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Abstract: Gastrointestinal stromal tumors (GISTs) are the most common sarcoma of the
gastrointestinal tract, with transformation typically driven by activating mutations of c-K/7 and
less commonly platelet-derived growth factor receptor alpha (PDGFRA). Successful targeting
of ¢-KIT and PDGFRA with imatinib, a tyrosine kinase inhibitor (TKI), has had a major impact
in advanced GIST and as an adjuvant and neoadjuvant treatment. If treatment with imatinib
fails, further lines of TKI therapy have a role, but disease response is usually only measured in
months, so strategies to maximize the benefit from imatinib are paramount. Here, we provide an
overview of the structure and signaling of ¢-KIT coupled with a review of the clinical trials of
imatinib in GIST. In doing so, we make recommendations about the duration of imatinib therapy
and suggest how best to utilize imatinib in order to improve patient outcomes in the future.
Keywords: adjuvant, c-KIT, mutations, resistance, treatment, gastrointestinal stromal tumors,
imatinib

Introduction

Gastrointestinal tumors (GIST) are mesenchymal tumors thought to be derived from
interstitial cells of Cajal that coordinate peristalsis within the gastrointestinal tract,
and occur most commonly in the stomach. The incidence of GIST is approximately
15 per million per year.! Immunohistochemically, most GISTs show positive staining
for c-KIT (CD117 antigen), DOG1, CD34, and PKCO, and on mutational analysis
have characteristic activating mutations in ¢-KIT or PDGFRA. The mainstay of
treatment for localized GIST is surgical resection. GIST has been shown to be
chemotherapy-insensitive, so patients with inoperable or advanced GIST had a dismal
prognosis before imatinib was developed. Imatinib, previously known as STI571, is
an adenosine triphosphate (ATP)-competitive inhibitor of tyrosine protein kinases.
It was the product of a rational drug development program for inhibitors against
Bcr-Abl, the proto-oncogene identified to be the driver for chronic myeloid leukemia,
and was an emphatic success.>® In addition, imatinib was shown to inhibit c¢-KIT
in mast cell leukemia harboring an activating mutation of ¢-KI7,* and inhibition of
growth in the first GIST cell line, GIST882, was subsequently demonstrated.’ These
combined findings led rapidly to a compassionate use program in patients with
GIST. The first patient with GIST to be treated with imatinib was a 50-year-old lady
who had rapidly progressing disease with liver and intra-abdominal metastasis, and
was found to carry an exon 11 activating mutation of ¢-KI/7. Within four weeks of
starting imatinib, her liver lesions had significantly reduced and there was a complete
metabolic response by fluorodeoxyglucose positron emission tomography criteria.®
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Subsequently, imatinib has become the first-line treatment
for locally advanced/metastatic GIST and as adjuvant
or neoadjuvant therapy. Most patients eventually cease
to benefit from imatinib, and treatment with second-line
and third-line tyrosine kinase inhibitors is used. A critical
question remains as to what is the appropriate duration of
imatinib therapy in these different contexts. The duration of
successful treatment depends on efficacy and tolerability.
In this review, we provide a structure-functional analysis of
the most prevalent imatinib target, c-KIT, and combine this
with clinical trial data to provide an overview of the activity,
resistance, and tolerability of imatinib, and thus the optimal
duration of imatinib treatment.

Structure and signaling of c-KIT
Structure of ¢-KIT

The viral oncogene v-c-KIT was first identified as the trans-
forming gene of Hardy-Zuckerman 4 feline sarcoma virus
in 1986.7 Soon afterwards, the cellular homolog, ¢-KIT,
was cloned, and found to be located on chromosome 4q11
comprising 21 exons.® ¢-KIT is a transmembrane receptor
tyrosine kinase that is normally activated by engagement of
stem cell factor with the extracellular domain (in part coded
for by exon 9) of the receptor, resulting in homodimerization.
The dimerization results in transphosphorylation of multiple
tyrosine (Y) residues,’ leading to allosteric activation of the
kinase and formation of phosphotyrosine-containing protein
binding sites.

Like many protein kinases, c-KIT has a bilobed kinase
domain, with the pockets for substrate and ATP binding (cata-
lytic site, coded for by exons 13 and 14) lying between the
two lobes (Figure 1A)." The lobes are able to move relative
to each other, opening or closing the catalytic site, and this
movement can be defined by the relative positions of the o-C
helix. The glycine-rich loop (G-loop), the catalytic lysine (K),
and the activation loop (A-loop) are key for the positioning
of ATP and subsequent transfer of a phosphate group to the
substrate. The juxtamembrane region, which is coded by
exon 11, is autoinhibitory and maintains the closed kinase
position. Upon transphosphorylation of the juxtamembrane
region, the kinase can adopt the open active state which is
further stabilized by transphosphorylation of the A-loop,
a sequence coded for by exons 17 and 18.

