant plus placebo in PIK3CA-mutant advanced breast cancer patients. In this study
only a modest progression free survival benefit of two months was seen, and toxicity was
significant with 49.5% of patients experiencing grade ≥ 3 adverse events. Taselisib was
discontinued in 16.8% of patients and dose reductions were required in 37% of the patients. The
development of this combination hereafter was discontinued. Taselisib is selective for PI3Kα, but
also inhibits PI3Kδ and PI3Kγ, and the latter two can be held responsible for most of the toxicity.
The SOLAR-1 phase III trial, investigated alpelisib (also known as BYL719), an α-isoform selective
PI3K inhibitor, plus fulvestrant in hormone receptor-positive HER2-negative advanced breast
cancer patients (42). In this study, responses were seen in patients with PIK3CA mutated tumors,
with progression free survival of 11.0 months, compared with 5.7 months in the fulvestrant plus
placebo group (HR 0.65, 95% CI 0.50-0.85, p<.001), leading to FDA approval for this subgroup. In
patients with wildtype PIK3CA no statistically significant benefit of the addition of alpelisib to
fulvestrant was seen. Hyperglycemia, diarrhea, and skin reactions were seen as adverse events,
but in this trial no major toxicities were described. Furthermore, first data from a phase I study
has shown that the combination of everolimus with the PI3K inhibitor bupalisib can be a safe
combination (43). Soon alpelisib will become available for patients with a PIK3CA mutated
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hormone-receptor positive HER2 negative breast cancer in combination with fulvestrant. However,
no data are yet available on the positioning of this agent in the already crowded landscape of
CDK4/6 inhibitors and everolimus.
The oral AKT inhibitor ipatasertib has shown promising results in the phase II LOTUS trial, when
added to paclitaxel in patients with advanced triple negative breast cancer. A randomized phase
III trial, IPATunity 130, is currently ongoing. Several promising trials with the oral Akt inhibitor
MK-2206 in breast cancer are currently ongoing. However, significant gastrointestinal toxicity is
known to occur with Akt inhibitors.
After the modest successes of the first-generation mTOR inhibitors everolimus and temsirolimus,
second-generation mTOR inhibitors (TORKi) have been developed, known as ATP-competitive
mTOR kinase inhibitors. These bind to a different site in the mTOR kinase domain resulting in
inhibition of mTORC1 and mTORC2 and minimizing the Akt feedback activation (44). Thirdgeneration mTOR inhibitors create a bivalent interaction of two drug-binding pockets and are
believed to be more potent and are thought to be able to overcome intrinsic resistance to firstand second-generation mTOR inhibitors (45). None of these drugs have reached a phase III trial
yet.
In summary, there is a strong rationale for targeting the PI3K/Akt/mTOR pathway in hormone
receptor-positive breast cancer. However, current clinical development is hampered by the
pronounced toxicity profile of the PI3K, Akt, and mTOR inhibitors, which currently still limits their
application. More α-selective PI3K inhibitors are less toxic and will soon become part of the
treatment options in this patient group if a tumor PIK3CA mutation is present.
Based on the data presented in this thesis, the following strategies can help to realize the potential
of this group of agents. As the toxicity profile of PI3K and Akt-inhibitors show overlap with mTOR
inhibitors, some of the extensive adverse event management protocols that have been formulated
for mTOR inhibitors can be utilized in the management of PI3K and Akt-inhibitors. These advices
should reach the clinicians who start using these agents. Efficacy of PI3K and Akt-inhibitors is
likely to be greatest when combined with another treatment based on preclinical rationale.
Further investigation is warranted for PI3K and Akt-inhibitors in patients resistant to CDK4/6
inhibitors, or as a combination treatment with a CDK4/6 inhibitor. The role of therapeutic drug
monitoring should be examined early on, by first investigating the relationship of exposure with
efficacy and toxicity. Additionally, an optimal dosing strategy should be chosen considering the
most important pharmacodynamic parameter. Preferably, this is investigated in a phase II trial
setting for each new treatment combination. Furthermore, (molecular) biomarkers should be
identified that can aid to select patients who are likely to benefit. However, patient selection is
complicated as there can be a high level of discordance in genetic alterations between the primary
tumor and metastatic sites. Baseline effector cells possibly can help to identify patients who will
188
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or will not respond to mTOR inhibition. Alternatively, the possibility of metabolic imaging to
identify non-responders soon after start of treatment can be evaluated. Furthermore, baseline
NKT-cells seem promising to predict pulmonary toxicity in patients treated with mTOR inhibitors,
as in our data pulmonary toxicity could be predicted with high sensitivity and specificity.

10

189

Chapter 10

References
1.
2.

3.
4.
5.
6.
7.

8.
9.
10.

11.

12.

13.

14.
15.

16.

17.

18.
19.
20.
21.
22.

23.

24.

