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Abstract

Purpose Sorafenib (Nexavar®) is an oral multi-kinase
inhibitor that inhibits Raf serine/threonine kinases and
receptor tyrosine kinases involved in tumor growth
and angiogenesis. Sorafenib has demonstrated preclinical
and clinical activity against several tumor types, as a mono-
therapy and in combination with other anti-cancer agents.
Methods This review summarizes the safety, pharmacoki-
netics, and anti-tumor activity of sorafenib combined with
other targeted agents or cytotoxics from a series of Phase
I/II trials in approximately 600 patients with advanced solid
tumors.

Results Sorafenib in combination with other agents was
generally well tolerated, and most adverse events were mild
to moderate in severity. Frequent drug-related toxicities
were dermatologic, gastrointestinal, or constitutional. Most
trials supported sorafenib 400 mg bid as the recommended
dose for combination. Sorafenib generally had little effect
on the pharmacokinetics of coadministered agents and vice
versa. Preliminary anti-tumor activity was observed; over-
all disease control rates (partial response plus stable dis-
ease) ranged from 33 to 92%. Particularly promising
activity was observed in patients with melanoma, hepato-
cellular carcinoma, and non-small-cell lung cancer receiv-
ing sorafenib plus paclitaxel/carboplatin, doxorubicin, and
gefitinib, respectively.
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Conclusions Sorafenib demonstrated a good safety profile
and encouraging anti-tumor effects when coadministered
with other agents in patients with advanced solid tumors.
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Introduction

Dysregulation of the Raf/MEK/ERK pathway, which is
involved in cellular proliferation, survival, and differenti-
ation, is implicated in the development of solid tumors [1]
and is therefore a logical strategy for inhibiting malignant
tumor cell proliferation and survival. The oral multi-
kinase inhibitor sorafenib (Nexavar®; Bayer Pharmaceuti-
cals Corporation, Onyx Pharmaceuticals) targets the
Raf serine/threonine kinases (Raf-1, wild-type B-Raf,
and b-raf V60OE) and the vascular endothelial growth
factor receptor (VEGFR)-1/-2/-3, platelet-derived growth
factor receptor-f§ (PDGFR-f) and Flt-3, c-Kit, and p38
tyrosine kinases [2].

In Phase II/II clinical trials, single-agent sorafenib sig-
nificantly prolonged progression-free survival (PES) two to
fourfold versus placebo in patients with advanced renal cell
carcinoma (RCC), a historically chemoresistant tumor with
a particularly poor prognosis [3, 4]. Furthermore, sorafenib
treatment was associated with an estimated 28% reduction
in mortality risk over placebo (P =0.018; hazard ratio:
0.72) in the first survival analysis of a large, randomized,
controlled Phase III trial in RCC [3]. Compared with
standard chemotherapies that are associated with alopecia,
anemia, neutropenia, renal or neurologic side-effects, single-
agent sorafenib at 400 mg twice daily (bid) was found to be
generally well tolerated throughout the Phase I-1II clinical
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trial program [3-6]. The majority of adverse events was
mild to moderate in severity, followed a predictable course,
and was manageable [3—-6]. The most frequently reported
drug-related adverse events were dermatologic [hand—foot
skin reaction (HFSR), rash/desquamation], gastrointestinal
(diarrhea), and constitutional (fatigue) [3, 5, 6]. Severe bio-
chemical abnormalities, myelosuppression, hematologic,
cardiovascular, hepatic, and renal toxicities were rarely
reported [5]. Across the clinical program, treatment-emer-
gent hypertension at any grade was observed in 5-17%
(<5% at grade 3 or 4) of patients receiving sorafenib
400 mg bid [3, 5]. However, hypertension was manageable
with interventional anti-hypertensive drugs [3]. Similarly,
although dermatologic adverse events occurred in just over
twice as many patients receiving sorafenib compared with
those on placebo, these toxicities were generally reversible
and resolvable with topical therapies, dose modification, or
treatment interruption [3]. The excellent tolerability profile
of sorafenib suggests that it could be combined with other
anti-tumor agents, including cytotoxic agents that are usu-
ally associated with higher levels of toxicities, as well as
other targeted therapies [7]. Evidence from several human
tumor xenograft models suggests that the anti-tumor activ-
ity of a wide variety of chemotherapeutic agents, including
doxorubicin, paclitaxel, cisplatin, docetaxel, and gemcita-
bine, is enhanced by concomitant inhibition of Raf expres-
sion [8, 9].

