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ABSTRACT

In addition to being present in tumor cells, many targets of
signal transduction inhibitors are also found in normal tis-
sue. Side effects attributable to the mechanism of action of
molecular targeted agents thus represent “on-target” mod-
ulation in normal tissues. These mechanism-based toxici-
ties can be pharmacodynamic effects of pathway inhibition
and, in tumors depending on the inhibited pathway for
proliferation, might be biomarkers of efficacy. The devel-
opment of rash with tyrosine kinase inhibitors or monoclo-
nal antibodies targeting the epidermal growth factor
receptor is associated with superior outcomes in lung, head
and neck, colorectal, and pancreatic cancer studies. Corre-
lated with superior efficacy in retrospective analyses of
large studies in advanced colorectal, breast, and renal cell
carcinoma, arterial hypertension as an adverse event of an-
tiangiogenic agents may also be a marker of effective target
inhibition. An association between hypothyroidism and the

activity of multitargeted tyrosine kinase inhibitors has
been identified in renal cell carcinoma patients. Tumor
growth addiction to the specific pathway that is effectively
targeted may be the link between a mechanism-based tox-
icity and efficacy. The biological basis for this correlation
can be pharmacological, with higher drug exposure being
associated with greater toxicity and antitumor activity, and
can also be genetic, because single nucleotide polymor-
phisms play an important role in drug pharmacokinetic
and pharmacodynamic processes. Investigators have
proposed that interpatient differences and associated
toxicities can be exploited for dose selection and titra-
tion, and clinical trials are currently exploring intrapa-
tient “dosing-to-toxicity” strategies. Ultimately, the
predictive value of a side effect of molecular targeted
therapies requires validation in prospective trials. The
Oncologist 2011;16:1729–1740

INTRODUCTION
Targeted therapies represent the most promising therapeutic
approach currently being developed for the treatment of can-
cer. They are designed to selectively inhibit a molecular target,
and dose recommendations should thus be based not only on
toxicities but also on pharmacokinetic (PK) and pharmacody-
namic (PD) variables. Consequently, clinicians are facing the
challenge of codeveloping biomarkers to assist drug develop-
ment [1, 2]. The PD effects of a targeted therapy can be mo-

lecular (pathway inhibition) or clinical (activity or toxicity).
Biomarkers associated with the drug’s effect are called PD
markers and correlate with proof of mechanism of the agent,
not necessarily with response or survival. Biological correla-
tive studies may therefore serve to derive the optimal dose and
schedule of a given agent and to determine whether or not it is
inducing the intended biological effect. On the other hand, to
predict clinical benefit, biomarkers need to have a validated,
robust, and reproducible assessment methodologies in addition
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to clinical qualification in randomized trials that include the se-
lected patient population [2].

Targeted biological agents may or may not have predict-
able effects on normal tissue. It has been demonstrated that tar-
geted therapies are not exempt from toxicities and oncologists
have had to adapt to manage novel side effects, such as rash,
hypertension, hypothyroidism, hyperglycemia, and dyslipide-
mia. Some of these toxicities may be “off-target” effects of the
drug, and therefore ideally something to prevent. Others may
relate to the drug’s pharmacological properties (e.g., hypersen-
sitivity and infusional reactions with monoclonal antibodies
[mAbs]) and alternative drugs can be designed if this hinders
treatment. Other toxicities are related to the “on-target” effects
of the drug and its inhibition of the pathway. This reflects tar-
get engagement and is directly related to the drug’s mechanism
of action. Such toxicities are termed mechanism-based toxici-
ties (MBTs) [3].

Neutropenia is the classical MBT of conventional cyto-
toxic agents targeting DNA replication. Here, we review var-
ious MBTs of targeted agents, including rash associated with
epidermal growth factor receptor (EGFR) inhibitors and hy-
pertension/hypothyroidism associated with antiangiogenic
drugs. The main interest in reviewing available data for such
toxicities lies in their potential use as proof of PD effects in the
clinic, and in some cases as predictive markers of efficacy. An
understanding of these and other MBTs could aid in the deci-
sion-making process of drug development (“go versus no-go”
decisions), dosing (“dosing-to-toxicity” studies), side-effect
management (should we avoid these toxicities or should we
learn how to manage them?), and trial design [2].

DEFINING MBTS
MBT is a side effect attributable to an agent’s mechanism of
action. It is always a clinical PD effect or marker of a given
drug. When analyzing a possible MBT, one should keep in
mind the various clinical situations that could occur, as shown
in Figure 1. Initially, a targeted therapy with high selectivity
and adequate potency to sufficiently inhibit the target is re-
quired. Any biological/molecular effect can then be used as
surrogate of target inhibition (PD marker). These effects could
include toxicities if sufficient rationale and observational data
support the relationship and if no other confounding factors are
present (i.e., not a result of off-target effects or a toxicity oc-

curring in patients not receiving the drug). When a PD marker
is associated with a certain (mechanism-based) toxicity, clini-
cal decisions can be made based on the presence or absence of
this event. Further clinical trials could use this marker as a tool
for dose titration, as shown in Figure 2.

In summary, the presence of an MBT can be used as evi-
dence of PD effects if it reflects with certainty pathway inac-
tivation, and therefore assumes sufficient target engagement. It
can also be used as a predictive marker in diseases for which
pathway inhibition is sufficient to determine clinical activity.
Importantly, a clear relationship between the levels of target
inhibition in a surrogate tissue and target inhibition in the tu-
mor tissue is lacking for most molecular targeted therapies.
Nevertheless, multiple early-phase clinical studies have shown
that the development of on-target effects in normal tissues can
be directly correlated with pathway inhibition in tumors. It is
also critical to state that MBTs can only be used as predictors
for outcome after initiating treatment. Therefore, they can be
taken as surrogates for further clinical benefit of patients who
continue therapy, which is not the perfect scenario. In the fol-
lowing sections, we review current data on side effects that are
potential PD and predictive markers as well as the determi-
nants of classical MBTs of molecular targeted agents.

RASH AS AN MBT OF EGFR INHIBITORS
EGFR is a tyrosine kinase receptor that is widely expressed in
epithelial tumors. Its stimulation leads to activation of multiple
pathways involved in cell proliferation and survival. EGFR

Figure 1. Defining mechanism-based toxicity. Toxicities attributable to the mechanism of action of molecular targeted agents represent
on-target modulation in normal tissues. These mechanism-based toxicities can be correlated with clinical benefit when the drug has high
selectivity and adequate potency to hit the target and the tumor is addicted to the inhibited pathway.