190

Cheung W, Ligia C, Jappe A, Anak O. Pharmacokinetic (PK) profile of a single dose of everolimus (10 mg) administered
with a low- or high-fat meal and under fasting conditions in healthy subjects. J Clin Oncol. 2011;29(15):suppl; abstr e15080.
Deppenweiler M, Falkowski S, Saint-Marcoux F, Monchaud C, Picard N, Laroche ML, et al. Towards therapeutic drug
monitoring of everolimus in cancer? Results of an exploratory study of exposure-effect relationship. Pharmacol Res.
2017;121:138-44.
Faivre S, Kroemer G, Raymond E. Current development of mTOR inhibitors as anticancer agents. Nat Rev Drug Discov.
2006;5(8):671-88.
Hartford CM, Ratain MJ. Rapamycin: something old, something new, sometimes borrowed and now renewed. Clin
Pharmacol Ther. 2007;82(4):381-8.
Dufour M, Dormond-Meuwly A, Demartines N, Dormond O. Targeting the Mammalian Target of Rapamycin (mTOR) in
Cancer Therapy: Lessons from Past and Future Perspectives. Cancers (Basel). 2011;3(2):2478-500.
Bachman KE, Argani P, Samuels Y, Silliman N, Ptak J, Szabo S, et al. The PIK3CA gene is mutated with high frequency in
human breast cancers. Cancer Biol Ther. 2004;3(8):772-5.
Saal LH, Holm K, Maurer M, Memeo L, Su T, Wang X, et al. PIK3CA mutations correlate with hormone receptors, node
metastasis, and ERBB2, and are mutually exclusive with PTEN loss in human breast carcinoma. Cancer Res.
2005;65(7):2554-9.
Stemke-Hale K, Gonzalez-Angulo AM, Lluch A, Neve RM, Kuo WL, Davies M, et al. An integrative genomic and proteomic
analysis of PIK3CA, PTEN, and AKT mutations in breast cancer. Cancer Res. 2008;68(15):6084-91.
Perez-Tenorio G, Stal O, Southeast Sweden Breast Cancer G. Activation of AKT/PKB in breast cancer predicts a worse
outcome among endocrine treated patients. Br J Cancer. 2002;86(4):540-5.
Miller TW, Perez-Torres M, Narasanna A, Guix M, Stal O, Perez-Tenorio G, et al. Loss of Phosphatase and Tensin homologue
deleted on chromosome 10 engages ErbB3 and insulin-like growth factor-I receptor signaling to promote antiestrogen
resistance in breast cancer. Cancer Res. 2009;69(10):4192-201.
Yardley DA, Noguchi S, Pritchard KI, Burris HA, 3rd, Baselga J, Gnant M, et al. Everolimus plus exemestane in
postmenopausal patients with HR(+) breast cancer: BOLERO-2 final progression-free survival analysis. Adv Ther.
2013;30(10):870-84.
Jerusalem G, de Boer RH, Hurvitz S, Yardley DA, Kovalenko E, Ejlertsen B, et al. Everolimus Plus Exemestane vs Everolimus
or Capecitabine Monotherapy for Estrogen Receptor-Positive, HER2-Negative Advanced Breast Cancer: The BOLERO-6
Randomized Clinical Trial. Jama Oncol. 2018;4(10):1367-74.
Royce M, Bachelot T, Villanueva C, Ozguroglu M, Azevedo SJ, Cruz FM, et al. Everolimus Plus Endocrine Therapy for
Postmenopausal Women With Estrogen Receptor-Positive, Human Epidermal Growth Factor Receptor 2-Negative
Advanced Breast Cancer: A Clinical Trial. Jama Oncol. 2018;4(7):977-84.
Wilks ST. Potential of overcoming resistance to HER2-targeted therapies through the PI3K/Akt/mTOR pathway. Breast.
2015;24(5):548-55.
Hurvitz SA, Andre F, Jiang Z, Shao Z, Mano MS, Neciosup SP, et al. Combination of everolimus with trastuzumab plus
paclitaxel as first-line treatment for patients with HER2-positive advanced breast cancer (BOLERO-1): a phase 3,
randomised, double-blind, multicentre trial. Lancet Oncol. 2015;16(7):816-29.
Andre F, O’Regan R, Ozguroglu M, Toi M, Xu B, Jerusalem G, et al. Everolimus for women with trastuzumab-resistant,
HER2-positive, advanced breast cancer (BOLERO-3): a randomised, double-blind, placebo-controlled phase 3 trial.
Lancet Oncol. 2014;15(6):580-91.
Andre F, Hurvitz S, Fasolo A, Tseng LM, Jerusalem G, Wilks S, et al. Molecular Alterations and Everolimus Efficacy in
Human Epidermal Growth Factor Receptor 2-Overexpressing Metastatic Breast Cancers: Combined Exploratory
Biomarker Analysis From BOLERO-1 and BOLERO-3. J Clin Oncol. 2016;34(18):2115-24.
https://clinicaltrials.gov/ct2/show/NCT02313051, accessed 2 December 2018.
https://clinicaltrials.gov/ct2/show/NCT01805271, accessed 2 December 2018.
https://clinicaltrials.gov/ct2/show/NCT02531932, accessed 2 December 2018.
https://clinicaltrials.gov/ct2/show/NCT02404051, accessed January 21, 2019.
O’Brien NA, Conklin D, Luo T, Ayala R, Issakhanian S, Kalous O, et al. Anti-tumor activity of the PI3K/mTOR pathway
inhibitors alpelisib (BYL719) and everolimus (RAD001) in xenograft models of acquired resistance to CDK-4/6 targeted
therapy. Cancer Res. 2017;77.
Dhakal A, Thomas RA, Levine EG, Brufsky A, Hanna MG, Miller A. Outcome of everolimus based therapy in hormone
receptor positive metastatic breast cancer patients after progression on palbociclib combination. J Clin Oncol.
2018;36(15).
Chirila C, Mitra D, Colosia A, Ling C, Odom D, Iyer S, et al. Comparison of palbociclib in combination with letrozole or
fulvestrant with endocrine therapies for advanced/metastatic breast cancer: network meta-analysis. Curr Med Res Opin.
2017;33(8):1457-66.

Summary, general discussion, and future perspectives

25.

26.
27.
28.

29.

30.

31.

32.

33.
34.

35.
36.

37.
38.
39.
40.
41.
42.
43.

44.
45.