Combinatorial targeting of multiple points upstream and
downstream in several signaling pathways is important for
inhibition of tumor proliferation and induction of apoptosis,
and thus provides a rationale for combining sorafenib with
other targeted agents. Furthermore, combining drugs that
have different mechanisms of action may enhance anti-
tumor activity by overcoming mechanisms of drug resis-
tance [10]. Preliminary preclinical studies with sorafenib in
combination with gefitinib, vinorelbine, gemcitabine, and
irinotecan have not demonstrated a significant increase in
toxicity above that expected for either agent alone [11, 12].
Sorafenib did not abrogate the anti-tumor activity of coad-
ministered gefitinib or vinorelbine in non-small-cell lung
cancer (NSCLC) xenograft models [11]. In a colon tumor
xenograft model, sorafenib plus irinotecan did not produce
greater toxicity than expected for either agent alone, and
did not reduce the efficacy of irinotecan [12]. Contrastingly,
dose reductions of both sorafenib and doxorubicin were
required for concomitant administration of these agents in a
breast xenograft model [11].

Based on these data, a series of dose-ranging trials was
undertaken to assess the safety, pharmacokinetics, and anti-
tumor activity of sorafenib in combination with anti-cancer
agents, including chemotherapies, immunotherapies, and
other targeted agents. A review of these data from sorafenib
combination trials is provided.

@ Springer

Sorafenib combination with anti-cancer therapies

Data are available from 19 Phase I/Il open-label, uncon-
trolled clinical trials conducted in over 600 patients investi-
gating sorafenib in combination with other agents
(Table 1). In general, Phase I studies consisted of a dose-
escalation part in patients with refractory solid tumors fol-
lowed by an extension part, administering the maximum
tolerated dose (MTD) to patients with a specific tumor type.

Safety
Dose-limiting toxicities

Common dose-limiting toxicities (DLTs) were HFSR and
diarrhea, and these generally occurred at higher dose levels
(Table 2) [13-17]. Less-frequent DLTs consisted of fatigue
[18], hyperuricemia [17], rash [19], and asthenia [20]. The
MTD was not reached in many of the combination trials
[13, 14, 16-18, 20-22]. With the exception of the bev-
acizumab combination [23, 24], trials generally supported a
dosing schedule of continuous oral sorafenib 400 mg bid.
Sorafenib 200 mg bid plus bevacizumab 5 mg/kg was the
MTD [23, 24]; dose-limiting hypertension, proteinuria,
thrombocytopenia, and elevated lipase were reported in
patients receiving sorafenib plus bevacizumab 10 mg/kg
[23, 24]. In the trials in which full doses of both agents
could be administered without reaching the MTD, the most
frequently reported DLTs were dermatologic and gastroin-
testinal symptoms. Five of 22 patients (23%) receiving
sorafenib 400 mg bid plus doxorubicin experienced revers-
ible dose-limiting HFSR that was considered sorafenib
related [14]. Two patients (10%) in the hepatocellular carci-
noma (HCC) extension cohort receiving sorafenib plus
doxorubicin had sorafenib-related dose-limiting HFSR that
resolved after dose reduction or temporary treatment dis-
continuation [13]. Only one of seven patients (14%) receiv-
ing sorafenib (400 mg bid) and gemcitabine (1,000 mg/m?)
developed grade 3 fatigue that was dose limiting [18]. None
of the other 19 patients in the dose-escalation phase or the
23 patients in the pancreatic extension cohort had DLTs
[18]. Only two DLTs of sorafenib-related grade 3 diarrhea
occurred in two patients (5%) who received the 400 mg bid
dose, in combination with oxaliplatin [16]. Furthermore,
only one DLT (grade 3 asthenia) was observed in one
patient (8%) receiving sorafenib (400 mg bid) plus inter-
feron-c2a (9 MIU three-times weekly) [20]. In melanoma
patients, only one DLT (grade 3 HFSR) was reported out of
a total of 15 patients receiving sorafenib (400 mg bid) plus
dacarbazine (DTIC) (1,000 mg/m?) [15]. Only two DLTs
were reported with sorafenib plus erlotinib (grade 3
hypophosphatemia and grade 2 diarrhea/anorexia) and,
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therefore, the recommended dose of this combination was
sorafenib 400 mg bid plus erlotinib 150 mg qd (Table 2)
[25].

