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Abstract

Metastatic colorectal cancer remains a lethal disease with a poor prognosis in the majority of patients. Multiple drug combinations have been
developed in recent years that have significantly improved response rates and overall survival however resistance to these drugs is inevitable.
Novel agents are currently being developed and participation in clinical trials should be encouraged. In the absence of other treatment options
in a patient with good performance status, there is compelling evidence for re-challenging with previously administered agents in different
combinations. The aim of this review is to discuss mechanisms of resistance and methods to overcome treatment resistance in patients with
metastatic colorectal cancer who are refractory to 5-FU, irinotecan, oxaliplatin, cetuximab and bevacizumab therapy.
© 2013 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction additional 50-60% of patients develop metastasis following
initial therapy for localized disease [2,3].

Colorectal cancer is the 3rd most common cancer in males Treatment for patients with metastatic colorectal cancer
and the 2nd in females. Although overall mortality of the (mCRC) is usually palliative rather than curative. In a subset
disease has decreased during the last decades, an estimated of patients with metastasis confined to liver and/or lung treat-
1.2 million new cases and 608,700 deaths have occurred ment is potentially curative with surgery. Palliative treatment
worldwide in 2008[1]. Metastatic disease at diagnosis is in mCRC consists of systemic chemotherapy. For decades,
found in 20-25% of patients with colorectal cancer and an the only agent available for the treatment of mCRC included

intravenous 5-fluorouracil (5-FU) to which leucovorin (LV)
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demonstrated better overall survival (OS), progression free
survival (PFS) and overall response (OR) compared to 5-
FU/LV alone [4,5]. Similarly, better PFS and OR are achieved
when 5-FU/LV is added to oxaliplatin (FOLFOX) compared
to 5-FU/LV alone; however, no survival benefit has been
demonstrated in randomized studies [6—8]. When comparing
both FOLFOX and FOLFIRI as first line treatment in mCRC,
no significant differences have been observed between these
regimens [9—11]. 5-FU/LV remains a treatment option for
selected patients who cannot tolerate oxaliplatin or irinotecan
therapy. Patients with good performance status, progressing
after first line FOLFIRI or FOLFOX, receive the alternative
regimen as second-line to achieve best response and improve
survival [11-15]. Irinotecan as single agent in the treatment
of patients refractory to 5-FU demonstrated a clinical benefit
over best supportive care and 5-FU but not over FOLFOX
[16-18].

New approaches in the treatment of mCRC involved
chemotherapy regimens to which novel targeted agents
such as bevacizumab, cetuximab or panitumumab and more
recently aflibercept and regorafenib were added. Beva-
cizumab is a humanized monoclonal antibody that inhibits
vascular endothelial growth factor (VEGF). Addition of
bevacizumab to first line chemotherapy regimens such as
FOLFOX, FOLFIRI and even 5-FU/LV demonstrated better
OS, PES and OR compared to the same treatment without
bevacizumab [19-25]. Also, bevacizumab demonstrated a
clinical benefit in the second-line setting in bevacizumab
naive patients [26-28]. Cetuximab is a monoclonal anti-
body that targets EGFR in mCRC patients whose tumors
exhibit the KRAS wild type phenotype [29,30]. Some stud-
ies support the use of cetuximab in the first line treatment of
mCRC in combination with chemotherapy regimens [31,32].
In patients progressing after first-line chemotherapy (oxalip-
latin or irinotecan-based), cetuximab plus irinotecan showed
better response rate (RR) and PFS over single agent irinotecan
or cetuximab alone [33,34].

Metastatic colorectal cancer patients have several treat-
ment lines to be considered upon progression and therapy
after progression of disease depends on prior therapies
received. A subset of patients progressing after receiving
prior therapy with 5-FU, irinotecan, oxaliplatin, cetuximab
and bevacizumab have no other treatment option to be consid-
ered but to be re-challenged with one of these prior therapies
or to be treated with aflibercept or regorafenib. Fig. 1 sum-
marizes current treatment options available for the treatment
of advanced CRC.

In this review, we will discuss the mechanisms of resis-
tance and methods to overcome treatment resistance in
mCRC patients who are refractory to 5-FU, irinotecan,
oxaliplatin, cetuximab and bevacizumab chemotherapy by
manipulating or re-administering these drugs to patients
beyond progression.

Data for this review were compiled using MED-
LINE/PubMed and American Society of Clinical Oncology
(ASCO) abstract databases published before February 2013.

The search terms used included pretreated, overcome resis-
tance and re-challenge in colorectal cancer. Studies in
which patients did not progress on previous treatment were
excluded. Only articles published in English were considered.