Sledge GW, Jr., Toi M, Neven P, Sohn J, Inoue K, Pivot X, et al. The Effect of Abemaciclib Plus Fulvestrant on Overall
Survival in Hormone Receptor-Positive, ERBB2-Negative Breast Cancer That Progressed on Endocrine Therapy-MONARCH
2: A Randomized Clinical Trial. Jama Oncol. 2019.
Slamon DJ, Neven P, Chia S, Fasching PA, De Laurentiis M, Im SA, et al. Overall Survival with Ribociclib plus Fulvestrant
in Advanced Breast Cancer. N Engl J Med. 2020;382(6):514-24.
Im SA, Lu YS, Bardia A, Harbeck N, Colleoni M, Franke F, et al. Overall Survival with Ribociclib plus Endocrine Therapy in
Breast Cancer. N Engl J Med. 2019;381(4):307-16.
Piccart M, Hortobagyi GN, Campone M, Pritchard KI, Lebrun F, Ito Y, et al. Everolimus plus exemestane for hormonereceptor-positive, human epidermal growth factor receptor-2-negative advanced breast cancer: overall survival results
from BOLERO-2dagger. Ann Oncol. 2014;25(12):2357-62.
Bardia A, Hurvitz S, Yardley DA, Zelnak A, DeMichele A, Clark A, et al. TRINITI-1: Ribociclib plus everolimus (EVE) plus
exemestane (EXE) triplet combination in men or postmenopausal women with HR+, HER2-advanced breast cancer
(ABC) following progression on a cyclin-dependent kinase (CDK) 4/6 inhibitor. Cancer Res. 2017;77.
Hortobagyi GN, Chen D, Piccart M, Rugo HS, Burris HA, 3rd, Pritchard KI, et al. Correlative Analysis of Genetic Alterations
and Everolimus Benefit in Hormone Receptor-Positive, Human Epidermal Growth Factor Receptor 2-Negative Advanced
Breast Cancer: Results From BOLERO-2. J Clin Oncol. 2016;34(5):419-26.
Baselga J, Semiglazov V, van Dam P, Manikhas A, Bellet M, Mayordomo J, et al. Phase II randomized study of neoadjuvant
everolimus plus letrozole compared with placebo plus letrozole in patients with estrogen receptor-positive breast
cancer. J Clin Oncol. 2009;27(16):2630-7.
Moynahan ME, Chen D, He W, Sung P, Samoila A, You D, et al. Correlation between PIK3CA mutations in cell-free DNA
and everolimus efficacy in HR(+), HER2(-) advanced breast cancer: results from BOLERO-2. Br J Cancer. 2017;116(6):72630.
Sobhani N, Roviello G, Corona SP, Scaltriti M, Ianza A, Bortul M, et al. The prognostic value of PI3K mutational status in
breast cancer: A meta-analysis. J Cell Biochem. 2018;119(6):4287-92.
Rugo HS, Seneviratne L, Beck JT, Glaspy JA, Peguero JA, Pluard TJ, et al. Prevention of everolimus-related stomatitis in
women with hormone receptor-positive, HER2-negative metastatic breast cancer using dexamethasone mouthwash
(SWISH): a single-arm, phase 2 trial. Lancet Oncol. 2017;18(5):654-62.
https://clinicaltrials.gov/ct2/show/NCT02387099.
Laborde L, Oz F, Ristov M, Guthy D, Sterker D, McSheehy P. Continuous low plasma concentrations of everolimus provides
equivalent efficacy to oral daily dosing in mouse xenograft models of human cancer. Cancer Chemother Pharmacol.
2017;80(4):869-78.
Ter Heine R, van Erp NP, Guchelaar HJ, de Fijter JW, Reinders MEJ, van Herpen CM, et al. A pharmacological rationale
for improved everolimus dosing in oncology and transplant patients. Br J Clin Pharmacol. 2018;84(7):1575-86.
Verheijen RB, Atrafi F, Schellens JHM, Beijnen JH, Huitema ADR, Mathijssen RHJ, et al. Pharmacokinetic Optimization of
Everolimus Dosing in Oncology: A Randomized Crossover Trial. Clin Pharmacokinet. 2018;57(5):637-44.
Pascual T, Apellaniz-Ruiz M, Pernaut C, Cueto-Felgueroso C, Villalba P, Alvarez C, et al. Polymorphisms associated with
everolimus pharmacokinetics, toxicity and survival in metastatic breast cancer. PLoS One. 2017;12(7):e0180192.
Curigliano G, Shah RR. Safety and Tolerability of Phosphatidylinositol-3-Kinase (PI3K) Inhibitors in Oncology. Drug Saf.
2019.
Jean S, Kiger AA. Classes of phosphoinositide 3-kinases at a glance. J Cell Sci. 2014;127(Pt 5):923-8.
Andre F, Ciruelos E, Rubovszky G, Campone M, Loibl S, Rugo HS, et al. Alpelisib for PIK3CA-Mutated, Hormone ReceptorPositive Advanced Breast Cancer. N Engl J Med. 2019;380(20):1929-40.
Owonikoko TK, Harvey RD, Carthon B, Chen Z, Lewis C, Collins H, et al. A Phase I study of safety, pharmacokinetics, and
pharmacodynamics of concurrent everolimus and buparlisib treatment in advanced solid tumors. Clin Cancer Res.
2020.
Zhang YJ, Duan Y, Zheng XF. Targeting the mTOR kinase domain: the second generation of mTOR inhibitors. Drug Discov
Today. 2011;16(7-8):325-31.
Rodrik-Outmezguine VS, Okaniwa M, Yao Z, Novotny CJ, McWhirter C, Banaji A, et al. Overcoming mTOR resistance
mutations with a new-generation mTOR inhibitor. Nature. 2016;534(7606):272-6.