Adverse event profiles

The sorafenib combination studies were generally well tol-
erated; in most studies, tolerability profiles were similar to
those expected with each agent as a monotherapy [15-18,
25-28]. Only sorafenib in combination with the monoclo-
nal antibody against VEGF, bevacizumab, was associated
with greater than expected toxicity based on the safety pro-
file of the individual agents [23, 24]. This combination
appeared to increase the toxicity above that reported for the
single agents. The most common adverse events with
sorafenib 200 mg bid plus bevacizumab 5 mg/kg were
hypertension, HFSR, leukopenia and infection. All patients
had elevated alanine aminotranferease (ALT) and aspartate
aminotransferase (AST), rhinorrhea, fatigue, anorexia,
weight loss, and neuropathy at grade 1 or 2 [23, 24]. In the
majority of other trials, frequent drug-related adverse
events were dermatologic (HFSR, rash/desquamation, and
alopecia), gastrointestinal (diarrhea and nausea), or consti-
tutional (fatigue) and most were grade 1 or 2 in severity.
The overall incidence of grade 1 or 2 HFSR was greater
(approximately 50 vs. 25%) in patients receiving sorafenib
400 mg bid versus 200 mg bid when combined with gefiti-
nib, oxaliplatin, doxorubicin, or DTIC [14-16, 21]. The
most common grade 3 or 4 drug-related adverse events
were dermatologic (HFSR, rash/desquamation) and gastro-
intestinal toxicities (diarrhea, vomiting), which are typical
of sorafenib, or bone marrow suppression (neutrophils/
granulocytes/leukocytes and febrile neutropenia), which is
commonly associated with standard chemotherapy.

Importantly, the adverse events observed in these combi-
nation trials with cytotoxic chemotherapy rarely overlapped
with those more commonly associated with sorafenib.
High-dose docetaxel is associated with neutrophil- and leu-
kocyte-related toxicities [29]. In patients with advanced
melanoma receiving sorafenib plus temozolomide, the
majority of toxicities could be attributed to either therapy
[30], whereas increases in the incidence of constitutional
and gastrointestinal toxicities in interferon-o2b combina-
tion studies were typical of interferon-o2b treatment [31,
32]. Together, these studies suggest that sorafenib has the
potential to be combined with a variety of chemotherapies
and targeted agents.

Pharmacokinetics

Sorafenib generally had little effect on the pharmacokinet-
ics of coadministered agents and vice versa (Table 3)

[16-18, 20, 33]. Increases were observed in drug exposures
of doxorubicin, irinotecan, and docetaxel, in combination
with sorafenib [13, 14, 22]. These findings were neither
generally dose related nor were they associated with
increased clinical toxicity, and thus were not considered
clinically meaningful. Although sorafenib pharmacokinet-
ics were not influenced significantly by concomitant doxo-
rubicin, slight increases in doxorubicin and doxorubicinol
C..x and AUC values were observed with sorafenib
400 mg bid (given as 50 mg tablets) [13, 14], but these
alterations were not associated with an increase in myelo-
suppression. No significant change in doxorubicin exposure
was observed when coadministered with either sorafenib
400 mg bid given as 200 mg tablets, or with lower doses of
sorafenib (100 or 200 mg bid) [13, 14]. Coadministration of
sorafenib (100 or 200 mg bid) and irinotecan (125 mg/mz)
did not substantially alter the clinical tolerability of either
drug. Increased exposure to irinotecan and its metabolite
SN-38 was reported with the combination of irinotecan
125 mg/m? or 140 mg (fixed dose) with sorafenib 400 mg
bid, but did not appear to increase clinical toxicity, suggest-
ing that this is not a clinically significant effect. Irinotecan
140 mg (fixed dose) had a negligible effect on the pharma-
cokinetics of sorafenib [22].