Figure 2. Translation of mechanism-based toxicities to clinical
trials. When a mechanism-based toxicity is strongly associated
with a pharmacodynamic marker in the early phases of clinical de-
velopment, phase II trials could test this biomarker as a tool for
dose titration.
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was one of the first receptors to be proposed as a target for can-
cer therapy and several anti-EGFR agents have been approved
for use, including the tyrosine kinase inhibitors (TKIs) erlo-
tinib and gefitinib and the mAbs cetuximab and panitumumab
[4]. These agents have been shown to have efficacy in different
clinical scenarios. The most impressive benefits have been
found with gefitinib and erlotinib in non-small cell lung cancer
(NSCLC) patients, chemotherapy combined with cetuximab in
head and neck cancer patients, and cetuximab or panitumumab
in colorectal cancer (CRC) patients. Treatment with EGFR in-
hibitors is frequently associated with an acneiform rash char-
acterized by inflammatory papules and pustules on the scalp,
face, neck, and upper trunk. The incidence is in the range of
50%–100%, depending on the agent and cancer type. The me-
dian onset is typically within 1–3 weeks of therapy initiation
[5]. The skin toxicity of EGFR inhibitors (small molecules
TKIs and mAbs) cannot be differentiated clinically in terms of
profile or grading, likely representing a class effect.

The mechanism underlying the rash and its correlation with
tumor response is still poorly understood. EGFR is highly ex-
pressed in normal tissues, including the skin. Rash may repre-
sent local receptor saturation, but other factors, such as drug
exposure and immune status, may alter an individual’s suscep-
tibility. Skin biopsies from patients with drug-induced rash
display a robust leukocyte infiltrate. However, systematic
analysis of the type of infiltrating cells or its activation status
has not yet been performed and is the objective of ongoing
studies (ClinicalTrials.gov Identifier, NCT01137162) [5]. It
appears that inhibition of EGFR homodimer signaling rather
than EGFR–human epidermal growth factor receptor (HER)-2
heterodimers may be a key molecular event determining the
skin toxicity of HER kinase–targeted therapies. Pertuzumab,
an antibody interfering with functional HER heterodimeriza-
tion, fails to block ligand-induced signaling in primary kera-
tinocytes and is not associated with the characteristic
acneiform rash [6].

Rash as a Biomarker of Response to
EGFR Inhibitors
Several studies have suggested that the development of a rash
with TKIs or mAbs against EGFR is associated with a better
outcome in different tumor types, including NSCLC [7–9],
pancreatic cancer [10, 11], head and neck cancer [12–14], CRC
[15–20], and ovarian cancer [21]. Response rates (RRs) and
median progression-free survival (PFS) and overall survival
(OS) times are greater in patients developing rash in response
to anti-EGFR targeted agents, as shown in Table 1.

The most convincing data for the association between sur-
vival and occurrence and severity of rash come from retrospec-
tive analyses of phase III trials conducted in NSCLC and CRC
patients. For lung cancer, early development of rash during
treatment with the TKI erlotinib as a single agent or the mAb
cetuximab in combination with chemotherapy is associated
with remarkably better survival outcome [8, 9]. A similar re-
lationship between rash and clinical outcomes was reported in
studies of the mAbs cetuximab and panitumumab in CRC pa-
tients in different advanced disease scenarios [15, 18–20]. In

addition, in a phase III trial of combined cetuximab and radio-
therapy in patients with localized head and neck cancer, the de-
velopment of grade �2 rash was associated with a twice as
long OS duration [14].

Determinants of Rash with EGFR Inhibitors

Clinicopathological Factors
Comparisons of baseline characteristics have been performed
to attempt to predict, before initiating therapy, which patients
are likely to develop a rash. In NSCLC patients treated with
erlotinib, rash was more frequent in those with a good perfor-
mance status, who had never smoked, and with tumors harbor-
ing EGFR amplification by fluorescence in situ hybridization
(FISH) analysis. However, even in patients whose tumors had
normal EGFR gene copy numbers, the incidence of rash was
�70% [8]. In addition, rash was predictive of a better outcome
regardless of a positive or negative EGFR status, whether mea-
sured as protein expression by immunohistochemistry or gene
copy number by FISH [11, 12]. Importantly, the development
of a rash in patients whose tumors did not present an activating
EGFR mutation has also been associated with better outcomes
[8].

Pharmacokinetic Factors
One of the possible explanations for the association of rash and
clinical benefit with EGFR inhibitors is the PK activity of the
drug, with patients with higher drug plasma levels having
greater toxicity and antitumor response. Some studies suggest
a correlation between drug exposure and rash [22, 23]. There is
wide variability in drug exposure resulting from high variabil-
ity in the metabolizing cytochrome P450 (CYP)3A4 system,
and this might influence toxicity and clinical outcome. In ad-
dition, CYP1A2 induction by smoking increases erlotinib
clearance, which could explain the lesser clinical activity of er-
lotinib in these patients [22, 24]. However, there is no clear as-
sociation between drug exposure and the development of a
rash. Prospective trials exploring whether or not increasing the
dose of anti-EGFR agents can improve treatment outcomes are
needed to address this question. “Dosing-to-rash” trials with
EGFR inhibitors have been undertaken to account for the in-
terpatient variability in rash development.