At the start of the A-loop is an aspartate (D), phenylala-
nine (F), and glycine (G) sequence (DFG motif) which, when
the A-loop is in its phosphorylated activated state, has the
F811 (F of the DFG) facing inwards (so-called “DFG-in”)
to the nucleotide binding pocket and helping to coordinate
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Figure | Structural features of the catalytic c-KIT domain. (A) Inactive conformation
of the c-KIT kinase domain (PDB code | T45) with important motifs highlighted. The
catalytic site is bordered by a variety of motifs required for activity. The glycine-rich
loop (lime), HRD-motif (red), and K623 (pink) coordinate adenosine triphosphate
binding and phosphotransfer. There is a charged interaction between K623 and
E640 in the 0-C helix (teal) that helps stabilizes the conformation. Because the
inhibitory juxtamembrane (JM) region is bound (orange), the A-loop (blue) is in
an “out” position. (B) Imatinib binds the inactive conformation of c-KIT (PDB
codes 1T45 and 1T46). Compared with the active state (green), the imatinib-bound
structure of c-KIT (red) has a shift of the a-C helix and DFG-motif to form an
inactive conformation of the kinase.

ATP binding (Figure 1B). In the dephosphorylated inactive
A-loop state, the F811 faces away from the nucleotide binding
pocket, and it is this form that imatinib binds to and stabi-
lizes, thus sustaining an inactive kinase.!'"2

c-KlT-activating and imatinib-desensitizing
mutations

Many c-KIT mutations have been linked to oncogenic
transformation or imatinib resistance, and these mutations
are localized on a number of hot spots within the c-KIT
protein, namely exons 9, 11, 13, and 17 (Figure 2). Up to
85% of GIST samples taken at the time of diagnosis carry
mutations in ¢-KI7, most commonly in exons 9 and 11, that
tend to confer constitutive activation and imatinib sensitivity.
In contrast, mutations of exons 13 and 17 (nucleotide binding
pocket and A-loop) tend to cause imatinib insensitivity,
which can occur de novo but are usually identified in patients
who have progressed on treatment after an initial response.
Therefore, molecular characterization of ¢-KIT in GIST
patients provides useful information on imatinib sensitivity,
an explanation for resistance, and may help guide imatinib
dosing and scheduling, although there is still much unknown
(Table 1).
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Figure 2 Relative frequency of cKIT mutations in gastrointestinal stromal
tumors. Top panel shows the relative frequency of mutations in treatment-naive
patients. Where the mutation results in more than one amino acid substitution/
deletion/insertion, the most N-terminal residue is denoted. The total number of
gastrointestinal stromal tumor samples in this data set is 7254 for which there were
3903 unique mutated samples. Mid-panel shows mRNA of c-KIT denoting the 21
exons. Lower panel shows the relative frequency of mutations in patients who had
progressed on imatinib. Two exon hot spots are highlighted with a dotted orange
line.

c-KIT-binding domains and signaling

¢-KIT is able to participate in multiple signaling pathways
by recruiting adaptor proteins and phosphorylating
substrates, some of which are themselves kinases. In this
way, there is activation of signal transduction leading to
biological responses, including cell survival, migration,
and proliferation."® Important proximal c-KIT-interacting
proteins include Src family kinases, the regulatory subunit
of PI3K (p85), phospholipase Cy, and several adaptor
proteins, such as Grb2, Grb7 and APS.'*'> Common to
each of these proteins is at least one of the following
protein-binding domains that mediate the interaction with
tyrosine phosphorylated c-KIT protein, ie, a pleckstrin
homology, Src homology 2, or Src homology 3, as
reviewed by Roskoski.!* Immunohistochemistry and gene
profiling of GIST primary tumors and cell lines combined
with studies of chemical inhibition of ¢-KIT have helped
to identify c-KIT-dependent signal transduction pathways
(Table 2). Further, inhibition of these identified signaling
targets has demonstrated anticancer phenotypes in cell
lines and mouse cancer models (Table 3). Promising
drugs for c-KIT signaling targets have been taken forward
and tested in combination with imatinib in early clinical
trials.

Imatinib in advanced GIST
Duration of imatinib therapy

is determined by efficacy

The maximum tolerated dose of imatinib (400 mg twice
daily) was demonstrated in a Phase I European Organisation
for Research and Treatment of Cancer (EORTC) trial,'s and
activity was confirmed in two Phase II trials with overall
response rates of 63%—73% (see Table 4 for individual trial
details).!”!® In fact, the results were so much better than for
historical controls treated with chemotherapy that the sub-
sequent Phase III trials were required to include imatinib in
the control arms, so two different daily doses (400 mg and
800 mg) were compared. In both the European-Australasian
trial and the North American Intergroup study, response rates
were similar between the high-dose and low-dose imatinib
arms, with a progression-free survival of approximately
18-24 months.'*? In the European-Australasian trial, but not
the North American Intergroup study, there was a statistically
significant improvement in progression-free survival with
the higher dose of imatinib," and with extended follow-up,
the progression-free survival was 22 months.?’ A pooled
meta-analysis of these two trials demonstrated a small but
significant improvement in progression-free survival in the
high-dose arm (19 months versus 23 months, hazards ratio
0.89, P = 0.0195) but no difference in overall survival.??
When the duration of response was analyzed for the common
mutation subgroups, progression-free survival was longest
for exon 11 mutations at 36 months and less favorable for
exon 9 mutations or patients lacking both ¢-KIT and PDGF
mutations, ie, the so-called wild-type variant.?