2. Overcoming treatment resistance in mCRC
2.1. Resistance to 5-FU

Twenty years ago, the only treatment option available for
mCRC patients was 5-FU. Modulators such as LV were added
to 5-FU in the 1990s that resulted in twofold higher response
rates compared to bolus 5-FU alone [49,50].

At that time, patients progressing on single agent 5-FU
or 5-FU/LV were treated with a higher dose of 5-FU/LV or
with 5-FU £ LV as a continuous infusion (Table 1). A dose
escalation of 5-FU resulted in varied RR. Weh et al. [51]
reported a partial response (PR) of 9% while 2 other studies
by Jager et al. [52] and Hartman et al. [53] reported higher
RR (25% and 14%, respectively). The lower RR of 9% could
be attributed to the patient population under study which
included heavily pretreated patients (28%), patients with a
poor performance status (30%) and patients with more than 2
metastatic sites (53%). Nevertheless, a higher dose was asso-
ciated with some response (9-25%) and stable disease (SD)
(56-61%) in previously treated 5-FU refractory patients at a
time when no other second-line treatment existed. Patients
who were more likely to benefit from a dose escalation were
those with prior favorable response to 5-FU chemotherapy.

Other patients who were administered bolus 5-FU as first
line, were treated with continuous infusion of 5-FU upon
progression. Response rates are low in patients retreated
with 5-FU alone (7% and 8%); however, patients receiv-
ing 5-FU +LV as continuous infusion demonstrated higher
response rates of 16% and better PFS (4 months vs. 3 months)
and median OS (9 months vs. 7.5 months) [54-56].

In vitro studies showed that the mechanism of resistance
to bolus 5-FU is different from that of 5-FU as continuous
infusion. This explains the further response achieved after
progression. Short-term exposure to 5-FU is associated with
RNA directed toxicity (step 3) while prolonged exposure
is associated with thymidylate synthase (TS) inhibition and
DNA directed toxicity (step 1 and 2) (Fig. 2). Increased levels
of TS enzyme or mutation of TS have been associated with 5-
FU resistance. Once resistant to short term exposure, patients
receiving prolonged exposure can overcome this resistance
due to the TS inhibition exerted by long term 5-FU exposure.
Furthermore, LV has been shown to enhance 5-FU induced
inhibition of TS and hence tumor cell kill when 5-FU expo-
sure is long term. This further explains why patients treated
with 5-FU/LV achieved better responses than patients treated
with 5-FU alone [57-59].

Preclinical data suggested a synergistic action between 5-
FU and irinotecan. This combination has been shown to be
effective in the first line treatment of metastatic colorectal
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Fig. 1. Depending on the first line of chemotherapy used, patients with metastatic CRC can benefit from several lines of therapy following progression and are
divided into those with wild type Kras and those with mutated Kras. Panel A: patients receive 5-FU/LV or Capecitabine =+ bev as first-line therapy. Panel B: patients
receive FOLFIRI £ bev or FOLFIRI = cetuximab/panitumumab (only in Kras wild-type) as firstline therapy. Panel C: patients receive FOLFOX/CapeOx =+ bev
or FOLFOX/CapeOX = panitumumab (only in Kras wild-type) as first-line therapy. Panel D: patients receive FOLFOXIRI as first-line therapy. Oval shapes
indicate that anti-EGFR therapy is not recommended if anti-EGFR therapy is administered beforehand. Bev: Bevacizumab; BSC: best supportive care;
5-FU/LV: 5-fluorouracil + leucovorin; FOLFOX: 5-FU/LV + oxaliplatin; FOLFIRI: 5-FU/LV + irinotecan; FOLFOXIRI: 5-FU/LV + irinotecan + oxaliplatin;

CapeOX: capecitabine + oxaliplatin (see refs. [18,35-37,39,41-48]).