For NSCLC, erlotinib dose escalation appeared feasible
but efficacy was not greater than with the standard dose [25].
With regard to this, it is important to mention that TKI-associ-
ated diarrhea is the other important and frequent adverse event
with gefitinib and erlotinib. Nevertheless, patients with skin
rash do not necessarily have a higher incidence of diarrhea and
vice versa. Although it is known that diarrhea is also related to
the expression of EGFR in the intestines, there are no data cor-
relating intrapatient receptor expression in the skin and diges-
tive system. For advanced CRC, the Evaluation of Various
Erbitux� Regimens by means of Skin Tumor biopsies study
evaluated whether or not cetuximab dose escalation in patients
with no rash or slight rash in the first weeks of treatment induces
a more pronounced rash and greater activity [26]. The study eval-
uated 89 patients randomized to the standard regimen or dosing-
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to-rash. A higher RR, 46% versus 21%, was observed in wild-
type KRAS patients with escalating cetuximab doses. In patients
with tumors carrying a KRAS mutation, higher cetuximab doses
did not lead to a higher RR [26]. This strategy is currently under

evaluation in a larger trial (ClinicalTrials.gov Identifier,
NCT01251536). For advanced pancreatic cancer, a dose escala-
tion-to-rash study of erlotinib combined with gemcitabine is cur-
rently recruiting patients (ClinicalTrials.gov Identifier,

Table 1. Epidermal growth factor receptor antagonists and efficacy according to skin toxicity
Disease, study design n of patients Rash prevalence Response Survival

Non-small cell lung cancer

Erlotinib in refractory disease,
phase II [7]

57 Grades 1–3, 75% Rash in �95% of patients
with response or stable
disease

Median OS: No rash, 1.5 mos;
grade 1, 8.5 mos; grade �2,
19.6 mos

Erlotinib versus placebo
second or third line, BR.21
trial, phase III [8]

673 (444 in erlotinib
arm)

81%; grade 1, 30%; grade
2, 41%; grade 3, 9%;
grade 4, 1%

RR: No rash, 1%; grade
1, 10%; grade �2, 13%.
DCR: No rash, 16%;
grade 1, 50%; grade �2,
60%

OS (rash versus no rash):
grade 1: HR, 0.41 (95% CI,
0.31–0.55); grade �2: HR,
0.29 (95% CI, 0.22–0.38)

Cisplatin and vinorelbine with
or without cetuximab first line,
FLEX trial, phase III [9]

1,125 (518 in
cetuximab arm)

Grades 1–3, 56% No data Median OS (early rash of any
grade versus no rash): 15.0
mos versus 8.8 mos; HR, 0.63
(95% CI, 0.52–0.77)

Pancreatic cancer

Gemcitabine plus erlotinib
first line, phase II [10]

154 Grades 2–4, 23% DCR: Grade 0–1, 54%;
grade �2, 91%

Median OS: Grade 0–1, 5.0
mos; grade �2, 10.1 mos

Gemcitabine with or without
erlotinib first line, PA.3 trial,
phase III [11]

569 (282 in erlotinib
arm)

72%; grade 1, 36%; grade
�2, 36%

DCR: No rash, 49%;
grade 1, 58%; grade �2,
64%

Median OS: No rash, 5.3 mos;
grade 1, 5.8 mos; grade �2,
10.5 mos

Head and neck cancer

Erlotinib in refractory disease,
phase II [12]

115 79%; grades 2–4, 54% No data Median OS: No rash, 4 mos;
grade 1, 5 mos; grade �2, 7.4
mos

Gefitinib in refractory disease,
phase II [13]

70 Grade 2–3, 19% The higher the grade of
rash, the more likely
patients were to have a
response.

Median PFS: All patients, 1.8
mos; grade �2 rash, 4.4 mos.
Median OS: all patients, 5.5
mos; grade �2 rash, 7.6 mos

Radiation therapy with or
without cetuximab as radical
treatment, phase III [14]

424 (211 in cetuximab
arm)

Grades 1–2, 70%; grades
3–4, 17%

No data OS (grade �2 versus grade
0–1 rash): HR, 0.49 (95% CI,
0.34–0.72)

Colorectal cancer

Cetuximab versus cetuximab
plus irinotecan in refractory
disease, phase III [15]

111, monotherapy;
218, combination

Overall, 80%; grades 3–4:
monotherapy, 5%;
combination, 10%

RR (rash versus no rash):
Monotherapy, 13% versus
0%; combination, 26%
versus 6%

Median OS (rash versus no
rash): monotherapy, 8.1 mos
versus 2.5 mos; combination,
9.1 mos versus 3.0 mos

Cetuximab in refractory
disease, phase II [16]

57 86%; grade 3, 18% No data Median OS: No rash, 1.9 mos;
grade 1–2, 6.4 mos; grade 3,
9.5 mos

Cetuximab in refractory
disease, phase II [17]

346 Grade 1, 40%; grade 2,
44%; grade 3, 5%

RR: No rash, 0%; grade
1, 7%; grade 2, 17%;
grade 3, 20%

Median OS: No rash, 1.7 mos;
grade 1, 4.9 mos; grade �2,
9.4 mos

Panitumumab versus placebo
in refractory disease, phase III
[18]

463 (231 in
panitumumab arm)

64%; grade 3, 5% 19 of 22 responders
(86%) had grade 2–3
rash, 3 of 22 responders
(14%) had grade 1 rash

OS (grade �2 versus grade 1
rash): HR, 0.59 (95% CI,
0.42–0.85). Subgroup analysis
(n � 182 with wild-type
KRAS): HR, 0.75 (95% CI,
0.49–1.17)

FOLFOX4 with or without
panitumumab first line,
PRIME trial, phase III [19]

1,183 (311 in
panitumumab arm with
wild-type KRAS)

Grades 2–4, 79% RR: Grade 0–1 rash,
39%; grade 2–4 rash,
62%

Median PFS: Grade 0–1 rash,
6 mos; grade 2–4 rash, 11.1
mos. Median OS: Grade 0–1
rash, 11.5 mos; grade 2–4
rash, 28.3 mos

FOLFIRI with or without
panitumumab second line,
phase III [20]

1,186 (597 in
panitumumab arm with
wild-type KRAS)

Grades 1–4, 93% No data Median PFS: Grade 0–1 rash,
5.2 mos; grade 2–4 rash, 7.4
mos. Median OS: Grade 0–1
rash, 10.3 mos; grade 2–4
rash, 16.5 mos

Abbreviations: CI, confidence interval; DCR, disease control rate; FLEX, First-Line Erbitux in Lung Cancer; FOLFIRI,
5-fluorouracil, leucovorin, and irinotecan; FOLFOX, 5-fluorouracil, leucovorin, and oxaliplatin; HR, hazard ratio; OS,
overall survival; PFS, progression-free survival; PRIME, Panitumumab Randomized Trial in Combination with
Chemotherapy for Metastatic Colorectal Cancer to Determine Efficacy; RR, response rate.
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NCT00652366). More important than inducing rash, it has to be
proven that inducing rash with higher doses translates into supe-
rior survival endpoints without excessive toxicities.