Prolongation of imatinib therapy

by dose escalation

Acquired resistance to imatinib can result as a consequence of
amplification of c-KIT, new secondary mutations, or switching
to distinct protumorigenic signaling pathways.” From a under-
standing of enzyme kinetics, amplification of the ¢-KIT gene
and thus high expression of the ¢-KIT protein kinase would
be predicted to require higher concentrations of inhibitor,
although whether such tumors respond to higher-dose imatinib
has not been confirmed by clinical data. Additionally, in silico
modeling has predicted that the binding affinity of imatinib to
the nucleotide binding pocket of exon 9-mutated c-KIT would
be lower but might be subverted by dose escalation.?* Clinical
data from the EORTC and North American Intergroup stud-
ies, where patients were allowed to cross over to high-dose
imatinib upon progression, revealed that approximately one
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Table | Selected imatinib sensitizing and desensitizing mutations of ¢-KIT

Exon Domain Amino acids Consequence Structural rationale Reference

Activating

Exon 9  Extracellular  502-503 Activation Undergoes constitutive oligomerization  Lux et al*

Exon Il M Deletion 555-557  Tends to confer constitutive activation  Modeling has demonstrated that the Miettinen et al”®
and correlate with high response rates  JM domain induced steric hindrance at  Pierotti et al?®
to imatinib entrance to nucleotide binding pocket

Exon Il M W557G/Y578C Constitutively active and imatinib- Release of |M steric hindrance Conca et al”'
sensitizing mutational combination

Exon 13 NBP K642E substitution  Activating, found as a germ-line Charge reversal (positive to negative) Roskoski et al”

Imatinib-desensitizing mutations

Exon Il M
Exon 14 NBP
Exon 14 NBP
Exon 17  A-loop
Exon 17  A-loop
Exon 17  A-loop

L576P
(Rare)

T6701

V654A
D8leVv

D820N

T823D

mutation

Insensitive to imatinib

Resistance to imatinib

Resistance to imatinib
Activating and imatinib insensitive

Activating and imatinib-insensitive

Activating and imatinib-insensitive

Computer modeling suggests that
L576P/KIT is two times less sensitive
than the wild-type counterpart
Gatekeeper residue to a hydrophobic
back pocket. Access of imatinib to
back pocket hindered by substitution
to isoleucine

Steric hindrance of imatinib binding
Predicted DFG in that IM is unable
to bind

Predicted DFG in that IM is unable
to bind

Unknown mechanism: in vitro
autophosphorylation studies suggest
that this is a kinase-dead mutant

Conca et al”®

Tamborini et al™*

Tamborini**
Pierotti et al®

Pierotti et al?®

DiNitto et al’

Note: This is not an exhaustive list of mutations.
Abbreviations: |M, juxtamembrane; A-loop, activation loop; NBP, nucleotide binding pocket; IM, imatininb.

third of these patients were able to regain disease control.
The median progression-free survival following crossover to
high-dose imatinib was three and five months in the Phase II1

EORTC and North American Intergroup trials, respectively.?2

Subsequent analysis has demonstrated that the patients who
responded to this dose escalation were indeed those that carried
exon 9 mutations and often demonstrated primary resistance
(progression in =3 months from initiation of imatinib).?’

Table 2 c-KIT signaling molecules downstream

activating mutation.

Biomarker-driven prolongation

of treatment
The EORTC investigated the pharmacokinetics of imatinib

Based on these data, a high dose of 800 mg/day should only
be recommended routinely for patients who carry the exon 9

in patients with advanced GIST who were enrolled into their

Technique

Model

Targets identified

Reference

Immunohistochemistry

Immunohistochemistry

Immunohistochemistry

Gene profiling

Gene profiling

Copy number and gene
expression data

Human GIST tumors

Human GIST cell lines treated

with imatinib

Imatinib treatment of transgenic

GIST mice

Human GIST tumors

Imatinib treatment of transgenic

GIST mice

Human GIST tumors

MAPK
AKT
p70S6K

MAPK p42/44 (part of Ras > Raf > MEK > Erk signaling axis)

PI3K/Akt (PDK1, AKT, mTOR, GSK3, p70S6K, and 4EBPI),

STATS3, and STATS5 pathways

KIT, PRKCQ, PIK3CB, FGF2, ETV| and IGF2

124 genes differentially expressed:

increased; CDKN2C decreased;
EIFIA and genes involved in interferon response

WNT7/B-catenin pathways, apoptotic pathways, heat shock

proteins, ubiquitination factors, and histone deacetylases

Duensing et al”®

Duensing et al’®
Rossi et al”®
Baird et al”’