Table 1
Overcoming treatment resistance to 5S-FU or 5-FU/LV by dose escalation of 5-FU or 5-FU by continuous infusion.
Study type Patient Previous treatment Treatment after progression TR PFS (N}
number (months) (months)
Wehet al. [51] Multicenter study 57 42: 5-FU i.v. bolus/LV High dose 5-FU 2600 mg/m? as PR: 5/57 (9%) 8
13: 5-FU/alfa interferon 24-hr infusion + LV 500 mg/m2 as SD: 32/57 (56%)
1-hr infusion prior to 5-FU PD: 19/57 (33%)
Jager et al. [52] Phase II study 69 5-FU 500 mg/m2 High dose 5-FU PR: 17/69 (24.6%) 4 9
combined with either 500 2600 rng/m2 as a 24 hr infusion + LV SD: 42/69 (60.9%)
or 20 mg/m? LV 500 mg/m? as 2 hr infusion prior to PD: 10/69 (14.5%)
5-FU
Hartman et al, 1998 [53] Phase II study 42 33: Bolus FU/LV High dose 5-FU PR: 6/42 (14%) 11.6
9: 24-hr continuous 2600 rng/m2 as a 24 hr infusion + LV SD: 25/42 (61%)
FU = alfa interferon 500 mg/m? as 2 hr infusion prior to
5-FU
Falcone et al, [54] Phase II study 29 5-FU bolus containing 5-FU continuous infusion PR: 2/26 (8%) 3 7.5
chemotherapy 300 mg/m?/day SD: 9/26 (35%)
PD: 15/26 (58%)
Falcone et al, [55] Phase II study 59 48: bolus 5-FU/LV 5-FU +LV 14-day continuous CR: 1/59 2%) 4 9
11: bolus infusion; 5-FU 200 mg/m?/day and PR: 9/59 (14%)
5-FU/levamisole LV 5 mg/m?/day SD: 21/59 (36%)
PD: 26/59 (45%)
Mori et al, [56] Phase II study 15 3: FU alone 5-FU continuous infusion PR: 1/15 (7%)
12: FU + High dose LV 300 mg/m?/day SD: 6/15 (40%)

PD:

8/15 (53%)

TR: tumor response; PR: partial response; SD: stable disease; PD: progressive disease; PFS: progression free survival; OS: overall survival; LV: leucovorin; 5-FU: 5-fluorouracil.
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Irinotecan &
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regulate the
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DNA damage
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Fig. 2. Mechanism of action of 5-FU and action of irinotecan and oxaliplatin in overcoming 5-FU resistance. FAUMP: fluorodeoxyuridine monophosphate;
DUMP: deoxyuridine monophosphate; dTMP: deoxythymidine monophosphate; dTDP: deoxythymidine diphosphate; dTTP: deoxythymidine triphosphate; TS:
thymidylate synthase; FAUDP: fluorodeoxyuridine diphosphate; FAUTP: fluorodeoxyuridine triphosphate; RNR: ribonucleotide reductase; FUMP: fluorouridine
monophosphate; FUDP: fluorouridine diphosphate; FUTP: fluorouridine triphosphate.

cancer [4,5,17,60]. In 2 phase III trials, irinotecan as single
agent was found to be superior to 5-FU in 5-FU refractory
patients in terms of OS and PFS [17,61].

Also, irinotecan + 5-FU following resistance to 5-FU ther-
apy achieved response rates of 17% and 11% as second line
and 6% as third line therapy, respectively (Table 2). Fuk-
ishima et al. provided an explanation for such activity where
they found that administration of irinotecan with 5-FU to 5-
FU resistant human colon cancer xenografts down-regulated
TS activity that was originally high following 5-FU resistance
and up-regulated ribonucleotide reductase (RNR) activity
that was originally decreased following 5-FU resistance thus
enhancing the activity of 5-FU in these tumor cells (Fig. 2).
They also found that expression of CDK4, E2F1 and pRB
proteins decreased after treatment with irinotecan. These pro-
teins coordinate the transition of cancer cells from G1 phase
to S phase [69].

Response rates achieved with oxaliplatin + 5-FU as second
line treatment following FU resistance ranged between 20 and
46% (Table 2). The synergistic activity between oxaliplatin
and 5-FU following resistance to 5-FU as initial treatment
was explained by Yeh et al. They determined using an in vitro
study model that oxaliplatin and 5-FU act synergistically on
human colon cancer cells. Oxaliplatin results in the down
regulation of TS protein expression and TS mRNA by as
much as 40%. This offers an explanation as to why oxaliplatin
combined with 5-FU results in better RR than oxaliplatin
alone [70].

With respect to grade 3-4 toxicities, 5-FU treatment
alone following progression on 5-FU is associated with less
adverse events compared to 5-FU plus oxaliplatin or 5-FU

plus irinotecan. The most common grade 3—4 toxicities in
patients treated with irinotecan therapy include diarrhea,
neutropenia and nausea/vomiting whereas oxaliplatin is asso-
ciated with paresthesia and neutropenia [18]. Therefore,
treatment using 5-FU alone remains an option in patients who
cannot tolerate combination treatment with oxaliplatin or
irinotecan.

Currently, bolus 5-FU is no longer a treatment of choice in
mCRC patients and patients usually receive 5-FU as continu-
ous infusion. Hence, patients progressing on initial treatment
with a 5-FU regimen with LV alone can be treated with
5-FU and oxaliplatin or 5-FU and irinotecan as their second-
line treatment of choice (Fig. 1). Higher dose of 5-FU even
though it reverses resistance to 5-FU is also not recommended
since better outcome is achieved by administering 5-FU to
irinotecan or oxaliplatin. Furthermore, if resistance to 5-FU
occurred as part of combined chemotherapy regimen to either
oxaliplatin or irinotecan, patients can benefit from the alter-
native regimen following progression since oxaliplatin and
irinotecan are capable of reversing resistance to 5-FU.