10

191

APPEN DI C E S
Nederlandse samenvatting
List of publications
PhD portfolio
Research data management
Dankwoord
Curriculum vitae

Appendices

Nederlandse samenvatting
Algemene introductie
Dit proefschrift richt zich op het identificeren van strategieën om bij patiënten met uitgezaaide
borstkanker de behandeling met everolimus te optimaliseren. Everolimus was voor de
behandeling van borstkanker het eerste orale doelgerichte middel dat werd toegevoegd aan het
beschikbare repertoire van antihormonale middelen. Everolimus is een remmer van ‘mammalian
target of rapamycin’ (mTOR). Dit is een belangrijk enzym in de fosfatidylinositol 3-kinase (PI3K),
protein kinase B (Akt), mTOR-signaalroute. Activering van deze PI3K/Akt/mTOR-signaalroute kan
in borstkankercellen leiden tot de ontwikkeling van ongevoeligheid voor antihormonale therapie.
Het toevoegen van everolimus aan het antihormonale middel exemestaan kan deze
ongevoeligheid opheffen.
In dit onderzoek hebben we verschillende stappen bestudeerd in het proces van de toediening
van everolimus tot de effecten op het welzijn van de patiënt (Figuur 1). Dit kan worden
onderverdeeld in de farmacokinetische fase, de farmacodynamische fase en uitkomsten. In de
farmacokinetische fase bepalen geneesmiddelabsorptie, distributie, metabolisme en excretie de
concentratie van het geneesmiddel in het bloed: de blootstelling. Via het bloed bereikt het
medicijn de werkingsplaats in de tumorcel. Het medicijn kan echter ook toxiciteit veroorzaken.
In de farmacodynamische fase oefent het medicijn zijn effect uit op het lichaam en heeft de arts
een uitkomstmaat nodig om de effectiviteit ervan te bepalen. Er worden verschillende
uitkomstmaten van tumor respons gebruikt. Tot nu toe gebeurt dit meestal op basis van een
verandering in de grootte van de tumor, door middel van een CT-scan. Een mogelijke eerdere
uitkomstmaat is het meten van een verandering in het metabolisme (activiteit) met 18F-FDG-PETscan. Uiteindelijk is het welzijn van de patiënt de enige uitkomstmaat die er echt toe doet.
Het eerste deel van dit proefschrift richt zich vooral op de effectiviteit van everolimus. Momenteel
is voor alle patiënten met uitgezaaide borstkanker de geadviseerde startdosis eenmaal daags
een tablet van 10mg. De hoeveelheid van het medicijn die uiteindelijk in het bloed terechtkomt
(de blootstelling), varieert echter sterk per patiënt. Er is toenemend bewijs dat de everolimus
blootstelling bij patiënten met kanker een belangrijke voorspeller is van de effectiviteit en de
bijwerkingen van het medicijn. Er is echter nog niet duidelijk vastgesteld wat een goede
streefwaarde is voor de everolimus blootstelling.
Het tweede deel van dit proefschrift richt zich grotendeels op longklachten als bijwerking van
everolimus. Bij het gebruik van everolimus kunnen diverse bijwerkingen optreden, waaronder
zweren in de mond, bloedarmoede en vermoeidheid. Een steriele ontsteking van de longen
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Figure 1. Stappen van medicijntoediening tot effect en welzijn van de patiënt