Pharmacogenetic Factors
The most attractive explanation for the correlation of rash and
efficacy relates to genetic differences among individuals. Sev-
eral studies tested the hypothesis that genetic variations in the
EGFR gene shared between normal tissue and malignant tu-
mors could explain the observed clinical association.

The EGFR gene contains a highly polymorphic sequence
in intron 1, which consists of a variable number of cytosine-
adenosine (CA) dinucleotide repeats, in the range of 9 –23.
This microsatellite polymorphism has been associated with
EGFR expression, with the repeat length of CA dinucleotides
inversely correlating with EGFR mRNA and protein levels, as
well as erlotinib sensitivity in vitro [27–29]. EGFR intron-1
CA repeats �17 and �17 define short (S) and long (L) alleles,
respectively. Germline EGFR intron-1 S/S status resulting in
EGFR upregulation in normal tissues may trigger this molec-
ular predisposing condition for skin toxicity. Graziano et al.
[30] assessed 110 patients with refractory advanced CRC
treated with combined irinotecan and cetuximab and found
EGFR intron-1 S/S to be significantly associated with skin tox-
icity, treatment response, and a favorable OS outcome, com-
pared with EGFR intron-1 L/L. Rudin et al. [23] reported a
prospective trial investigating pharmacogenomic and PK de-
terminants of skin rash and diarrhea among 80 patients with
NSCLC, head and neck cancer, and ovarian cancer treated with
erlotinib. Variability in skin rash was best explained by a mul-
tivariate logistic regression model incorporating the trough er-
lotinib plasma concentration and the EGFR intron 1
polymorphism [23]. In contrast, Klinghammer et al. [31] de-
tected no significant interaction between intron-1 CA repeat
polymorphism and skin toxicity or PFS or OS outcomes in
head and neck cancer patients. Because all studies evaluating
the role of EGFR intron-1 CA repeats had a single arm, a con-
trol arm without an EGFR inhibitor is needed to definitively
clarify this issue. In addition, one argument against the hypoth-
esis that the EGFR intron-1 germline polymorphism affects
gefitinib- or erlotinib-associated skin toxicity is the fact that it
has not been shown to be an important predictor of the clinical
activity of these drugs.

Single nucleotide polymorphisms (SNPs) in the essential
promoter region of EGFR are associated with greater gene ex-
pression. The variant �216G/T was reported to be associated
with gefitinib response and toxicity in lung cancer patients
[32]. In addition, polymorphisms in the genes involved in the
PK properties of EGFR inhibitors, such as metabolizing en-
zymes and drug transporters, can lead to considerable interin-
dividual and interracial differences in toxicity. CYP3A4 and
CYP3A5 polymorphisms determining enzyme expression and
activity levels demonstrated marginal associations with erlo-
tinib PK parameters and skin toxicity [23]. Of note, germline
polymorphisms of CYP3A4 or CYP3A5 cannot explain the
substantial interindividual variability in the enzymatic system,
and the relatively rare gene mutations that may have clinical

relevance are difficult to find. A clear understanding of the ba-
sis of variability in toxicity to EGFR inhibitors may guide the
use of the currently available agents at optimal doses and in
patients most likely to benefit.

HYPERTENSION AS AN MBT OF
ANTIANGIOGENIC AGENTS
Targeting angiogenesis is an attractive approach for cancer
treatment, and many antiangiogenic agents are now in use in
the clinic, including mAbs and TKIs of the vascular endothe-
lial growth factor (VEGF) pathway. Prior attempts to identify
biomarkers of antiangiogenic activity have been unsuccessful
in predicting efficacy, including plasma VEGF levels and tu-
mor-derived traits (e.g., VEGF expression), on-treatment
changes in circulating factors (e.g., endothelial cells), and im-
aging parameters (e.g., diffusion contrast-enhanced magnetic
resonance imaging) [33].

Implicated in many physiological processes, VEGF path-
way inhibition can lead to on-target side effects, such as hy-
pertension, proteinuria, thromboembolic events, or impaired
wound healing [34]. Hypertension is the best documented tox-
icity of both mAbs (bevacizumab) and multitargeted TKIs
(sunitinib, sorafenib, pazopanib, vandetanib, axitinib, cedi-
ranib, etc.). The incidence of drug-induced hypertension is in
the range of 15% with sorafenib (grade 1–2, 10%; grade 3–4,
5%) to 25% with sunitinib (grade 1–2, 15%; grade 3–4, 10%)
[35–37], and up to 35% with bevacizumab (grade 1–2, 25%;
grade 3–4, 10%) [38, 39]. When antiangiogenic drugs are used
in combination, the incidence of hypertension rises, reaching
65% in patients treated with sorafenib plus bevacizumab
(grade 3–4, 35%) [40] and up to 90% in patients treated with
sunitinib plus bevacizumab (grade 3–4, 55%) [41, 42]. Lower
rates of severe hypertension have been reported in more recent
trials, which could be explained by greater awareness of the
problem and more aggressive management for early hyperten-
sion. Onset usually occurs during the first weeks of treatment,
and some studies have shown an increase in blood pressure
within hours of treatment initiation [43]. Nevertheless, in some
long-term treatment studies with bevacizumab, such as an ad-
juvant CRC trial, a constant increase in the rate of hypertension
has been shown even after 6 months on treatment [44]. Con-
sidering the long half-life of bevacizumab, which reaches its
steady state at approximately 3–4 months of treatment, the in-
cidence of hypertension appears to be higher in patients who
are on therapy for a longer time. In addition, higher doses are
associated with a higher risk for hypertension [38, 39].

The biological mechanism of antiangiogenic-induced hy-
pertension is not fully understood. It has been demonstrated
that the adrenergic system and the renin–angioten-
sin–aldosterone axis do not play a role in this process. Simi-
larly, changes in VEGF levels do not correlate with
hypertension [45]. On the other hand, inhibition of the VEGF
pathway produces a decrease in nitric oxide levels, leading to
vasoconstriction. This finding correlates with a rapid increase
in blood pressure under anti-VEGF therapy [43]. Additionally,
sustained VEGF pathway inhibition induces endothelial cell
apoptosis, a possible mechanism for continued hypertension.
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This reduces the number of capillaries, increasing global vas-
cular resistance and ultimately resulting in increased blood
pressure [43]. Capillary rarefaction has been observed in pa-
tients treated with antiangiogenic drugs such as bevacizumab
[46], sunitinib [47], and telatinib [48]. This appears to be re-
versible 2 weeks after discontinuing antiangiogenic therapy
[49, 50].