2.2. Resistance to irinotecan

Irinotecan is a derivative of the cytotoxic compound camp-
tothecin that interacts with the enzyme topoisomerase I.
Toposiomerase I uncoils the DNA strand for replication by
inducing single-strand breaks which are eventually repaired.
Irinotecan stabilizes these breaks thus leading to DNA frag-
mentation and cell death. Irinotecan is transformed into its
active metabolite SN38 [71]. Both resistance to irinotecan and
its active metabolite are accompanied by EGFR upregulation



Table 2

Overcoming treatment resistance to 5-FU by administering 5-FU with irinotecan or 5-FU with oxaliplatin following progression on 5-FU.

Study type Patient Previous treatment Treatment after progression TR PFS (months) OS (months)
number
Hofheinz et al. [62] Phase II study 35 High dose 5-FU Irinotecan 80 mg/m?/week as PR: 17% 33 8.4
60-90 min infusion, 200 mg/m? LV SD: 40%
as 2-hr infusion, followed by 5-FU PD: 43%
2000 mg/m?/week as 24-hr
continuous infusion
André et al. [63] Phase II study 33 1st line: 5-FU/LV Trinotecan 180 mg/m? 90 min PR: 2/33 (6%) 42 10
2nd line: infusion on day 1 with LV SD: 20/33 (61%)
FOLFOX 400 mg/m? followed by 5-FU bolus PD: 11/33 (33%)
400 mg/m? and 46hr continuous
infusion of 2.4-3 g/m? every 2 weeks
Graeven et al. [64] Phase II study 55 Fluoropyrimidine Arm A: irinotecan 80 mg/m? Arm A: PR 11% Arm A: 3.7 Arm A: 9.5
therapy followed by LV 500 mg/m? and 5-FU Arm B: PR 11% Arm B: 3.7 Arm B: 10.7
2000 mg/m? 24hr infusion weekly
for 6 weeks
ArmB: irinotecan alone
de Gramont et al, 1997 [65] Phase II study 46 5-FU/LV FOLFOX2: Oxaliplatin 100 mg/m2 CR: 1/46 (2%) 7 17
2hr infusion, LV 500 mg/m2 2 hr PR: 20/46 (43%)
infusion followed by 5-FU 24 hr SD: 21/46 (46%)
infusion 1.5-2 g/m2 for 2 consecutive PD: 3/46 (7%)
days every 2 weeks
André et al. [66] Phase II study 30 5-FU/LV FOLFOX3: Oxaliplatin 85 rng/mz, PR: 6/30 (20%) 6 13.2
LV 500 mg/m2 2hr infusion followed SD: 15/30 (50%)
by 22hr infusion of 5-FU 1.5 g/m? PD: 9/30 (30%)
for 2 consecutive days.
André et al. [67] Phase II study 97 5-FU/LV 40: FOLFOX 3 PR: 20/97 (20.6%) 4.7 10.8
57: FOLFOX 4 Oxaliplatin SD: 29/97 (29.9%)
85 mg/m?, LV 200 mg/m?, bolus PD: 39/97 (40.2%)
5-FU 400 mg/m?, and 22hr
continuous infusion of 5-FU
600 mg/m? days 1 to 2 every 2 weeks
Gamelin et al. [68] Phase III study 38 5-FU/LV Oxaliplatin 130 mg/m2/3 weeks as PR: 14/38 (37%) 55 7.6

2-hr infusion, 5-FU
1300 mg/mz/week as 8hr infusion,
LV 400 mg/m?

SD:
PD:

14/38 (37%)
10/38 (26%)

TR: tumor response; PR: partial response; SD: stable disease; PD: progressive disease; PFS: progression free survival; OS: overall survival; LV: leucovorin; 5-FU: 5-Fluorouracil

(444

0ST-LIZ (£102) 68 £80j01wia/50]0oUQ) Ul SMIINDY [DIULLD / |V 12 DAL, °S



Table 3

Overcoming treatment resistance to Irinotecan by administration of cetuximab to Irinotecan regimen following progression on Irinotecan.