Francis et al”®
Rossi et al’®

Astolfi et al”®

Abbreviation: GIST, gastrointestinal stromal tumor.
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Table 3 Phenotypic effects of inhibition of signaling pathways associated with c-KIT
Inhibitor Inhibitor target Model system Phenotypic effect Reference
BKMI20 and BEZ PI3K GIST cell lines Growth suppression Li et al®
GDC-0941 PI3K GIST cell line xenograft Delayed tumor growth reduced tumor Floris et al®!
burden, sustained response
RADOOI mTOR GIST cell lines and xenograft Decreased pAKT and decreased tumor Rossi et al”®
growth (FDG-PET) Chang et al®
Pantaleo et al®
PKCO shRNA PKCH GIST cell lines Decreased proliferation, increased apoptosis Duensing et al®
Decreased c-KIT protein Ou et al®
17-AAG Hsp90 GIST cell lines Decreased proliferation, increased apoptosis Bauer et al®
AT 13387 Hsp90 GIST cell lines and xenograft Decreased proliferation synergy with imatinib Smyth et al®
IPI-504 Hsp90 GIST cell line xenograft Tumor regression Floris et al®
Increased necrosis
More potent with imatinib
LBH589 HDAC GIST cell lines Decreased proliferation Mubhlenberg et al®
Reduced KIT mRNA
Acetylation of Hsp90
SR1 (monoclonal c-KIT GIST cell lines and xenograft Reduced growth Edris et al®

antibody)

Abbreviations: GIST, gastrointestinal stromal tumor; FDG-PET, fluorodeoxyglucose positron emission tomography; HDAC, histone deacetylase; Hsp90, heat shock

protein 90.

Phase I and Phase II studies analyzing the effect of covariates.
From their modeling, low clearance was correlated with low
body weight and high granulocyte count, and low hemoglobin
was correlated with a low volume of distribution. Further,
there was a trend towards a 33% increase in imatinib clear-
ance after 12 months.”® Similarly, a post hoc analysis of a
subset of 73 patients with advanced GIST in the US-Finnish
Phase II trial treated daily with 400 mg or 600 mg imatinib,
for whom data were available on plasma imatinib levels on
days 1 and 29, was done to see if there was a correlation
between drug exposure and clinical outcomes. Patients with a
trough level of imatinib in the lower quartile were less likely
to obtain clinical benefit (a composite endpoint of complete
response, partial response, and stable disease) and had a
decreased time to progression (lowest quartile versus other

Table 4 Landmark imatinib trials in patients with advanced
gastrointestinal stromal tumors

Phase Sponsor n PFS RR Reference
(months) (%)
| EORTC 35 NR 54% Van Oosterom
etal't

Il US-Finland 147 24 63% Demetri et al'’
B2222 29 68% Blanke et al?*

I EORTC 27 NR 73% Verweij et al'®

1] North American 746 18-20 45% Blanke et al®
Intergroup S0033

n EORTC/ISG/AGITG 946 NR 22 52% Verweij et al'

Abbreviations: PFS, progression-free survival; RR, response rate; NR, not
reported; EORTC, European Organisation for Research and Treatment of Cancer;
ISG, Italian Sarcoma Group; AGITG, Australasian Gastrointestinal Trials Group.

quartiles, 11.3 months versus >30 months, respectively;
P=0.003).%

Therefore, these retrospective studies raised the possibility
that treatment failure on imatinib could be as a result of
lowered plasma imatinib levels in a subset of patients.
Eechoute et al designed a prospective study in 50 patients to
identify causes of reduced imatinib pharmacokinetics and to
test the exposure-outcome hypothesis. Full pharmacokinetic
profiles were performed at day 1 and then at one, six,
and 12 months, and trough imatinib levels were taken at
day 14 and monthly thereafter. There was almost a 30%
reduction in the plasma trough imatinib level in the first
three months of treatment, after which clearance seemed to
plateau. However, the explanation for this clearance remains
elusive and it cannot be convincingly attributed to reduced
absorption, increased liver metabolism, or an increase in
drug efflux.*

Imatinib has been shown in vitro to reduce the prolifera-
tion and colony-forming capacity of hematopoietic progeni-
tor cells (CD34+4/CD38+) in both a c-KIT-dependent and
c-KIT-independent manner.>' In keeping with this observa-
tion, patients with chronic phase myeloid leukemia treated
with imatinib commonly exhibit a macroscopic anemia,
ie, a high mean cell volume (MCV).* Several groups have
suggested that this rise in MCV correlates with response;
for example, patients who had an elevated MCV (>100 fL)
for at least six months were more likely to achieve a com-
plete hematological response after 12 months of treatment
with imatinib (increased MCV versus non-increased MCV;
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complete hematological response, 92.1% versus 69.6%,
respectively; P=0.011).%

To assess whether elevated MCV as a predictive surrogate
marker of imatinib response in chronic myeloid leukemia
could be relevant in imatinib-treated patients with GIST,
a preliminary retrospective analysis of 130 patients with
locally advanced/advanced GIST treated with imatinib was
performed at our institution. We found that 33 patients had
a =10% increase in MCV three months after initiation of
imatinib, and in patients with a =10% increase in MCV, there
was almost a 50% prolongation in progression-free survival
compared with those who did not have such an increase
(37.1 months versus 24.3 months, respectively; P=0.032).3
Based on the above evidence, it is plausible that MCV is also
a biomarker for imatinib exposure. Therefore, using plasma
imatinib and/or MCV measurements, it may be possible to
identify patients in whom there is increased clearance and
who may benefit from dose-escalation strategies, potentially
prolonging time to treatment failure and thus the duration of
imatinib therapy. This hypothesis needs testing in prospective
randomized trials.