Hypertension as a Biomarker of Response to
Antiangiogenic Agents
Several studies examining hypertension as a PD biomarker of
target inhibition have correlated its development with clinical
outcome in patients treated with antiangiogenic agents. As
shown in Table 2, many are retrospective analyses of single-
arm trials of chemotherapy plus bevacizumab or multitargeted
TKIs in different tumor types [51–58]. These series have
shown a greater RR, PFS time, or even OS time in patients de-
veloping hypertension during treatment. Hurwitz et al. [59] re-
cently presented a retrospective analysis of six randomized
phase III trials with bevacizumab in different types of meta-
static cancer, analyzing the correlation between hypertension
and efficacy. For metastatic CRC, the results of the AVF2107
and NO16966 trials have been analyzed. In the AVF2107
study (first-line bolus irinotecan, 5-fluorouracil, and leuco-
vorin chemotherapy with or without bevacizumab), the devel-
opment of hypertension predicted better PFS and OS results. In
contrast, hypertension was not predictive of benefit with the
addition of bevacizumab to oxaliplatin-based chemotherapy in
the NO16966 trial [59].

A similar disparity was shown in a retrospective analysis of
phase III trials evaluating the addition of bevacizumab to che-
motherapy in patients with advanced breast cancer. In the East-
ern Cooperative Oncology Group (ECOG) 2100 trial (weekly
paclitaxel with or without bevacizumab), the OS duration was
significantly longer among patients presenting with hyperten-
sion during bevacizumab treatment [60]. Conversely, the re-
cently published retrospective analysis of the AVADO (with
docetaxel as standard first-line chemotherapy) and RIBBON-1
trials (with capecitabine, nab-paclitaxel, docetaxel, or anthra-
cycline-based chemotherapy) showed no statistically signifi-
cant correlation between bevacizumab-related hypertension
and outcome [59].

Regarding nonsquamous NSCLC, the predictive value of
hypertension with antiangiogenic agents is also uncertain. A
retrospective analysis of the ECOG 4599 study (carboplatin
plus paclitaxel with or without bevacizumab) showed better
PFS and OS results in patients experiencing hypertension dur-
ing treatment [61]. In an analysis of �2,000 patients treated
with bevacizumab in combination with a variety of chemother-
apies for advanced NSCLC, the median survival times were
18.8 months in those who developed hypertension and 12.9
months in those who did not [62]. On the other hand, subanaly-
sis of the bevacizumab arm of the AVAiL trial (cisplatin plus
gemcitabine with or without bevacizumab) did not show a sur-
vival benefit in patients with hypertension [59].

For renal cell carcinoma, data from the phase III trials eval-
uating the addition of bevacizumab to interferon-� are not con-

clusive. Whereas in the Cancer and Leukemia Group B 90206
trial a survival benefit was noted [63], subanalysis of the AVO-
REN trial showed no correlation between hypertension and
outcome [59]. On the other hand, sunitinib-induced hyperten-
sion consistently correlated with RR, PFS, and OS benefits in a
subset analysis of multiple trials [64, 65]. Hypertension during
treatment with sorafenib was also positively associated with
greater tumor shrinkage [57]. Additional retrospective series
have found a positive correlation between hypertension and ef-
ficacy with other tumor types, such as sorafenib for hepatocel-
lular carcinoma [58] and axitinib for melanoma and thyroid
cancer [55].

As shown in Table 2, the threshold used to categorize pa-
tients into those experiencing and those not experiencing hy-
pertension varies significantly across trials. In addition,
information on the time course of the occurrence of hyperten-
sion is also lacking in some reports. In general, patients with
early development of grade �1 hypertension (�150/100
mmHg or an increase in diastolic blood pressure �20 mmHg)
were categorized as hypertensive. In a retrospective study by
Hurwitz et al. [59], for example, the threshold used was an in-
crease in systolic blood pressure �20 mmHg or in diastolic
blood pressure �10 mmHg. In other studies, the subgroup of
patients experiencing grade �3 hypertension (requiring more
than one drug for control) was considered in the analysis [60].
Taking into consideration the different chemotherapy regi-
mens and tumor types in bevacizumab trials and the various
thresholds for definition of hypertension, a definitive conclu-
sion regarding its value as a predictive biomarker cannot be
made. On the other hand, it appears that a positive correlation
was found mainly in studies that considered higher levels of
hypertension and in tumors with clear addiction to angiogenic
factors, such as renal cell carcinoma.

Unplanned retrospective evaluations have clear limitations
in identifying biomarkers. In addition, analyses of single-arm
studies and of subgroups of patients receiving the antiangio-
genic agent in a randomized trial do not differentiate whether
hypertension is predictive of benefit with the drug or simply
has prognostic value. Retrospective analysis of both arms is
mandatory, and prospective validations are the best way to de-
termine the predictive value of a biomarker. The ongoing
phase III study of axitinib as second-line treatment for renal
cell carcinoma, for example, incorporates a dose-titration
scheme based on patient tolerance and blood pressure (Clini-
calTrials.gov Identifier, NCT00678392). Interesting explor-
atory data from the phase II randomized BR.24 trial were
recently reported, examining the incidence and predictors of
hypertension in patients receiving carboplatin plus paclitaxel
with cediranib (a potent TKI of all VEGF receptors) or placebo
for advanced NSCLC [66]. Although the sample size was
small (296 patients), that study has landmark importance given
that it evaluated hypertension as a potential surrogate bio-
marker in both arms of a randomized study. Treatment-emer-
gent hypertension (new onset or worsening of pre-existing
hypertension) was reported in 68% of patients receiving cedi-
ranib and 45% of those treated with chemotherapy. Treatment-
emergent hypertension was associated with a longer survival
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Table 2. Antiangiogenics and efficacy according to hypertension development

Disease, study design n of patients
Hypertension
prevalence Response Survival

Colorectal cancer

Irinotecan, 5-FU, and LV plus
bevacizumab, retrospective [51]

39 Grades 2–3, 20% RR: No HTN, 32%; grade 2–3,
75%

Median PFS: No HTN, 3.1 mos; grade 2–3, 14.5
mos

FOLFOX plus bevacizumab,
retrospective [52]