(interstitiële longziekte: interstitial lung disease; ILD) is een andere bijwerking die van bijzonder
belang is. ILD als bijwerking van everolimus komt vrij vaak voor en kan soms leiden tot ernstige
ademhalingsproblemen, zoals kortademigheid en hoesten, waarvoor soms zelfs opname in het
ziekenhuis nodig is. Wanneer een patiënt ademhalingsproblemen tijdens het gebruik van
everolimus krijgt is niet volledig duidelijk hoe gehandeld moet worden. Ten eerste omdat ILD
moeilijk is te onderscheiden van andere diagnoses en ten tweede omdat in geval van ILD het
moeilijk is om te voorspellen of de behandeling met everolimus veilig kan worden voortgezet
dan wel dat moet worden gestaakt om verergering van de ademhalingsproblemen te voorkomen.
Het doel van dit promotieonderzoek is om bij patiënten met uitgezaaide borstkanker die
worden behandeld met everolimus benaderingen te onderzoeken om de effectiviteit van
everolimus te verhogen en de bijwerkingen van dit medicijn te verminderen. Dit doen we door
verschillende aspecten van de behandeling te onderzoeken. Hieronder volgt een samenvatting
van de belangrijkste resultaten van dit promotieonderzoek.
Hoofdstuk 1 is een algemene introductie en een uiteenzetting van de onderdelen van het
proefschrift. Hoofdstuk 2 beschrijft de invloed van voedsel en zuurremmende middelen op de
blootstelling aan everolimus en achttien andere orale doelgerichte antikanker-geneesmiddelen.
Ten opzichte van nuchtere inname, neemt de blootstelling aan everolimus af met 22% indien
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ingenomen met een maaltijd met een laag vetgehalte en met 33% bij inname met een maaltijd
met een hoog vetgehalte. Omdat de blootstelling aan everolimus sterk varieert per patiënt, wordt
dit relatief kleine effect van voedsel als klinisch niet significant beschouwd. Door everolimus
consequent in te nemen zonder voedsel of met voedsel dat een constant vetpercentage bevat,
wordt voorkomen dat de mate waarin patiënten worden blootgesteld aan everolimus, sterk per
patiënt verschilt. Everolimus is goed oplosbaar over een breed bereik van zuurgraad en de
opname wordt dus niet beïnvloed door maagzuurremmende medicijnen.
CONCLUSIE: inname van everolimus moet consequent met of zonder voedsel worden gedaan.
Er is geen bezwaar tegen het gebruik van zuurremmende geneesmiddelen.
In hoofdstuk 3 worden de resultaten beschreven van het INPRES-onderzoek waarin bestudeerd
wordt of de blootstelling van borstkankerpatiënten aan everolimus voorspellend is voor de
toxiciteit (bijwerkingen) en de effectiviteit van het medicijn.
Hierbij is gekeken naar de dalconcentratie: de concentratie medicijn in het bloed net voor inname
van het medicijn (C0). Deze studie laat zien dat patiënten met hoge dalconcentraties everolimus
(C0 >19,2 μg/L) een grotere kans hebben om klinisch relevante toxiciteit te ontwikkelen waarvoor
dosisverlaging nodig is, dan patiënten met lagere dalconcentraties. Eén derde van de patiënten
in de studie heeft een hoge everolimus dalconcentratie. Bij deze groep patiënten is het risico om
toxiciteit te ontwikkelen die leidt tot dosisveranderingen bijna drie keer groter dan bij de
patiënten met een lagere everolimus dalconcentratie. Het risico op toxiciteit kan dus bij een
aanzienlijke groep patiënten worden verkleind. In onze studie kon niet worden aangetoond dat
C0 een voorspeller is voor de effectiviteit van het medicijn. Mogelijk is dit het gevolg van het
relatief kleine aantal patiënten in ons onderzoek. In een eerder onderzoek door anderen werd
wel een significante relatie tussen C0 en de effectiviteit van everolimus aangetoond. De
afwezigheid van de relatie tussen everolimus C0 en de effectiviteit in onze studie kan ook worden
verklaard door het feit dat de tumorrespons deels kan worden toegeschreven aan het gelijktijdig
gebruik van exemestaan. In dit onderzoek hebben we ook aangetoond dat een dalspiegel van
everolimus een betere voorspeller voor toxiciteit is dan een volledige ‘area under the curve’ (AUC:
het gebied onder de concentratietijdkromme). Dit bevestigt dat juist de dalconcentratie van
everolimus cruciaal is voor een adequate onderdrukking van mTOR.
Vervolgens beschrijven we in dit hoofdstuk de relatie tussen de verandering in tumoractiviteit
gemeten met 18F-FDG-PET/CT en de respons van de tumor. Veertien dagen na het begin van de
behandeling werd gemeten in welke mate de tumoractiviteit was afgenomen ten opzichte van
voor start van de behandeling. Patiënten met weinig afname in tumoractiviteit hadden een hoger
risico om niet te reageren op de behandeling met everolimus en exemestaan ten opzichte van
patiënten waarbij de tumoractiviteit wel sterk was gedaald. Deze afname in tumoractiviteit kun
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je op verschillende manieren meten. De beste voorspeller van vroege progressieve ziekte was
een afname van minder dan 11% in “standardized uptake value lean body mass, SUVLBM” (de
gestandaardiseerde opnamewaarde, genormaliseerd voor vetvrije massa) van de metastase met
de hoogste FDG-opname bij de PET-scan op de veertiende dag na het begin van de behandeling.
Als er op de veertiende dag slechts een matige afname van tumoractiviteit is, kan een behandelend
arts overwegen om deze patiënt extra te vervolgen, een alternatieve therapie te kiezen of om de
dosis everolimus te verhogen (mits er niet veel bijwerkingen zijn). Deze aanpak kan voorkomen
dat patiënten worden blootgesteld aan een ineffectieve behandeling.
CONCLUSIE: wij adviseren dat bij alle patiënten de dalconcentratie van everolimus wordt
gemeten circa 5 dagen na start van de behandeling. De dosis kan dan op de patiënt worden
afgestemd waarbij de dalconcentratie lager dan 19,2 μg/L zou moeten zijn om toxiciteit te
voorkomen, maar hoger dan 11,9 μg/L ter bevordering van de effectiviteit. Een matige afname
in activiteit op 18F-FDG-PET/CT-scan op dag 14 is voor de behandelend arts een waarschuwing