Efficacy
Anti-tumor activity

Anti-tumor activity for mixed-tumor studies and single-
tumor studies are presented in Tables 4 and 5, respectively.
Overall disease control rates (partial response plus stable
disease) ranged from 33 to 92% across these trials. Sorafe-
nib plus paclitaxel/carboplatin showed particularly promis-
ing activity in metastatic melanoma patients: one (~1%)
complete response, a partial response rate of 26%, and a
stable disease rate of 58% (disease control rate of 84%)
were reported [26]. In addition, 13-17% of melanoma
patients achieved a partial response and 53—-61% of patients
had stable disease (disease control rate of 66-78%) with
sorafenib in combination with DTIC [15, 28]. Although
few trials in advanced melanoma describe PFS, the median
PFS of 8.8 months reported with sorafenib plus carboplatin/
paclitaxel compares favorably with that reported for DTIC/
cisplatin/interferon-¢:2a with or without interleukin-2 (3.9
and 3.0 months, respectively) [26, 34]. In a subpopulation
of NSCLC patients, sorafenib plus carboplatin/paclitaxel
also demonstrated a relatively high level of partial
responses and disease stabilizations (27 and 47%, respec-
tively), as well as a median PFS of almost 5 months [27].
The combination of sorafenib and doxorubicin appeared
promising in advanced HCC, with 67% of patients in an

@ Springer
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extension cohort achieving stable disease [13]. Partial
responses were reported in two heavily pretreated ovarian
cancer patients (11%) treated with sorafenib (400 mg bid
cohort) plus gemcitabine in the dose-escalation part of the
trial. Both patients had received previous taxane, platinum,
and anthracycline therapies [18]. A relatively high level of
disease stabilization was achieved with sorafenib plus gem-
citabine in the dose-escalation phase in patients with mixed
solid tumors and in the MTD expansion cohort in patients
with pancreatic cancer (63 and 57%, respectively) [18].
This combination demonstrated anti-tumor activity in a
recent Phase II study in epithelial ovarian cancer patients,
with approximately two-thirds of patients achieving partial
response or stable disease, and a median time to progres-
sion of 7.6 months [35]. Sorafenib combined with the epi-
dermal growth factor receptor (EGFR) inhibitor gefitinib
demonstrated encouraging anti-tumor activity in NSCLC
patients, with 63% achieving stable disease (median dura-
tion 20.4 weeks) (Table 5) [21]. Similarly, sorafenib plus
another EGFR inhibitor, erlotinib, produced partial
responses in 23% of patients and stable disease in 62%
[25]. A relatively high disease stabilization rate (42—75%)
was also reported in patients with solid tumors who
received sorafenib combined with bevacizumab (Table 4)
[23, 24]. Four of 14 patients with epithelial ovarian cancer
achieved partial responses with sorafenib plus bevacizumab
[23]. Fistula formation was observed in areas of rapid
tumor regression in three ovarian cancer patients, two of
whom achieved partial response [23]. In metastatic RCC
patients in the first- and second-line setting, sorafenib plus
interferon-o2b generated response rates that were greater
than either agent alone: two complete responses were
reported and approximately one third of patients achieved
partial response [31, 32].

Discussion

Sorafenib in combination was generally safe and well toler-
ated in patients with advanced, progressive solid tumors,
including RCC, melanoma, HCC, and colorectal cancer
(CRO), with little evidence of clinically relevant drug—drug
interactions. The reported safety and tolerability profiles
associated with sorafenib in combination with other anti-
cancer agents are encouraging and consistent with the
results of the preclinical combination studies [11, 12].