36 All grades, 33% RR: No HTN, 25%; HTN, 66% Median OS: No HTN, 17.7 mos HTN, 31.8 mos

First-line FOLFIRI, XELOX, and
XELIRI plus bevacizumab,
retrospective [53]

53 Grades 2–3, 17% RR: No HTN, 34%; grade 2–3,
78%

Median PFS: No HTN, 8.5 mos; grade 2–3, 18.7
mos

IFL with or without bevacizumab
first line, AVF2107g trial, phase III
[59]

813 (402 in
bevacizumab
arm)

Any grade, 24%; grade
3, 11%

No data SBP �20 mmHg or DBP �10 mmHg within the
first 60 days of treatment versus no HTN: PFS
HR, 0.55 (p � .0008); OS HR, 0.43 (p � .0001)

FOLFOX or XELOX with or without
bevacizumab first line, NO16966
trial, phase III [59]

1,401 (699 in
bevacizumab
arm)

Grade 3–4, 3.4% No data SBP �20 mmHg or DBP �10 mmHg within the
first 60 days of treatment versus no HTN: PFS
HR, 0.8 (p � 0.18); OS HR, 0.80 (p � .36)

Pancreatic cancer

Gemcitabine plus bevacizumab,
retrospective [54]

46 Grade 3, 13% No data Median OS (early HTN versus no HTN): 13.7 mos
versus 8.7 mos

Gemcitabine plus axitinib, phase II
[55]

69 DBP �90 mmHg, 55% No data Median OS (HTN versus no HTN): 12.2 mos
versus 5.2 mos

Breast

Paclitaxel with or without
bevacizumab first line, E2100 trial,
phase III [60]

673 (345 in
bevacizumab
arm)

Grade 3–4, 15% No data Median OS (grade 3–4 HTN versus no HTN): 38.7
mos versus 25.3 mos (p � .002)

Docetaxel with or without
bevacizumab first line, AVADO trial,
phase III [59]

736 (495 in
bevacizumab
arm)

Grade 3–4, 2.7% No data SBP �20 mmHg or DBP �10 mmHg within the
first 60 days of treatment versus no HTN: PFS
HR, 0.91 (p � .72); OS HR, 0.91 (p � .85)

Nab-paclitaxel, docetaxel,
capecitabine or anthracyclines with
or without bevacizumab first line,
RIBBON-1 trial, phase III [59]

1,237 (824 in
bevacizumab
arm)

Grade 3–4, 9% No data SBP �20 mmHg or DBP �10 mmHg within the
first 60 days of treatment versus no HTN: PFS
HR, 0.82 (p � 0.26); OS HR, 0.62 (p � .05)

Nonsquamous NSCLC

PC or PCB first line, ECOG 4599
trial, phase III [61]

741 (370 in
bevacizumab
arm)

HTN (�150/100
mmHg or increase in
DBP �20 mmHg): PC
arm, 27% PCB arm,
45%

No data Median OS: PCB arm (with versus without HTN),
15.9 mos versus 11.5 mos. OS (PCB with HTN
versus PC): HR, 0.6 (p � .001). OS (PCB without
HTN versus PC): HR, 0.86 (p � .05)

Gemcitabine and cisplatin with or
without bevacizumab first line,
AVAiL trial, phase III [59]

1,043 (696 in
bevacizumab
arm)

Grades 3–4, 7.4% No data SBP �20 mmHg or DBP �10 mmHg within the
first 60 days of treatment versus no HTN: PFS
HR, 1.04 (p � .83); OS HR, 1.32 (p � .21)

Platinum-based chemotherapy plus
bevacizumab first line, SaiL trial,
prospective [62]

2,088 All grades, 30%; grade
�3, 4.8%

No data Median OS (HTN versus no HTN), 18.8 mos
versus 12.9 mos

PC or PCC first line, BR.24 trial,
phase II [66]

294 (148 in
cediranib
arm)

PC, 45%; PCC, 68% RR (PCC arm): No HTN, 35%;
HTN, 42%

OS (HTN versus no HTN): PC arm HR, 0.49
(95% CI, 0.3–0.80); PCC arm HR, 0.6 (95% CI,
0.38–1.03)

Renal cell carcinoma

Bevacizumab, retrospective [56] 43 Grade �2, 28% DCR: No HTN, 48%; HTN, 91% TTP (HTN versus no HTN), 8.1 mos versus 4.2
mos

IFN-� with or without bevacizumab
first line, CALGB 90206 trial, phase
III [63]

732 (366 in
bevacizumab
arm)

Grade �2, 21% RR: No HTN, 9%; HTN, 13% Median OS (HTN versus no HTN), 41.6 mos
versus 16.2 mos

IFN-� plus bevacizumab first line,
AVOREN trial, phase III [59]

649 (327 in
bevacizumab
arm)

Grades 3–4, 6% No data SBP �20 mmHg or DBP �10 mmHg within the
first 60 days of treatment versus no HTN: PFS
HR, 0.81 (p � .29); OS HR, 0.98 (p � .95)

Sunitinib, retrospective [65] 544 SBP �140 mmHg,
81%; DBP �90 mmHg,
67%

RR: No systolic HTN, 10%; no
diastolic HTN, 25%; systolic
HTN, 55%; diastolic HTN, 57%

Median PFS: Systolic HTN versus no HTN, 12.5
mos versus 2.5 mos; Diastolic HTN versus no
HTN, 13.4 mos versus 5.3 mos. Median OS:
Systolic HTN versus no HTN), 30.5 mos versus
7.8 mos; Diastolic HTN versus no HTN, 32.1 mos
versus 13.4 mos

Sorafenib, retrospective [57] 30 All grades, 64.5% Tumor shrinkage: No HTN, 33%;
HTN, 90%

No data

Hepatocellular carcinoma

Sorafenib, retrospective [58] 41 All grades, 50% No data 1-yr OS: HTN, 60.2%; no HTN, 24.0% (p � .021)