Prolongation of imatinib treatment

by intermittent dosing

The most frequent cause of imatinib failure is acquired
secondary resistance mutations or toxicity. To address
whether acquired resistance to imatinib in patients with
advanced GIST can be delayed, the French Sarcoma Group
designed a Phase 111 trial (BFR-14) that randomized patients
to continuous or interrupted imatinib treatment following
one, three, or five years of benefit from imatinib. Patients
who discontinued imatinib were considerably more likely to
progress than patients who were on continuous dosing, and
due to the large number of patients with progressive disease
in the interruption group (12 of 25 patients versus one of
25 in the continuous group), the randomization was stopped.
In the interruption arm, all patients who were subsequently
rechallenged with imatinib had at least stable disease after
three months and 12 of 21 had a partial response or better.
However, the volume of disease remained greater in the
interruption arm and there was no obvious difference between
time to secondary resistance or overall survival, although
this study was not powered to detect such a difference.®
A subsequent exploratory analysis of the BFR-14 trial
was recently performed to identify predictive factors for
progression-free survival during imatinib interruption and
progression-free survival upon rechallenge with imatinib.
The length of continuous imatinib before randomization

(one, three, or five years) and the previous best response
(complete response, partial response, or stable disease) cor-
related directly with progression-free survival once treatment
was interrupted.*® This is not surprising given that patients
who were in the five-year group and/or had a complete
response are essentially preselected as a biologically favor-
able subset. However, what is important to note is that all
patients did eventually progress, telling us that viable GIST
cells remain despite five years of treatment or a complete
radiological response. Patients who progressed rapidly during
interruption of imatinib were also more likely to have a short
progression-free survival upon imatinib rechallenge, which
probably reflects the biological characteristics of GIST, par-
ticularly in terms of acquired resistance. In summary, it would
seem sensible to recommend continuous dosing of imatinib
in the advanced setting. If patients are intolerant of imatinib
despite dose modification, an argument could be made to
cautiously adopt an interrupted dosing strategy.

Prolongation of imatinib therapy by use

of combination strategies

Despite the success of imatinib as a single agent in the man-
agement of GIST, resistance is almost inevitable and there is
a clear need for new agents with a different mode of action.
Although new agents might be tested initially as single agents
in imatinib-resistant patients, there is a strong rationale to
identify treatments that synergize with imatinib in an attempt
to prevent resistance. The ultimate goal of combining other
treatments with imatinib is to prolong the treatment dura-
tion and potentially cure patients. Combination strategies
have focused on targeting upregulated signaling pathways
in imatinib-resistant patients or on reducing the stability of
activated signaling proteins (see section on c-KIT binding
domains and signaling).

Based on preclinical data in GIST cell models, the PI3K/
Akt/mTOR signaling axis has been studied in early clinical
trials. An international dose-finding study for BKM120, a
PI3K inhibitor, in combination with imatinib is currently in
accrual. Perifosine, an inhibitor of AKT, in combination with
imatinib had minimal activity in 40 patients with imatinib-
resistant GIST, although there was a suggestion that there
may be a benefit in wild-type GIST.*” In a Phase I-1I study
of imatinib together with RADO001, an mTOR inhibitor, in
patients resistant to imatinib, the combination was shown to
be tolerable and to have activity. In the 47 pretreated patients
taking part, there was one patient (2%) with a partial response
and 20 patients (43%) with stable disease, and further studies
are planned.*®
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The other main focus of clinical trials involving novel
agents has been heat shock protein 90 and histone deacetylase
inhibitors in combination with imatinib. In a Phase I trial
of IPI-504, a heat shock protein 90 inhibitor, a 22% partial
response rate and 78% stable disease rate was seen in patients
with imatinib-resistant GIST as assessed by positron emission
and computed tomography.* This led to a placebo-controlled
Phase III trial which had to be terminated early due to 3 out
of 4 deaths on treatment in the IPI-504 arm.* Panobinostat
(LBH589) is a histone deacetylase inhibitor that has been tested
in combination with imatinib. At the maximum tolerated dose
of 20 mg three times weekly with imatinib 400 mg/day, there
were seven grade 3 adverse events, no objective responses by
Response Evaluation Criteria In Solid Tumors, and one partial
response based on metabolic criteria.* In summary, while
there have been a number of interesting mechanism-based
combination drug studies with imatinib, disappointing efficacy
or toxicity results have precluded their translation to clinical
practice. This remains an area of intensive investigation, and
further advances that may help prolong imatinib treatment and
afford patient benefit are anticipated in the near future.

Prolongation of imatinib treatment

duration by local therapy

Surgery has traditionally played a palliative role in the
advanced disease setting. However, several single-institution
studies have investigated the role of surgery as a part of
multimodality management of advanced GIST. One of the
rationales for resecting oligometastatic disease or single
sites of progressive disease is to eliminate imatinib-resistant
clones, leaving behind only sensitive disease and prolonging
imatinib therapy.