voor onvoldoende tumorrespons.
In het INPRES-onderzoek werden de “PET Response Criteria in Solid Tumors” (PERCIST) toegepast
voor de kwantitatieve analyse van 18F-FDG-PET/CT. Wij hebben in dit onderzoek ervaren dat het
gebruik van deze criteria verschillende beperkingen kent. Deze beperkingen zijn beschreven in
hoofdstuk 4. Ten eerste adviseert PERCIST om alleen lesies (de weergave van een uitzaaiing) op
te nemen met een minimale diameter van 1,5 cm. De grootte van een lesie zoals gemeten op CT
is daarentegen niet direct gerelateerd aan het metabole volume van een lesie, wat veel kleiner
kan zijn. Daarnaast kunnen FDG-avide lesies (dus lesies die overactief zijn op de scan) niet altijd
op betrouwbare wijze op CT worden gemeten. Ten tweede adviseert PERCIST om alleen de vijf
lesies met de hoogste FDG-aviditeit op te nemen. Doordat longlesies bijna geen
achtergrondactiviteit hebben zijn deze over het algemeen slechts mild FDG-avide en worden de
meeste longlesies uitgesloten in PERCIST. Vanwege de geringe achtergrondactiviteit is er evenwel
juist een reële kans dat deze longlesies een aanzienlijke afname van activiteit vertonen. Ten derde
is de primaire uitkomstmaat van PERCIST de ‘standardized uptake value’ van een piek van de lesie.
Deze piek vertegenwoordigt slechts een klein percentage van de totale hoeveelheid van de lesies.
Daardoor gaat informatie over de rest van de lesies verloren. Om dit op te lossen wordt ‘Total
lesion glycolysis’ (TLG) gesuggereerd als een secundaire, exploratieve uitkomstmaat. Bij TLG is
een adequate tumoromlijning echter moeilijk. PERCIST stelt voor om een absolute drempelwaarde
te gebruiken voor de tumoromlijning. Het gebruik van een absolute drempelwaarde resulteert
echter vaak in een drempel die te laag is om normaal weefsel volledig uit te sluiten of in een
drempel die te hoog is om tumorlesies met een lagere aviditeit, zoals longlesies, op te nemen.
Wij pleiten ervoor dat wanneer tumoren met uitzaaiingen in verschillende organen worden
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geanalyseerd, het volume voor TLG moet worden gebaseerd op afkapwaarden die specifiek zijn
voor de aviditeit van het betreffende orgaan. Samenvattend concluderen we dat PERCIST kan
worden beschouwd als een goed uitgangspunt voor een gestandaardiseerde methode voor
kwantitatieve analyse, maar dat de huidige PERCIST-richtlijnen niet volledig haalbaar zijn en dat
mogelijk belangrijke informatie door deze richtlijnen wordt uitgesloten. In hoofdstuk 3 van dit
proefschrift wordt aangetoond dat in onze studie de verandering van de FDG-aviditeit in één
lesie met de hoogste FDG-aviditeit een betere voorspeller was voor de tumorrespons dan de som
van de veranderingen in vijf lesies, zoals wordt gesuggereerd door PERCIST.
CONCLUSIE: er moet consensus worden bereikt over een gestandaardiseerde, haalbare en
klinisch nuttige methode voor kwantitatieve analyse van 18F-FDG-PET/CT. Voor total lesion
glycolysis (TLG) kan het volume beter worden gebaseerd op orgaanspecifieke afkapwaarden
voor de achtergrond.
Een alternatieve methode voor het meten van everolimus-concentraties bij patiënten met kanker
werd onderzocht in de SPOT-studie, beschreven in hoofdstuk 5. De “dried blood spot” (DBS)methode is een alternatief voor veneuze bloedafname (met een naald in de elleboogsplooi) ten
behoeve van het meten van everolimus concentraties. Bij deze methode wordt een bloeddruppel
verzameld door middel van een vingerprik. Deze manier van bloed verzamelen wordt ook
gebruikt bij de hielprik. De DBS-methode is patiëntvriendelijk en praktisch, aangezien deze manier
van bloed verzamelen minimaal belastend is en patiënten thuis zelf de bloeddruppel kunnen
afnemen en hun monster per post naar het laboratorium kunnen sturen. Vanwege deze voordelen
wordt de DBS-methode onderzocht voor meerdere anti-kankergeneesmiddelen. In de SPOTstudie tonen we aan dat bij patiënten met kanker de mate van overeenstemming tussen de
meting van everolimus concentraties met de DBS-methode en die met veneus volbloed zeer
hoog is in het gehele concentratiegebied. Met de DBS-methode vielen de resultaten van 95%
van de monsters binnen de grenzen van klinische relevantie, waarbij op basis van de meting in
DBS tot hetzelfde doseeradvies gekomen werd als wanneer de volbloedmeting zou worden
gebruikt. De prestaties van de DBS-methode waren uitstekend, met een verwaarloosbare
systematische fout en een hoge precisie, waarmee werd voldaan aan de European Medicines
Agency criteria voor kruisverificatie.
CONCLUSIE: de DBS-methode is een valide methode en een praktisch alternatief voor veneuze
bloedafname om everolimus concentraties te meten bij patiënten met kanker. Wij bevelen
aan dat de implementatie van standaard everolimus concentratie meting met de DBSmethode circa vijf tot zeven dagen na start van de behandeling kan helpen om de behandeling
met everolimus te individualiseren.
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Het tweede deel van dit proefschrift richt zich op respiratoire problemen (ademhalingsproblemen)
tijdens de behandeling met everolimus. Tijdens de behandeling met everolimus komen
respiratoire symptomen frequent voor. Deze klachten kunnen onder andere worden veroorzaakt
door luchtweginfecties of interstitiële longziekte (interstitial lung disease; ILD). Luchtweginfecties
kunnen optreden als gevolg van de immuunonderdrukkende effecten van everolimus en ILD als
gevolg van de ontstekingsbevorderende effecten van everolimus. Hoofdstuk 6 illustreert de
diagnostische problemen die zich voordoen in de dagelijkse praktijk en presenteert drie patiënten
met ernstige opportunistische longinfecties tijdens de behandeling met everolimus, waarvan
twee patiënten met een infectie met Pneumocystis jirovecii. Het is cruciaal om onderscheid te
maken tussen interstitiële longziekte, een respiratoire infectie en andere niet aan everolimus