Study and design Previous therapy Treatment after progression TR P-value PFS (months) P-value OS (months) P-value
Cunningham et al. [33] 329 patients EGFR+ 218: IR (dose as previous IR + Ctx: 22.9% 0.007 IR + Ctx: 4.1 <0.001 IR + Ctx: 8.6 0.48
Open label randomized trial refractory to IR-based therapy) + C x (400 mg/m? 1st Ctx alone: 10.8% Ctx: 1.5 Ctx: 6.9
therapy week then 250 mg/m?/week
111: Ctx alone
Hebbar et al. [73] 311 patients refractory to Ctx (400 mg/m? 1st week then CR: 2/297 (1%) 4.1 10.3
Retrospective study IR-based therapy 250 mg/m?/week) + IR PR: 78/297 (25%)
(180 mg/m2 every 2 weeks) SD: 86/297 (28%)
PD: 145/297 (46%)
Saltz et al. [74] 83patients refractory to Arm A: 43 patients IR (same Arm A: 37% Arm A:7.3 Arm A: 14.5
Phase II study IR-based therapy dose as previous therapy) Arm B: 20% Arm B: 4.9 ArmB: 11.4
+(400 mg/m? 1st week then
250 mg/m2/wk) + bevacizumab
5 mg/kg every other wk
Arm B: 40 (same regimen as Arm
A but without IR)
Kang et al. [75] 40 patients refractory to Biweekly Ctx (500 mg/m?) & IR Overall response rate: 7.1 18.5
Phase II study IR+ WT Kras (150-180 mg/m?) 45% EGFR-: 4.9 EGFR-: 18.5
20 patients: EGFR- EGFR-:35% EGFR+: 8.3 EGFR+:17.2
20 patients: EGFR+ EGFR+:55%
Sohn et al. [76] 66 patients refractory to Ctx+IR WT: 33.3% 0.005 WT: 6.4 0.005 WT:17.8 0.001
Retrospective study IR- based therapy MK: 3.7% MK:2.0 MK: 7.1
Pfeiffer et al,. [77] 65 patients refractory to Ctx (400 mg/m2 1st week then PR: 12/65 (19%) 5.4 10.4
Phase II study FU, IR & oxaliplatin weekly as 250 mg/m?) + IR SD: 31/65 (47.6%)
(180 mg/m? every second week PD: 15/65 (23%)
starting 1 h after completion of
Ctx) as third line therapy
Pfeiffer et al, 2008 [78] 73 patients refractory to Biweekly Ctx (500 mg/m2 1st CR: 1/73 (1%) 5.4 8.9
Phase II study FU, IR & oxaliplatin course as 120 min infusion then PR: 18/73 (25%)
as 60 min infusion) + IR SD: 38/73 (52%)
(180 mg/m?) as third line therapy PD: 13/73 (18%)
Van Cutsem et al. [79] 157 patients refractory to Group A: Standard dose Ctx Group A: 16% NS Group A: 3.9 NS Group A: 10.0 NS
Phase I/II study IR (250/m? per week) + IR Group B: 30% Group B: 4.8 Group B: 8.6

Group B: IR + Ctx escalated dose
(500/m? per week)

TR: tumor response; PR: partial response; SD: stable disease; PD: progressive disease; PFS: progression free survival; OS: overall survival; 5-FU: 5-Fluorouracil; Irinotecan: IR; cetuximab: Ctx; NS: non-significant;

WT: WT; MK: MK.
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[72]. Thus, several studies evaluated treating irinotecan-
refractory patients with irinotecan + cetuximab (Table 3).
In the BOND study [33], Cunningham et al. demonstrated
a clinical significance of treating patients who are refrac-
tory to irinotecan and EGFR-positive with irinotecan plus
cetuximab. RR was significantly higher in combined ther-
apy compared to cetuximab monotherapy (22.9% vs. 10.8%,
P=0.007). Also, PFS was significantly higher in combined
therapy (4.1 vs. 1.5 months); however, median OS was sim-
ilar between the 2 groups. In a retrospective analysis by
Hebbar et al. [73], similar RR (26%) and PFS were seen
(4.1 months). These results suggest that cetuximab may
circumvent irinotecan resistance and were confirmed by
Prewett et al. who demonstrated that anti EGFR therapy com-
bined with irinotecan in irnotecan refractory human colon
xenografts significantly inhibited tumor growth in DLD-1
and HT29 tumors whereas each agent alone did not inhibit
tumor growth. Histologic examination of the tumors revealed
extensive tumor necrosis, decreased tumor cell proliferation,
increased tumor cell apoptosis, and a marked decrease in
tumor vasculature when combined therapy was administered
[80].