In a retrospective single-institution analysis of 69 patients
who underwent surgery for advanced GIST while being treated
with tyrosine kinase inhibitors, it was demonstrated that
there was an association between the presurgical treatment
response status (stable disease, limited progression, or
generalized progression) and 12-month progression-free
survival (80%, 33%, and 0%, respectively).* In two further
studies, progression-free survival on imatinib following surgery
for focal disease progression was eight and 11 months, which
compares favorably with the outcomes seen in patients who
are switched to sunitinib upon disease progression.** These
data would suggest that there is no role for elective surgery
in patients with generalized progression on imatinib, but that
resection of focally progressive disease could be considered
to prolong the duration of therapy. However, randomized
controlled trials are required to answer this question.

Radiofrequency ablation can also be used to treat
metastatic lesions. In 13 imatinib-treated GIST patients with
metastasis mainly to the liver, radiofrequency ablation was
successful in 92% of cases, with a median progression-free
survival of 28 months and minimal morbidity.*® More spe-
cifically, in a separate study of nine patients who had focal
progression of metastatic disease in the liver or soft tissue
(single or limited sites) on imatinib (or sunitinib) therapy
and underwent percutaneous radiofrequency ablation, all
patients had successful ablation of the targeted lesion, three
patients remained stable post radiofrequency ablation after
a median follow-up of 13.6 months on treatment, while six
progressed systemically after a median of 4.7 months.*’
These preliminary results point to a possible benefit of
radiofrequency ablation as an adjunct to imatinib in order
to prolong the duration of treatment in patients with focal
progression.

Imatinib in localized GIST

Adjuvant imatinib

Whilst surgery remains the key therapeutic maneuver for
patients with primary GIST, the risk of recurrence follow-
ing complete resection remains high.*® This is likely due to
the persistence of microscopic disease following surgery.
In 2001, a National Institutes of Health consensus group
proposed a scheme to estimate the risk of metastatic disease
following resection of the primary GIST based on primary
tumor site, size, and mitotic rate.* The Armed Forces Insti-
tute of Pathology in the US built upon this initial work, based
on observation of 1784 patients, and categorized the risk of
recurrence as low, intermediate, or high.**>° Subsequently, a
prospectively validated prognostic nomogram® was devel-
oped to predict the risk of recurrence, which was shown to
have improved accuracy and furthermore allowed prediction
in individual patients rather than limited discrete categories.
Most recently, the Scandinavian group developed prognostic
contour maps to estimate the risk of recurrence using pooled
data from 2560 patients.>> This work shows that size and
mitotic rate are the two most important prognostic variables,
but also highlights the importance of intraoperative tumor
rupture as an adverse prognostic feature.

The high risk of recurrence following surgery and
subsequent development of metastatic disease has led to
exploration of the role of adjuvant imatinib in order to
reduce the risk of recurrence, and initially, a number of
single-arm and Phase II studies of adjuvant imatinib for a
duration of 12-26 months suggested benefit. The American
College of Surgeons Oncology Group did a large multicenter,
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randomized, double-blind, placebo-controlled Phase III trial
(Z9001) that took five years to complete between 2002 and
2007.% Eligible patients were those who had complete gross
resection of GIST and tumors =3 cm in size. There was
central pathological review and patients started treatment
within 84 days of surgery; 713 patients were randomized
and assigned to imatinib 400 mg/day or placebo for one year.
The initial primary endpoint was overall survival, which was
subsequently amended to recurrence-free survival due to
problems with the initial trial design. A statistically significant
improvement in recurrence-free survival was seen during a
median follow-up of 19.7 months, with an estimated one-year
recurrence-free survival of 98% in the imatinib group versus
83% in the placebo group, with an overall hazard ratio of
0.35 (0.22-0.53 95% confidence interval; P < 0.0001). In
an unplanned subset analysis, it was shown that tumor size,
particularly over 10 cm, was an independent predictor of
benefit from adjuvant imatinib. Patients were not stratified
according to tumor site or mitotic rate, the latter because the
technique for measuring mitotic rate was not standardized at
that time. Of the patients who stopped treatment prematurely,
those in the imatinib group were more likely to stop due to
adverse events whereas those in the placebo group were more
likely to stop due to tumor recurrence. Interestingly, the rate
of recurrence in patients in the imatinib group was seen to
increase six months after stopping adjuvant treatment, sug-
gesting benefit from longer treatment with imatinib. Overall
survival in both groups was similar, and likely to be due to
the fact that crossover to the active drug was allowed upon
disease recurrence. This pivotal study led to approval of use
of imatinib for one year in high-risk patients.