gerelateerde oorzaken van respiratoire symptomen. Deze aandoeningen zijn potentieel
levensbedreigend en vereisen elk afzonderlijk een specifieke aanpak. Klinische en radiologische
kenmerken zijn vaak onvoldoende om dit onderscheid te kunnen maken. Wij adviseren om een
longspoeling te overwegen indien een kweek van longslijm negatief is. Het gebruik van andere
immuunonderdrukkende medicijnen dient te worden vermeden om het risico op infecties te
beperken.
CONCLUSIE: wanneer respiratoire symptomen optreden tijdens behandeling met everolimus
dienen interstitiële longziekte en Pneumocystis jirovecii-pneumonie te worden overwogen als
mogelijke oorzaak.
In hoofdstuk 7 wordt een uitgebreid overzicht gegeven van de incidentie, klinische presentatie
en pathofysiologie van mTOR-remmer-geïnduceerde interstitiële longziekte bij kankerpatiënten.
Oplettendheid ten aanzien van en uitvoerige kennis over ILD zijn essentieel om enerzijds te
voorkomen dat everolimus vroegtijdig wordt gestopt en anderzijds om te verhinderen dat
ernstige bijwerkingen optreden. We beschrijven het belang van een betere voorspelling van de
ontwikkeling en het klinische beloop van ILD om de ernst van ILD te verminderen. We presenteren
nieuw ontwikkelde diagnostische criteria voor ILD, gebaseerd op klinische symptomen,
longfunctietesten en radiologische afwijkingen.
CONCLUSIE: de diagnose van everolimus-geïnduceerde ILD dient te worden gesteld op basis
van klinische symptomen, longfunctietesten en radiologische afwijkingen. Een gedetailleerd
en gemakkelijk toe te passen algoritme voor de klinische behandeling van ILD wordt
beschreven in hoofdstuk 7.
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Hoofdstuk 8 beschrijft een prospectief onderzoek naar everolimus-geïnduceerde ILD. Dit is de
eerst uitgevoerde prospectieve studie ooit naar geneesmiddelen-geïnduceerde ILD waarbij
patiënten vanaf start van de behandeling worden gevolgd. We demonstreren dat een longfunctie
test (namelijk diffusiecapaciteit: hoe makkelijk zuurstof opgenomen kan worden) en longeiwitten
in het bloed (namelijk de plasma biomarker YKL-40 en SP-D) zeer goede diagnostische prestaties
opleveren, waardoor onderscheid kan worden gemaakt tussen patiënten met en patiënten zonder
(vermoedelijke) ILD. Een snelle afname van de diffusiecapaciteit is een alarmerende indicator
voor significante longbetrokkenheid met een hoger risico op ernstige toxiciteit, waardoor de
behandeling moet worden gestaakt.
Longafwijkingen op een FDG-PET-scan lijken geen significante voorspellende waarde te hebben
voor everolimus-geïnduceerde ILD, aangezien deze afwijkingen niet voorafgaan aan de klinische
symptomen. Er werd geen verband waargenomen tussen de dalconcentratie van everolimus en
de ontwikkeling van (vermoedelijke) ILD. Het is belangrijk om op te merken dat deze bijwerking
dus niet gerelateerd lijkt te zijn aan de hoogte van de blootstelling aan everolimus, terwijl we in
hoofdstuk 3 hebben aangetoond dat andere bijwerkingen wel gerelateerd zijn aan de hoogte
van blootstelling aan everolimus. Opvallend is dat 85% van de patiënten respiratoire symptomen
ontwikkelde tijdens de behandeling, waarbij dit bij 56% van de patiënten aan everolimusgerelateerd was. Respiratoire klachten treden dus zeer frequent op tijdens of als gevolg van
behandeling met everolimus. De meerderheid van de patiënten met een vermoedelijke ILD kon
de behandeling met everolimus continueren zonder verdere verergering van de longproblemen.
Bij ernstig ILD is het stopzetten van de behandeling met everolimus in combinatie met prednison
in een dosering van 60 mg/dag gedurende twee weken (gevolgd door een afbouwschema)
doeltreffend gebleken voor herstel van de longfunctie en de klachten.
Waarschijnlijk kunnen diffusiecapaciteit en plasma biomarkers metingen ook nuttig zijn bij het
aantonen van ILD als gevolg van andere antikankermedicijnen. ILD is namelijk ook een belangrijke
bijwerking bij diverse andere (nieuwe) therapieën, waaronder doelgerichte therapieën en
immuuntherapie.
CONCLUSIE: een toename van het plasma biomarker SP-D in combinatie met een afname in
de diffusiecapaciteit wijst op everolimus-geïnduceerd ILD.
Hoofdstuk 9 beschrijft de relatie tussen veranderingen in immunologische cellen en de toxiciteit
en effectiviteit van de behandeling met everolimus. Hiervoor hebben we immuuncellen (namelijk
mononucleaire cellen, waaronder effectorcellen en NKT-cellen) uit bloed onderzocht op de relatie
met longtoxiciteit en de relatie met de anti-kanker respons. Het laat zien dat patiënten met een
hoog percentage effectorcellen vóór aanvang van de behandeling een grotere kans op antitumor
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respons hebben. Responders versus non-responders hadden significant meer effectorcellen.
Non-respons kon worden voorspeld met een sensitiviteit van 0,71 en een specificiteit van 0,82.
Patiënten die longtoxiciteit ontwikkelden in vergelijking met patiënten zonder longtoxiciteit,
hadden bij aanvang relatief meer NKT-cellen. Longtoxiciteit kon worden voorspeld met een
sensitiviteit van 0,78 en een specificiteit van 1,0.
CONCLUSIE: de effectorcellen die al vóór start van de behandeling aanwezig zijn kunnen
voorspellend zijn voor de antitumorrespons en de NKT-cellen die al vóór start van de
behandeling aanwezig zijn kunnen voorspellend zijn voor longtoxiciteit. Wij bevelen verder
onderzoek hiernaar.
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Research data management
This thesis is based on the results of human studies, which were conducted in accordance with
the principles of the Declaration of Helsinki. The medical and ethical review board Committee
on Research Involving Human Subjects Region Arnhem Nijmegen, Nijmegen, the Netherlands
has given approval to conduct these studies.
The patient data for the analyses of the studies as presented in chapter 3, 6, 8, and 9 are stored
in clinical data management system management system “OpenClinica” at our Radboudumc