Sohn et al. demonstrated that only tumors with wild
type Kras status were good candidates for cetuximab plus
irinotecan treatment in irinotecan refractory patients [76].
Tumors with mutated Kras demonstrated significantly lower
RR, PFS and OS compared to wild type Kras. To deter-
mine whether cetuximab plus irinotecan is effective in
only EGFR-positive patients, Kang et al. conducted a
phase II trial of cetuximab plus irinotecan in irinotecan
refractory wild type Kras patients [75]. They found that
combined therapy is effective regardless of EGFR status.
In the Bond 2 study, Saltz et al. demonstrated that irinote-
can + cetuximab + bevacizumab resulted in clinical benefit in
patients progressing on irinotecan and naive to bevacizumab
[74]. Two other studies also demonstrated that administer-
ing cetuximab weekly or biweekly with irinotecan is useful
in irinotecan-refractory patients [77,78]. Therefore, patients
progressing after prior irinotecan treatment are candidates for
cetuximab + irinotecan in wild type Kras patients regardless
of EGFR status.

Grade 34 toxicities occurring in patients treated with
irinotecan + cetuximab is as would have been expected from
each drug alone. The most common grade 3—4 toxicities
include diarrhea (10-21% of cases), neutropenia (9—12.5%)
and skin reactions (7-10%). RR and OS in patients with skin
reactions following cetuximab treatment were significantly
higher compared to patients who had no skin reactions.

Subsets of patients refractory to irinotecan that are most
likely to have better response and disease control from irinote-
can + cetuximab are those with prior objective response to
irinotecan, disease duration > 24 months and presence of
only 1 metastatic site [33,75,77,78]. Predictors of response
to cetuximab include wild type kras and skin rashes asso-
ciated with EGFR targeting [33,76]. Patients harboring
elevated levels of topoisomerase Ila have been shown to be

resistant to irinotecan therapy through inhibition of apopto-
sis and might perhaps benefit from an alternative regimen
since no activity of irinitocan is seen in these patients
[81].

To determine whether a dose escalation of cetuximab
will be associated with an increase in grade 2 skin reac-
tions and hence improved response, the EVEREST study
was conducted. Patients refractory to irinotecan were first
administered a standard dose of cetuximab (250 mg/m? per
week) plus irinotecan. Those developing more than grade 2
skin reactions were kept on the same standard dose. However,
patients with less than grade 1 skin reactions were random-
ized to either a standard dose or a dose escalation (500 mg/m?
per week). Skin reactions were observed in 59% of patients
on dose escalation compared to 38% of patients on standard
dose. Furthermore, a dose escalation resulted in improved
response (30% vs. 16%) and better disease control rate (70%
vs. 58%). However, there was no benefit in terms of overall
survival [79].

Thus patients refractory to irinotecan based regimens
whether FOLFIRI, FOLFOXIRI or irinotecan alone benefit
from irinotecan plus cetuximab in further lines of treatment
following progression on irinotecan. This option is only con-
sidered in patients exhibiting wild type kras (Fig. 1).

2.3. Resistance to oxaliplatin

In a phase II trial, Souglakos et al. assessed the
efficacy of treating patients resistant to oxaliplatin with
capecitabine + oxaliplatin (CAPOX) plus cetuximab. Objec-
tive RR and SD were achieved in 20% and 27.5% of patients,
respectively. PFS was 3 months and median OS was 10.7
months. The authors concluded that the combination of cetux-
imab with CAPOX is safe and is promising in patients
refractory or resistant to oxaliplatin based therapy. The toxic
effects of this regimen include grade 3/4 neutropenia (12.5%),
grade 3/4 diarrhea (7.5%), grade 3 fatigue (2.5%) and grade
2/3 neurotoxicity (22.5%) [82].

In a recent in vitro study by Ekblad and Johnsson, the
authors studied the effect of treating tumor cell lines that are
resistant to oxaliplatin with cetuximab and oxaliplatin. They
found that the expression of EGFR increased proportionally
in relation to the level of acquired resistance to oxaliplatin.
And with increased expression of EGFR, better response to
cetuximab therapy was achieved [83].

At the cellular level, cetuximab plus oxaliplatin act syn-
ergistically. Targeting cells with oxaliplatin induces DNA
adduct formation. Cetuximab stimulates the loss of ERCC1
activity which is responsible for excision of platinum adducts
from DNA. Hence, cetuximab compromises DNA repair
processes of platinum adducts. Also, expression of factors
involved in DNA replication initiation were reduced in cell
lines treated with cetuximab plus oxaliplatin thereby increas-
ing cells that remain in G1 phase [84].

Benefit from the addition of cetuximab to oxaliplatin fol-
lowing progression on oxaliplatin based regimens is still
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speculative since combination of cetuximab and oxaliplatin
did not show significant improvement in OS in the phase III
COIN study when used as first line treatment [85]. Hence,
more clinical trials assessing the efficacy of cetuximab com-
bined with oxaliplatin following resistance to oxaliplatin are
needed to draw such a conclusion.