At the same time as the US study are two further
Phase III adjuvant imatinib studies, ie, the EORTC 62024
study, which randomized no treatment versus two years of
adjuvant imatinib and is due to be reported later this year,
and the Scandinavian Sarcoma Group’s XVIII/AIO trial.
This latter study was a collaboration between Scandina-
vian and German investigators and explored the effects of
adjuvant imatinib in patients with high-risk GIST (modi-
fied National Institute of Health consensus criteria) given
for one year versus three years. The trial took four years to
recruit 400 patients between 2004 and 2008, with 200 in
each arm and a median follow-up of 54 months.** Patients
in the three-year arm had both a significant improvement
in relapse-free survival compared with the one-year arm
(five-year survival 65.6% versus 47.9%, respectively;
P < 0.001) and longer overall survival (92% versus 81.7%
respectively; P < 0.02). Subgroup analysis demonstrated

that GIST patients with exon 11 mutation of ¢-KIT derived
benefit from three years of adjuvant imatinib but those with
exon 9 or PDGFRA mutation did not; however, numbers in
these two latter groups were small. This landmark study has
led to the adoption of three years of adjuvant imatinib as
the recommended duration of treatment.’> However, there
are a number of outstanding questions that require further
investigation.

First, GIST mutational status appears to be important, and
there is a consensus that patients with the imatinib-insensitive
D842V mutation of PDGFRA should not receive adjuvant
imatinib.*® What is less clear is whether patients with the exon
9 mutation should be treated with high-dose (800 mg/day)
imatinib analogous to that recommended in the advanced
setting. Second, opinions are split with regard to the rare
wild-type GIST subgroup. Third, there is the issue of whether
patients who fall into the intermediate-risk group should be
offered adjuvant therapy and what improvements can be made
to risk stratification. Finally, the trial data clearly support
three years of adjuvant imatinib over one year but should
the treatment duration be longer? We know from the BFR-14
trial in patients with advanced GIST that some patients who
had a complete response to imatinib but then had interrupted
therapy relapsed even after five years of treatment (see section
on Prolongation of imatinib treatment by intermittent dosing).
This may suggest the persistence of an as yet unidentified
imatinib-resistant GIST cancer stem cell population.’” The
theoretical rationale for extending adjuvant imatinib beyond
three years is counterbalanced by the possible development
of imatinib-resistant mutations that would limit the efficacy
of future therapies. There is a non-randomized Phase II trial
of five years of adjuvant imatinib therapy currently in accrual
(NCT00867113), which may help to define the optimal treat-
ment duration for adjuvant imatinib.

Neoadjuvant/preoperative imatinib

The goal of neoadjuvant imatinib is to reduce the size of
locally advanced GIST. This in turn may improve the likeli-
hood of complete resection, reduce the risk of intraoperative
complications including tumor rupture, reduce operative mor-
bidity, improve the chance of function-sparing surgery, and
hopefully improve long-term outcomes. Candidates for such
treatment may include those with challenging anatomical
locations, eg, rectal, duodenal, and esophageal GIST,
and those with larger tumor sizes. Decisions surrounding
preoperative imatinib should be made on a case-by-case basis
and be taken in the multidisciplinary setting. Preoperative
biopsy should be utilized not only to confirm the diagnosis
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of GIST but also to ensure that the imatinib-resistant D842V
mutation is not present.

There are few prospective data on the use of imatinib in
the preoperative setting. The use of neoadjuvant imatinib was
retrospectively analyzed as part of the larger aforementioned
prospective BFR-14 study,*® where 25 of 434 patients taking
part in the study were identified to have a median tumor size
of 15 cm with no metastatic disease and no prior surgery.
Of these patients, 15 had a partial response (60%) following
treatment with imatinib for a median of four (range 1.4—12.8)
months and nine patients went on to surgery after a median
of seven (range 3.4—12) months. Outcomes in patients who
had surgery following preoperative imatinib were comparable
with those with localized intermediate and high-risk GIST in
the subgroup of operated patients; whereas those who did not
undergo surgery behaved similarly to those with metastatic
GIST. Caveats do apply, given that this is a retrospective
analysis and selection bias is a concern. Further, patients who
responded well to imatinib were more likely to be able to
proceed to surgery than those who did not.

In 2009, a Phase II trial from the US evaluating the role
of neoadjuvant imatinib was reported.”® There were two
groups of patients; those with primary GIST (n = 30) with a
median tumor size of 9 cm and those with metastatic GIST.
Patients were treated with neoadjuvant imatinib at a dose
of 600 mg/day for 812 weeks prior to surgery and then
continued adjuvant imatinib 600 mg/day for two years. Of
these patients, 7% had a partial radiological response and
83% had stable disease. Complete resection was performed
in the localized GIST group in 77% of patients, and most had
single organ resection. Two-year progression-free survival
was 83% which compares well with data from the Phase II1
adjuvant imatinib study reported by the American College
of Surgeons Oncology Group.>* However, recently reported
extended follow-up of this trial demonstrated that a high
proportion of patients relapsed after two years of adjuvant
imatinib.®’ Following this, data from Canada were published
on an open-label single-arm prospective Phase II study of
imatinib 400 mg/day in patients with locally advanced or
metastatic GIST which was potentially resectable.®' Patients
received imatinib for a maximum of 12 months to maximal
tumor response, during which time there was the option of
escalating the dose to 600 mg/day at week 7 if there was no
evidence of radiological response. Of the 14 patients who
took part, six had a partial response and eight had stable dis-
ease with no evidence of tumor progression. Eleven of these
patients had complete resection at surgery. Seven patients had
their imatinib dose increased to 600 mg/day and the median

duration of imatinib treatment was nine months. The authors
concluded that at least 612 months of preoperative imatinib
should be given. Further data on imatinib is eagerly awaited
from the German APOLLON study which is investigating
preoperative imatinib for six months, the preliminary results
of which were reported at the annual meeting of the American
Society of Clinical Oncology in 2012.5