Abbreviations: 5-FU, 5-fluorouracil; AVADO, Avastin and Docetaxel; AVAiL, Avastin in Lung Cancer; AVOREN,
Avastin and Roferon in Renal Cell Carcinoma; BP, blood pressure; CALGB, Cancer and Leukemia Group B; DBP, diastolic
blood pressure; DCR, disease control rate; ECOG, Eastern Cooperative Oncology Group; FOLFIRI, 5-fluorouracil,
leucovorin, and irinotecan; FOLFOX, 5-fluorouracil, leucovorin, and oxaliplatin; HR, hazard ratio; HTN, hypertension; IFL,
irinotecan, leucovorin, and 5-fluorouracil; IFN, interferon; LV, leucovorin; NSCLC, non-small cell lung cancer; OS, overall
survival; PC, paclitaxel plus carboplatin; PCB, paclitaxel, carboplatin, and bevacizumab; PCC, paclitaxel, carboplatin, and
cediranib; PFS, progression-free survival; RIBBON, Regimens in Bevacizumab for Breast Oncology; RR, response rate;
SaiL, Safety of Avastin in Lung Cancer; SBP, systolic blood pressure; TTP, time to progression; XELIRI, capecitabine and
irinotecan; XELOX, capecitabine and oxaliplatin.
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time in both arms. For cediranib patients, developing hyper-
tension reduced the risk for death by 38% (hazard ratio [HR],
0.62; 95% confidence interval [CI], 0.38 –1.03; p � .06),
whereas for placebo patients it reduced the risk for death by
51% (HR, 0.49; 95% CI, 0.30–0.80; p � .004). Surprisingly, a
differential effect in terms of the RR and PFS interval was not
observed, and the authors proposed that hypertension develop-
ment is not a biomarker of efficacy but is a prognostic factor
[66].

Determinants of Hypertension with Antiangiogenic
Agents

Pharmacogenetic Factors
A molecular link between the development of hypertension
and benefit with VEGF inhibitors is still lacking. There is wide
interindividual variability in blood pressure response to these
agents, which has not been directly linked to PK parameters
such as drug exposure or maximum concentration [43, 67].
Given that these agents target a host-mediated process (i.e., an-
giogenesis), one logical explanation could be the presence of
germline polymorphisms in critical players in the VEGF path-
way. Such polymorphisms can have major effects on drug PK
and PD profiles. Recent studies looked at SNPs within the gene
encoding VEGF and its receptor and identified a VEGF geno-
type (VEGF-634 C/C) that protects against the development of
hypertension in breast cancer patients receiving paclitaxel plus
bevacizumab [60] and in renal cell carcinoma patients receiv-
ing sunitinib [68]. Moreover, additional SNPs were also posi-
tively related to hypertension and tumor shrinkage in the
retrospective analysis of the sunitinib trial in renal cell carci-
noma patients [69]. How these SNPs affect VEGF pathway
signaling and their influence in antiangiogenic-induced hyper-
tension are not well understood. As stated by Humphreys and
Atkins, specific polymorphisms could alter VEGF transcrip-
tion or translation with a net effect of rendering the patient less
susceptible to VEGF inhibition, consequently resulting in less
toxicity and efficacy with antiangiogenic agents [70]. Of note,
in the breast cancer study with bevacizumab plus chemother-
apy, the alleles associated with hypertension were different
from those that predicted a favorable prognosis [60].

HYPOTHYROIDISM AS AN MBT OF
MULTITARGETED TKIS
Sunitinib and sorafenib inhibit tyrosine kinase activity of the
VEGF receptor, the platelet-derived growth factor receptor,
the stem cell factor receptor (a cytokine receptor), the fms-like
tyrosine kinase 3 receptor, and the protein product of the RET
oncogene. Both agents can induce subclinical or overt hypo-
thyroidism in up to 80% and 20% of patients, respectively [71–
73]. Explanations for TKI-induced hypothyroidism include
reduction in fenestration number and enhancement of capillary
regression in the thyroid vascular system (via VEGF inhibi-
tion), direct inhibition of thyroid cell growth (with reduced io-
dine uptake and peroxidase activity), and inhibition of the RET
oncogene protein product [74–76]. Symptoms possibly attrib-
utable to hypothyroidism, such as fatigue, constipation, cold

intolerance, and dry skin, are reported in many patients receiv-
ing these agents, and it can be difficult to distinguish whether
they are a result of thyroid gland dysfunction or are a direct
toxicity of the drug.

Prospective series have demonstrated that patients with ad-
vanced renal cell carcinoma developing hypothyroidism dur-
ing treatment with sunitinib or sorafenib have a significantly
greater probability of responding to treatment and surviving
longer, as shown in Table 3 [72, 77–79]. Hypothyroidism has
been observed 1–6 months after therapy initiation and its inci-
dence usually increases with prolonged treatment [71, 72, 79].
Importantly, because these studies evaluated hypothyroidism
occurring at any time during treatment with multitargeted
TKIs, patients who survived longer were more likely to de-
velop the adverse event because of length-biased sampling.

The mechanisms by which hypothyroidism may be associ-
ated with a longer survival time are not entirely understood. In
addition to the hypothesis of on-target toxicity already dis-
cussed, a direct action of thyroid hormone on cancer cell pro-
liferation, cancer cell growth, and angiogenesis has also been
proposed. In animal models, hypothyroidism inhibited the
growth of diverse tumors [80, 81]. Moreover, clinical studies
have shown that hypothyroidism was associated with better
outcomes in patients with head and neck cancer, glioblastoma,
and metastatic breast cancer [82–84]. Thus, hypothyroidism
could be involved in slowing tumor growth, thus leading to
longer survival times. Its occurrence may reflect differences in
individual doses and affinity to receptor tyrosine kinases, but
no PK correlative data are currently available. Hypothyroidism
may lead to modulation of paracrine growth factors and re-
duced angiogenesis [85, 86]. Therefore, if induction of hypo-
thyroidism is part of the mode of action of sunitinib and
sorafenib and a surrogate of efficacy, then levothyroxine re-
placement therapy could undermine the antitumor activity of
these agents. In some cohorts, levothyroxine treatment did not
impact outcome; however, most of the patients remained in a
hypothyroid state despite replacement therapy [79]. Other au-
thors reported that hypothyroid patients with systematic hor-
monal replacement did not have a significantly different
survival outcome from patients without hypothyroidism [77].
Further studies in this field are required [87].