2.4. Resistance to cetuximab

In a phase II prospective study, Santini et al. demonstrated
that patients with wild type Kras receiving a prior cetuximab
plus irinotecan or FOLFIRI can respond to the same ther-
apy after progressing on it and after receiving another line of
chemotherapy between the first cetuximab therapy and the
second [86]. All patients in the study had prior cetuximab
response (10% SD, 74% PR and 15% complete response
(CR)). Following retreatment with cetuximab, 5.1% had CR,
48.7% had PR and 35.9% had SD. PD was seen in 10.2% of
patients. Median PFS was 6.6 months. The most grade 3—4
adverse events occurring were skin rash in 38.5% (only grade
3) of patients, diarrhea in 7.7% and neutropenia in 18%.

In another phase II study by Fora et al. [87], high dose
cetuximab plus irinotecan was administered to wild type kras
patients who progressed on standard dose cetuximab plus
irinotecan. SD was achieved in 45% of patients at 12 weeks
and OS and PFS were 2.8 months and 6.6 months, respec-
tively. The results are not as encouraging as those achieved
by Santini et al. It should be noted however, that patients
in the study by Santini et al. have previously responded
to cetuximab treatment and were not treated with cetux-
imab directly after progression. As a possible explanation
to the better results achieved in the study by Santini et al.,
the authors suggest that first cetuximab treatment destroyed
wild type Kras and lead to the formation of Kras mutations
which caused progression on cetuximab treatment. Follow-
ing progression, administering a chemotherapy line without
cetuximab could restore wild type Kras status. Patients can
then be retreated with cetuximab-based regimen. However,
this speculation needs to be investigated further in preclinical
trials that compare expression of KRAS prior and after cetux-
imab administration before any conclusions could be made.

Resistance to cetuximab is likely attributable to the consti-
tutive activation of signaling pathways acting downstream of
EGFR. Kras mutation is a well documented factor resulting
in resistance to cetuximab therapy [88-90]. However, not all
Kras wild type tumors are responsive to anti EGFR therapy
with cetuximab suggesting other genetic determinants down-
stream of Kras as being involved in resistance to monoclonal
antibody treatment [91]. Braf mutations [92,93], PIK3Ca
[94,95] mutations and PTEN inactivation [96] have shown
a possible role in resistance to cetuximab although results
are still unclear in this area. Targeting Raf with the use of the
selective Raf inhibitor vemurafenib showed limited response
to the drug and caused a rapid feedback activation of EGFR
which supports continued proliferation. It is suggested that
administration of vemurafenib with EGFR inhibitors could

be a possible way of targeting Braf mutated tumors [97]. On
the other hand, when sorafenib (a tyrosine kinase inhibitor of
Braf) was administered to tumor cells harboring Braf muta-
tions and resistant to cetuximab, the response to cetuximab
was restored [93]. Lapatinib, another tyrosine kinase target-
ing EGFR/HER?2, was capable of inhibiting tumor growth in
Kras-mutated colorectal cancer in mouse xenograft [91,98].
Hence, gene screening to identify gene mutations in these
downstream molecules poses as one strategy to overcoming
resistance to anti EGFR therapy; however, all those addi-
tional biomarkers require further validation before being
incorporated into clinical practice. Moreover, IGF1 recep-
tor activation stimulates EGFR pathway by inducing release
of TGF-a which is one of EGFR ligands [99]. Overexpress-
ion of IGF1-R can activate alternate pathway which involves
P13k/AKT resulting in anti EGFR therapy resistance (Fig. 3).
Activation of MET pathway is another possible mechanism
resulting in drug resistance. Also, overexpression of HER3
receptors in CRC has been associated with resistance to anti
EGFR therapy mainly because EGFR forms heterodimers
with HER3 [100,101].

2.5. Resistance to bevacizumab

Bevacizumab use in first-line setting and in second-line
setting in previously bevacizumab naive patients showed bet-
ter RR, OS and PFS compared to chemotherapy alone [19,28].
In patients progressing after first line treatment with beva-
cizumab containing regimen, bevacizumab might present a
possible second-line treatment strategy. In an analysis of
the BRIiTE registry, 1445 patients out of 1953 patients pro-
gressed after initial therapy with bevacizumab. Patients were
then divided into 3 treatment arms: no further treatment (253
patients), treatment without bevacizumab (531 patients) and
treatment with bevacizumab (642 patients). Patients receiv-
ing bevacizumab had significantly longer median OS beyond
progression compared to patients not receiving bevacizumab
after progression (19.2 vs. 9.5 months) [38].