The safety profile observed in the Phase I/II combination
trials was similar to that reported in Phase I trials of single-
agent sorafenib [36]. The most frequently observed adverse
events included HFSR, rash, diarrhea, and fatigue, which
were mostly mild to moderate in severity, and most tended
to occur at higher doses of sorafenib. In a pooled safety
analysis from four Phase I trials, the occurrence of skin

toxicity or diarrhea in patients receiving sorafenib at doses
ranging 300-600 mg bid is correlated with a longer time to
tumor progression [36]. The optimal dose of sorafenib plus
bevacizumab has yet to be established. Potential synergistic
inhibitory effects on the VEGF/VEGFR pathway may be
responsible for the apparent increased level of toxicities
(e.g. hypertension, proteinuria, and thrombocytopenia),
observed with sorafenib plus bevacizumab, above those
reported for at least equal doses of single agents [23, 24].
Despite this, sorafenib appears to be easily combined with
many other treatments due to its favorable safety profile on
a continuous administration schedule and its convenient
oral route of administration.

Generally, there were no clinically relevant pharmacoki-
netic drug—drug interactions when sorafenib was combined
with other anti-cancer agents. Exposure to doxorubicin, iri-
notecan, and docetaxel did increase when combined with
sorafenib; however, this effect was not accompanied by any
significant increase in clinical toxicity. Interactions at the
level of hepatic metabolism and elimination may account
for the observed increase in drug exposure of these agents.

Multiple signaling pathways contribute to tumor growth
and angiogenesis. Therefore, combining agents with differ-
ent mechanisms of action may enhance anti-tumor activity
through horizontal and/or vertical inhibition of multiple
tumorigenic pathways [37]. For example, sorafenib plus an
EGFR inhibitor (e.g. erlotinib or gefitinib) may achieve
vertical inhibition of the Raf/MEK/ERK pathway by target-
ing both Raf and the EGFR in tumor cells. A horizontal
inhibition of signaling pathways may be achieved through
inhibition of Raf, PDGFR, and VEGFR with sorafenib and
the anti-VEGF monoclonal antibody bevacizumab.

Drug resistance to cytotoxics, such as doxorubicin and
docetaxel, is a common clinical problem limiting their
effectiveness, especially as single agents. Data suggest that
conventional therapies exert their cytotoxic activities pri-
marily by inducing apoptosis in tumor cells, and that resis-
tant cells adopt mechanisms to evade apoptotic pathways
[38]. One mechanism of chemoresistance may involve the
overexpression of anti-apoptotic molecules, such as Bcl-2
[39]. Recent evidence suggests that synergism between
Bcl-2 and Raf-1 may enhance the suppression of apoptosis
[39]. Sorafenib can induce apoptosis in vitro in a variety of
human cancer cell lines by enhancing the proteasomal deg-
radation of Bcl-2 family member, Mcl-1 [40]. Thus, down-
regulation of anti-apoptotic molecules may help sensitize
tumor cells to chemotherapy. Expression of the multidrug
resistance 1 (mdr-1) gene is associated with solid tumors
that have a high level of intrinsic or acquired chemoresis-
tance [41]. The effects of Raf in regulating the mdr-1 gene
and on regulating the sensitivity of tumor cells to chemo-
therapy-induced cell death suggest that drug resistance may
be reduced with a Raf inhibitor, such as sorafenib [42].

@ Springer
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Raf-1 activation has also been associated with potent inhi-
bition of apoptosis, leading to cell survival [43]. Downreg-
ulating B-Raf expression using small interfering RNAs
inhibits MEK/ERK activation and cell growth, and induces
apoptosis in melanoma cell lines [44].