CONCLUSIONS
The interest in using biomarkers to aid clinical decisions in
treatment with targeted therapies is obvious. The exponential
increase in economic treatment costs is pushing the need for
reliable predictive factors to identify patients (or tumors) more
likely to benefit from targeted therapies. Many attempts to find
tissue-based, imaging, or blood biomarkers can be found in the
literature. However, the validation of biomarkers through clin-
ical research, leading to successful implementation in clinical
practice, remains a challenge [88]. Many marker assessment
methods have limitations when it comes to reliability and re-
producibility, costs, and the feasibility of obtaining specimens.
Targeted biological agents that induce MBTs may reduce the
need for surrogate tissue and therefore represent an alternative.
In addition to rash, hypertension and hypothyroidism, which
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are extensively reviewed in the literature, the hypertriglyceri-
demia and hyperglycemia seen with phosphatidylinositol 3-ki-
nase/protein kinase B/mammalian target of rapamycin
inhibitors [89] are likely PD effects of pathway inhibition, and
their value as markers of efficacy needs to be evaluated. Table
4 summarizes the different on-target side effects of targeted
drugs with potential as molecular PD markers or predictive
biomarkers. Some toxicities might be mechanism based but
cannot be used as predictive biomarkers. Diarrhea is a common
adverse event of various targeted therapies. It seems to be me-
diated by inhibition of multiple different targets. With EGFR
antagonists, it has been described more frequently and at a
higher grade with small molecule TKIs than with mAbs, for
example. Nevertheless, diarrhea has been consistently de-
scribed with other multitargeted TKIs, such as sorafenib and

sunitinib, that do not inhibit EGFR. Therefore, the use of diar-
rhea as a predictive biomarker would be compromised by the
multifactorial nature of the toxicity.

Because rash and hypertension usually occur within 4
weeks of therapy initiation, in the absence of reliable predic-
tive factors, future studies to address the importance of toxic-
ities as biomarkers of better outcomes may require a 1-month
lead-in period of a targeted agent to identify patients who de-
velop the anticipated toxicity. Patients could then be stratified
according to whether toxicity occurs and randomized to differ-
ent therapies or doses of the agent. Absence of the predictive
side effects could represent an important prediction for lack of
activity and ultimately suggest an early change in the treatment
strategy. In addition to the RR, studies may need to evaluate
survival endpoints. Drawbacks of this approach include the

Table 3. Multitargeted tyrosine kinase inhibitors and efficacy according to hypothyroidism development

Disease, study
design n of patients

Hypothyroidism
prevalence Response Survival

Renal cell carcinoma

Sunitinib,
retrospective [72]

40 Any time, 70% No data Median PFS: No TFT abn, 3.6 mos;
TFT abn, 10.3 mos. Median OS: No
TFT abn, 6.6 mos; TFT abn, 18.2
mos

Sunitinib, retrospective
[77]

111 Within 180 days,
52%

No data Median PFS: No TFT abn, 481
days; TFT abn, 575 days

Sunitinib,
prospective [78]

22 Any time, 59% No data Median PFS: No hypoT, 7.03 mos;
hypoT, 8.55 mos

Sunitinib or sorafenib,
prospective [79]

78 (37 in sunitinib
group)

Within 60 days,
36%

No hypoT, 3.3%;
hypoT, 28.3%

Median PFS: No hypoT, 10.8 mos;
hypoT, 17 mos. Median OS: No
hypoT, 13.9 mos; hypoT, not
reached

Abbreviations: hypoT, hypothyroidism; OS, overall survival; PFS, progression-free survival; TFT abn, thyroid function test
abnormality.

Table 4. Toxicities of targeted drugs that are potentially mechanism based, including those with a possible role as a
pharmacodynamic or predictive biomarker

Agent Mechanism-based toxicity Pharmacodynamic/predictive biomarker

EGFR inhibitors Acneiform rash Acneiform rash

VEGF pathway inhibitors Hypertension, hypothyroidism, proteinuria Hypertension, hypothyroidism

HER-2 inhibitors Cardiotoxicity (reduction of ejection fraction) Not applicable

mTOR inhibitors Hyperglycemia, hyperlipidemia, pneumonitis,
rash (?)

Hyperglycemia, hyperlipidemia

PI3K inhibitors Hyperglycemia, hyperlipidemia, rash (?) Hyperglycemia, hyperlipidemia

MEK inhibitors Retinal toxicity, acneiform rash Acneiform rash

BRAF inhibitorsa Squamous cell carcinomas, keratoacanthomas Not applicable

Sonic hedgehog inhibitors Dysgeusia, muscle cramps, alopecia Not applicable
aSquamous cell carcinomas and keratoacanthomas were diagnosed in 10%–20% of the patients included in trials with
vemurafenib and GSK2118436 (specific BRAF inhibitors in more advanced phases of clinical development).
Abbreviations: EGFR, epidermal growth factor receptor; HER-2, human epidermal growth factor receptor 2; MEK,
mitogen-activated protein kinase/extracellular signal–related kinase kinase; mTOR, mammalian target of rapamycin; PI3K,
phosphoinositide 3-kinase; VEGF, vascular endothelial growth factor.
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possibility of chronic toxic effects, such as serious vascular in-
juries with antiangiogenics, as well as a higher incidence of
other clinically significant adverse events, such as diarrhea
with EGFR inhibitors. It is important to develop effective strat-
egies to manage these toxicities while continuing therapy.

Interindividual differences in pharmacological parameters
and inherited variations in genes coding for drug targets may
be connections between mechanism-based adverse events and
efficacy. Importantly, the pathway being targeted must have a
central role as a driver of tumor progression for the related
MBT to be a predictive marker. As an example, renal cancer
has been linked to von Hippel Lindau gene mutations, which
increase hypoxia inducible factor 1� levels that subsequently
elevate VEGF expression. Treatment with a VEGF receptor
TKI such as sunitinib is likely to produce responses in this set-
ting and the mechanism-based hypertension may be a predic-
tive marker of efficacy. On the other hand, sunitinib-associated
hypertension may be a PD marker but not a predictive marker
in diseases in which activation of angiogenesis may not be the
driving oncogenic event, such as breast cancer.

It is currently too early for clinicians to select patients to
continue or not with molecular targeted agents based on early
MBTs. However, if a patient develops a toxicity that poten-
tially predicts a better outcome, concentrated efforts should be
made to adequately control such events to allow targeted ther-
apy to be continued. The clinical value of the possible associ-
ation between an MBT and efficacy remains to be established
in future larger studies including prospective PK or PD analy-
ses.
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