In a preliminary report from the ARIES observational
cohort study which involved 1550 patients treated with
first-line bevacizumab plus chemotherapy, 504 patients
that progressed on initial therapy were divided between
oxaliplatin therapy (OX) (n=29), irinotecan therapy (IR)
(n=190), oxaliplatin + bevacizumab (OX + Bev) (n=285) or
irinotecan + bevacizumab (IR +Bev) (n=200). Similarly,
bevacizumab treatment after progression on bevacizumab
was associated with longer post-progression survival regard-
less of chemotherapy line used (13.4 months and 12.5 months
in IR + Bev and OX + Bev versus 6.8 months and 4.1 months
in IR and OX alone) [102].

Recently, these results were confirmed in a randomized
phase III trial by Bennouna et al., 820 patients with previous
documented progression on bevacizumab where randomized
to either bevacizumab + chemotherapy or to chemotherapy
alone. OS (11.2 months vs. 9.8 months, P=0.0062) and
PFES (5.7 months vs. 4.1 months) were significantly higher
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Fig. 3. Red: possible receptors involved in resistance to cetuximab in wild type kras. Blue: possible effector molecules involved in bevacizumab resistance.
Green: alternative pathways inhibited by administration of aflibercept and regorafenib following progression on bevacizumab. VEGF: vascular endothelial
growth factor; VEGFR: vascular endothelial receptor; PDGF: platelet-derived growth factor; PDGFR: platelet-derived growth factor receptor; FGF: fibroblast
growth factor; FGFR: fibroblast growth factor; HGF: hepatocyte growth factor; mTOR: mammalian target of rapamycin; PI3K: phosphotidylinositol 3-kinase;
FLT-3: FMS-Like Tyrosine Kinase 3; Angl: angiopoietin 1; SCF: stem cell factor; PIGF: placental growth factor; TGF-a: transforming growth factor-alpha;
EGF: epidermal growth factor; EGFR: epidermal growth factor receptor; GDNF: glial-derived neutrophic factor; TIE-2: tyrosine kinase with immunoglobulin
and epidermal growth factor homology domains; IGF: insulin-like growth factor; IGFR: insulin like growth factor receptor. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

with combined therapy. RR were comparable between the 2
treatment arms (5.4% vs. 3.9%, P=0.3113)[44]. Treatment
related toxicity in continuing bevacizumab following pro-
gression was consistent with published literature on treatment
of bevacizumab naive patients.

Resistance to chemotherapy involves changes in tumor
cell biology, whereas resistance to bevacizumab involves
development of alternative angiogenesis pathways [ 103,104].
Recently, Lieu et al. associated resistance to bevacizumab
with other VEGF ligands particularly VEGFD and PIGF
(Fig. 3). These 2 ligands were consistently increased follow-
ing progression on bevacizumab. The authors suggest that a
possible mechanism to overcome resistance to bevacizumab
is by inhibition of these ligands which are suspected to be
one of the reasons behind resistance to bevacizumab [105].
One hypothesis that explains the possible clinical benefit
achieved following bevacizumab resistance is that persis-
tent VEGF suppression, alone with secondary and tertiary
cytotoxic regimens, may result in continuing clinical benefit
[102].

Continued VEGF inhibition following progression on
bevacizumab is supported by the CORRECT trial where
patients progressing on all approved standard treatments
were administered regorafenib. Regorafenib is a multiki-
nase inhibitor targeting multiple tumor pathways that include

VEGFR1-3, TIE 2, PDGFR, FGFR, KIT and RET. In this
phase III trial, regorafenib versus best supportive care was
associated with significantly better OS (6.4 vs. 5.0 months)
and PFS (1.9 vs. 1.7 months) [106]. Also in the VELOUR
study, patients progressing on bevacizumab were adminis-
tered FOLFIRI plus aflibercept. Aflibercept is a recombinant
human fusion protein that prevents VEGFA, VEGFB and
PIGF from binding to their receptors. Aflibercept plus
FOLFIRI improved OS (12.5 vs. 11.7 months) and PFS (6.7
vs. 3.9) compared to FOLFIRI alone [40]. The inhibition
of alternative pathways, other than VEGF, offers a possi-
ble explanation behind the survival benefit seen both in the
VELOUR and CORRECT studies (Fig. 3).

3. Conclusion

Metastatic colorectal cancer remains a lethal disease
with a poor prognosis in the majority of patients. Multiple
drug combinations have been developed in recent years
that have significantly improved response rates and overall
survival. Despite this, resistance to these drugs is inevitable.
Beyond progression, patients have limited treatment options
available. Hence, it is vital to understand the mechanisms
behind resistance and establish ways to overcome this.
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Novel agents are currently being explored and developed
and participation in clinical trials should be encouraged. In
the absence of other treatment options in a patient with good
performance status, we have compelling evidence for re-
challenging with previously administered agents in different
combinations (summarized in Fig. 1). Further prospective
studies incorporating molecular biomarkers are required to
determine optimal treatment selection and sequencing.
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