Anti-tumor activity with sorafenib combinations was
equivalent to or potentially better than with either drug
alone. Anti-tumor activity with sorafenib plus DTIC or pac-
litaxel/carboplatin was encouraging in advanced mela-
noma, with disease control rates of up to 78 and 84%,
respectively [15, 19, 26]. These data compare favorably
with DTIC or paclitaxel/carboplatin alone, in which partial
responses were obtained in 10 [45] and 20% [46] of
advanced melanoma patients, respectively. A Phase II trial
of carboplatin/paclitaxel in melanoma patients demon-
strated a low overall response rate of <10% [47]. Therefore,
it is possible that the improved anti-tumor activity reported
with sorafenib plus carboplatin/paclitaxel results from a
synergistic interaction between these agents. In NSCLC
patients, a stable disease rate of 63% was reported when
treated with sorafenib combined with the targeted agent
gefitinib [21]. Furthermore, sorafenib plus the targeted
agent bevacizumab produced disease stabilization in 42-75%
of patients with a variety of solid tumors [23, 24].

Some patients who were refractory to single-agent che-
motherapy demonstrated improved tumor response when
the same chemotherapy was administered in combination
with sorafenib [16, 18]. For example, a high proportion of
CRC patients who received sorafenib plus oxaliplatin in an
extension study had stable disease, despite these patients
showing previous resistance to oxaliplatin monotherapy
[16]. Two heavily pretreated ovarian cancer patients,
refractory to taxanes, platinum-containing chemotherapies,
and anthracyclines, achieved partial responses with sorafe-
nib plus gemcitabine [18]. Furthermore, a patient with
recurrent nasopharyngeal carcinoma in the dose-escalation
cohort, who was previously minimally responsive to gem-
citabine treatment, had stable disease for >1 year when
receiving gemcitabine plus sorafenib [18]. These findings
could be attributable to sorafenib sensitizing previously
treatment-refractory patients to the coadministered agents.

In addition to sorafenib’s pro-apoptotic effect, its anti-
angiogenic properties may render tumors more susceptible
to chemotherapy by altering the vasculature. Inhibiting
tumor angiogenesis can enhance delivery of cytotoxic
agents by affecting the vasculature, and thereby increase the
effectiveness of concomitant chemotherapy [48]. Tumor
blood vessels formed under the influence of VEGF are dis-
organized and leaky, with high interstitial pressure, which
reduces access to chemotherapies [49]. Inhibiting VEGF
can reduce vessel abnormality and increase the permeabil-
ity of the tumor to chemotherapies [48]. Therefore, the
combination of bevacizumab plus sorafenib is an attractive

@ Springer

therapeutic strategy because of their potentially synergistic
effects on the vasculature and tumor.

Overall, sorafenib has a promising safety profile and
demonstrates encouraging anti-tumor effects in combina-
tion with other anti-cancer agents in patients with several
solid tumor types. In general, sorafenib at the full-recom-
mended dose of 400 mg bid does not increase the risk of
clinical toxicity of combination therapy above that
expected for either agent alone. Results from these studies
suggest that sorafenib in combination with other cytotoxics
or targeted agents are potentially valuable new treatment
alternatives for patients with advanced solid tumors.

Future directions

Given the complexity of the interactions between tumor
cells and their environment, and the variety of pro-angio-
genic and/or growth-promoting (autocrine) factors that
tumors can produce, there is a strong rationale to combine
agents with different mechanisms of action. The results
from the trials reported here have led to the initiation of
other combination clinical trials to evaluate sorafenib in a
variety of solid tumor types. Sorafenib in combination with
the chemotherapy gemcitabine or EGFR tyrosine kinase
inhibitor, erlotinib, is being evaluated as first-line treatment
in an ongoing Phase II trial in elderly patients or patients
with a performance status of 2 affected by advanced
NSCLC [50]. A Phase II trial with sorafenib combined with
the anti-VEGF monoclonal antibody bevacizumab is also
underway. Phase III trials have recently been initiated with
sorafenib plus carboplatin/paclitaxel in advanced mela-
noma and NSCLC patients. The promising combination
data now available for several targeted agents, and their late
stage of clinical development, also raises questions about
how best to optimize their use in the clinic. Optimal dos-
ages and treatment schedules (i.e. concomitant or sequen-
tial administration of combination therapies) need to be
investigated. Whether these combinations offer a PFS or
overall survival benefit must still be determined. Finally,
the development of appropriate biomarkers to facilitate
patient selection and to monitor response to combinations
of targeted therapies is also an important area for further
translational research.
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