Technology Center Clinical Studies. The patient data for the analyses of the studies as presented
in chapter 4 and 5 are stored on the departments’ H-drive (H:\logistiek studies MO\overzicht per
studie\studie inclusie gesloten\MOMAM). The privacy of the participants in this study is warranted
by use unique individual subject codes.
The data will be saved for 15 years after termination of the study. Using these patient data in
future research is only possible after a renewed permission by the patient as recorded in the
informed consent. The datasets analyzed during these studies are available from the corresponding
author on reasonable request.
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Allereerst wil ik alle patiënten bedanken die mee hebben gedaan aan mijn studies. Dit onderzoek
is door hen en voor hen gedaan.
Vervolgens wil ik de leden van mijn promotieteam bedanken.
Geachte professor Gerritsen, beste Winald, je bent een ervaren wetenschapper en overziet
het grote geheel. Daarnaast heb je ook steeds aandacht gehad voor mijn carrière na dit
proefschrift. Dank je wel voor jouw begeleiding.
Geachte professor van Herpen, beste Carla, je hebt veel ideeën, bent zeer gedreven en bent
altijd beschikbaar voor overleg. Samen kunnen we enorm enthousiast worden van een goed
overleg. Ik waardeer zeer dat je vertrouwen in me hebt gehad en me veel vrijheid hebt gegeven
voor mijn inbreng en mijn eigenwijsheid. Dank je wel voor een heel mooi promotietraject.
Geachte dr. van Erp, beste Nielka, jouw positieve energie is heel aanstekelijk en heeft mijn
werkplezier zeer bevorderd. Inhoudelijk ben je zeer kritisch, ook bij onderwerpen die buiten je
directe werkveld liggen. Daarnaast heb je veel oog voor de persoon achter de onderzoeker en
dat maakt het samenwerken erg leuk.
Geachte dr. Tol, beste Jolien, in jou vond ik een heel mooie combinatie van een onderzoeker
met een vlijm scherpe blik, een heel goede clinicus en vooral ook een heel warme collega. Ik ben
heel blij dat je onderdeel uitmaakt van mijn promotieteam.
De leden van de manuscriptcommissie, professor Hans de Wilt, professor Ron Mathijssen en dr.
Willemien Menke, wil ik bedanken voor het beoordelen van dit proefschrift.
Alle coauteurs van mijn artikelen wil ik van harte danken voor hun bijdrage, dankzij de
samenwerking met jullie is dit proefschrift mogelijk geworden. Research verpleegkundigen en
datamanagers: ik ben jullie veel dank verschuldigd voor de zorgvuldigheid waarmee jullie het
onderzoek hebben uitgevoerd en de data hebben ingevoerd en gecontroleerd. Ook dank voor
de medewerkers van Bernhoven Ziekenhuis, Isala, Maastricht Universitair Medisch Centrum+,
Maasziekenhuis Pantein, Spaarne Gasthuis en St. Antonius Ziekenhuis die betrokken zijn geweest
bij deze studies. Zonder jullie allen was dit onderzoek niet mogelijk geweest.
Diverse collega’s van de afdeling oncologie van het Radboudumc hebben gemaakt dat ik steeds
met plezier naar mijn werk ging, specifiek de (oud) fellows en de collega’s van de villa interne
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en villa externe. Jullie brachten veel dagelijkse gezelligheid, we hebben van elkaar kunnen leren
en het was goed om soms te kunnen spuien als het even tegenzat. Alle stafleden, dank voor
alles wat jullie me hebben geleerd tijdens mijn jaren in het Radboudumc. Bij jullie heb ik het vak
van oncoloog in de volle breedte geleerd en omarmd. Iedereen van het secretariaat, bedankt
voor de ondersteuning en alle interesse in mij en mijn onderzoek. Collega’s van het Laboratorium
Medische Immunologie: jullie hebben met veel geduld mij verwelkomd in de voor mij compleet
nieuwe wereld van de immunologie.
Mijn paranimfen, Janneke en Mirjam. Lieve Janneke, samen met jou, Chantal, Marye en Simône
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jullie gezelschap en hoop dat in de toekomst ook te blijven doen. Lieve Mirjam, jij en de andere
possemembers hebben altijd een speciale plek in mijn hart. We kennen elkaar vanaf het begin
van de middelbare school en hebben elkaar zien ontwikkelen. Jullie zijn een enorme steun in
mijn rug, waar ik ook ga. Ook aan mijn andere vrienden en vriendinnen, wat is het mooi om
onze levens met elkaar te delen, met alles wat daar in gebeurt. Samen verdubbelen we vreugde
en delen we verdriet. Jullie zijn me zeer dierbaar.
Ik ben heel gelukkig met mijn lieve familie en schoonfamilie. Dank voor al jullie interesse en
betrokkenheid. Aan mijn broers, “eindelijk iemand die echt wat bereikt in deze familie” , dank
dat jullie trots op me zijn. Lieve Bert en Rina, vanaf dag één ben ik zeer hartelijk verwelkomd in
jullie gezin, dat inmiddels als een tweede thuis voelt. Jullie staan altijd voor ons klaar. Dit heeft
enorm geholpen om alle ballen in de lucht te houden ten tijde van drukte van werk, onderzoek
en gezin. Lieve pap, je hebt me laten zien hoe mooi het vak van arts is. Mede dank zij jou ben ik
gekomen waar ik nu ben. Lieve mam, je bent zeer trots op me en bent in mijn carrière steeds
weer een zeer waardevolle meelezer geweest. Bijzonder mooi om dit met je te kunnen delen,
dank je wel.
Dan jij, m’n lief, Karin. Eerlijk is eerlijk, je was bijna een ernstige bedreiging geworden voor dit
proefschrift. In het najaar van 2013 is er namelijk een opvallende dip te zien in het aantal gewerkte
uren aan mijn onderzoek. Met jou is het leven zó leuk dat het werken plots aanzienlijk minder
werd. Maar alleen door jouw steun, vertrouwen en alle ruimte die je me gaf heb ik dit proefschrift
af kunnen ronden. Je stimuleert me om het beste uit mezelf te halen. Daar ben ik je heel dankbaar
voor. Ik hou van je met heel mijn hart.
Lieve Koen en Tom, mijn mooie mannen. Wat een enorme vreugde en geluk brengen jullie me.
Ik geniet van elke volgende stap die jullie zetten en ben ontzettend trots op jullie. Ik hou
ontzettend veel van jullie.
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