It is our view that neoadjuvant imatinib should be con-
tinued until maximum tumor response as demonstrated by
cessation of tumor shrinkage on radiological assessment.
In order to identify the time point of maximal response,
frequent radiological assessments should be made, initially
after one month to demonstrate imatinib sensitivity and three-
monthly thereafter. It would seem from the available data
that the optimum duration of treatment lies between six and
12 months. Unanswered questions include whether patients
with exon 9 mutation should be given imatinib 800 mg/day,
and the duration for which adjuvant treatment should be
given when neoadjuvant has already been used is uncertain,
but three years in total seems rational .*®

Patient compliance and imatinib
toxicity

An important patient factor when considering the optimal
duration of imatinib therapy is compliance with treatment
and issues affecting adherence. Whatever the indication,
imatinib is usually used for prolonged periods of time, and
may be regarded as a treatment for chronic disease. In order
to optimize patient outcomes and allow long-term treatment
with imatinib, the associated toxicities of treatment should be
managed proactively. It is notable that a considerable number
of patients taking part in clinical trials of imatinib in both
the adjuvant and metastatic setting have discontinued treat-
ment due to toxicity. In the SSGXVIII study, just over 25%
of patients randomized to the three-year arm discontinued
imatinib compared with 12.6% of patients in the one-year
arm. Grade 3 or 4 events occurred in a third of patients and
13.6% of patients in the three-year arm discontinued imatinib
due to adverse events.> This clearly demonstrates that prompt
management of side effects, prudent dose modifications,
and continued patient support whilst on imatinib are of vital
importance in order to optimize long-term outcomes. Further,
it is noteworthy that patients who take part in clinical trials are
in general a well motivated group and may not be representa-
tive of the general population. Treatment of an unselected
group of patients with chronic myeloid leukemia using
imatinib showed adherence rates <90% in 26% of patients;
moreover, 14% had adherence rates lower than 80%.%

OncoTargets and Therapy 2013:6

submit your manuscript

1019

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Linch et al

Dove

Common toxicities associated with imatinib include
diarrhea, fatigue, skin rash, and edema, and there is evidence
that the worst toxicities arise in the first 3—6 months of
treatment, in part due to alterations in pharmacokinetics over
time.'#2® Changes in pharmacokinetics may also account for
the differences in toxicity seen between men and women and
also for the increased toxicity observed in older patients.
Certainly if toxicity is unexpectedly severe in an individual
patient, there may be a role for therapeutic drug monitoring.
There is also a dose relationship, with side effects being
more severe and frequent in patients treated with high-dose
imatinib, ie, >400 mg/day. Optimizing the management
of side effects includes effective patient information and
engagement, including user-friendly advice on medicines
that may alleviate the most common side effects. Input
from specialist nurses who are readily available to patients
is critical. GIST support groups and the Internet are also
valuable resources.

In terms of long-term safety information, imatinib has
been in use in patients with GIST or chronic myeloid leu-
kemia for over 10 years and been investigated in numerous
rigorous clinical trials. In general, imatinib is a safe drug
to use in the long term as confirmed in the study by Blanke
et al in which follow-up was for a median 63 months.?
Concerns have been raised about the cardiotoxicity profile
of imatinib.> However, these have not been borne out in
the clinical trial setting, where an excess of cardiac events
compared with the general population has not been detected.
Imatinib-related edema has also been raised as a possible
factor contributing to cardiotoxicity, but this has not been
explored in a prospective fashion. Clearly, further prospec-
tive studies with cardiology input are needed to answer this
question. Pre-existing cardiac disease should not be seen as
a contraindication to treatment, although careful monitoring
is advised. Changes in bone metabolism associated with
hypocalcaemia, hypophosphatemia and low bone mineral
density have been documented, so monitoring of bone health
should be considered.®*¢” Finally, although the mechanism
is not well described, imatinib may also impact on glucose
metabolism, with reports of symptomatic hypoglycemia.® In
summary, imatinib has been shown to be safe and effective
even when used over a prolonged period of time.

Summary

Through a thorough understanding of the structure and
function of ¢c-KIT and its downstream signaling pathways
combined with knowledge of the efficacy and tolerability of
imatinib from clinical trial data, we will hopefully be able to

maximize the benefit of imatinib in patients with GIST. The
evidence thus far demonstrates that the duration of imatinib
therapy should be as long as possible in the metastatic setting,
providing that the patient is still responding to treatment.
Data in the early disease setting is less mature, but points to
at least three years of adjuvant imatinib in order to optimize
patient outcomes. Further research is required to enhance
our understanding of this rare disease.
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