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Abstract

Background—This phase 1, dose-finding study determined the safety, maximum tolerated dose
(MTD)/recommended phase 2 dose (RP2D), antitumor activity, and molecular correlates of
IP1-926, a Hedgehog pathway (HhP) inhibitor, combined with cetuximab in patients with relapsed/
metastatic squamous cell carcinoma of the head and neck.

Patients and Methods—Cetuximab was given with a 400 mg/m? loading dose followed by 250
mg/m? weekly. IP1-926 was given daily starting two weeks after cetuximab initiation. A “3+3”
study design was used. Prior therapy with cetuximab was allowed. Tumor biopsies occurred prior
to cetuximab initiation, prior to IP1-926 initiation, and after treatment with both drugs.

Results—Nine patients were enrolled. The RP2D was 160 mg, the same as the single-agent
IP1-926 MTD. Among 9 treated, 8 evaluable patients, the best responses were 1 partial response
(12.5%), 4 stable disease (50%), and 3 disease progressions (37.5%). The median progression free
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survival was 77 days (95% confidence interval 39-156). Decreases in tumor size were seen in both
cetuximab-naive patients (one HPV-positive, one HPV-negative). The most frequent treatment-
emergent adverse events were fatigue, muscle cramps, and rash. No DLTs were observed. Tumor
shrinkage and progression free survival were associated with intra-tumoral ErbB and HhP gene
expression down-regulation during therapy, supporting the preclinical hypothesis.

Conclusion—Treatment with IPI1-926 and cetuximab yielded expected toxicities with signs of
antitumor activity. Serial tumor biopsies were feasible and revealed proof-of-concept biomarkers.

Keywords

Hedgehog signaling pathway; phase 1; cetuximab; combination therapy; head and neck squamous
cell carcinoma

Introduction

Cetuximab is an anti-epidermal growth factor receptor (EGFR/ErbB) antibody whose
efficacy in treating relapsed/metastatic head and neck squamous cell carcinomas (R/M
HNSCC) is limited by inherent or acquired resistance [1]. Epithelial-to-mesenchymal
transition (EMT) has been hypothesized as a possible cause for drug resistance and worse
prognosis in HNSCC [2-4]. The Hedgehog signaling pathway (HhP) has been implicated in
EMT [5]. In the HhP the sonic hedgehog (SHH) ligand activates a signaling cascade that
leads to glioma-associated oncogene family zinc finger 1 (GLI1) expression, which in turn
modulates numerous cancer target genes [5, 6]. Expression of HhP and GLI1 is associated
with poor response to radiation /77 vivo and worse prognosis in HNSCC patients treated with
curative intent radiation therapy [7, 8]. Preclinical data suggest that the hedgehog and EGFR
pathways interact. EGFR and HhP signaling converge and/or synergize upstream of GLI1
through the MEK/ERK signaling pathway in cancer cells and during keratinocyte oncogenic
transformation [9, 10]. In patient—derived tumor xenografts (PDX) inhibition of the HhP
with the novel HhP inhibitor IP1-926 (Infinity Pharmaceuticals, Boston, MA) caused tumors
to have a more epithelial, EGFR-dependent phenotype [11]. When HhP inhibition was
combined with cetuximab, tumors were eliminated in two cases and re-growth was
significantly delayed in the other two cases [11]. Expression of EMT genes TWIST and
ZEB2 was increased in sensitive xenografts, suggesting a possible resistant mesenchymal
population [11]. Therefore, combined inhibition of EGFR with cetuximab and the HhP
pathway with IP1-926 was a rational approach in patients with R/M HNSCC.

In the first-in-human, phase 1, single-agent study of IP1-926, the recommended phase 2 dose
(RP2D) was 160 mg daily [12]. The most common adverse events (AEs) were fatigue,
nausea, muscle spasms, liver function abnormalities, and alopecia [12]. Given the preclinical
rationale for combining HhP and EGRF inhibition, we conducted an open-label, phase 1
study combining IP1-926 and cetuximab to determine the maximal tolerated dose (MTD)/
RP2D, toxicity profile, antitumor activity, and molecular correlates in patients with R/M
HNSCC (NCT01255800).
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Patients and Methods

Patients

Design

Inclusion criteria included patients with: histologically/cytologically confirmed R/M
HNSCC; tumors amenable to biopsy; willingness to undergo three sequential tumor
biopsies; measurable disease per RECIST 1.1; age =18 years, life expectancy > 12 weeks;
adequate hepatic, hematologic, and renal function; Eastern Cooperative Oncology Group
performance status (ECOG PS) of <2; ability to swallow whole pills; previous treatment
completed >4 weeks prior, and use of effective contraception. Prior treatment with
cetuximab was allowed. Exclusion criteria included: presence of any medical/social factors
affecting patient safety; pregnancy or breastfeeding; known human immunodeficiency virus;
known or suspected clinically active brain metastases; venous thromboembolic disease that
was symptomatic or diagnosed within the previous month; baseline QTcF >450 ms (men) or
>470 (women); concurrent use of strong inducers or inhibitors of CYP3A4, PgP inhibitors,
or medications that prolong the QTcF interval; and/or history of hypersensitivity reactions to
cetuximab. The institutional review board granted approval and written informed consent
was mandatory.

This was an open-label, dose escalation study of orally administered daily IP1-926 in
combination with cetuximab given in 28-day cycles. On C1DO0 patients underwent a tumor
biopsy and aspiration. Cetuximab was administered at 400 mg/m2 IV on C1D1 and then 250
mg/m? IV weekly thereafter. Cetuximab was administered first to allow patients to receive
an FDA-approved therapy earlier in their treatment course. Patients underwent a tumor
biopsy on C1D14. IP1-926 was administered by mouth starting on C1D15 and continued
once daily by mouth thereafter. Patients underwent a third biopsy on C2D14-21. Patients
who developed a cetuximab-rash were treated per local standard of care

IP1-926 Dose Escalation

IP1-926 was administered at 130 or 160 mg daily to cohorts of 3 or more patients each using
a standard “3+3” design. The 130 mg starting dose was chosen as representing the first dose
level down from the established single-agent MTD of 160 mg in order to maximize safety.
Each cohort initially enrolled up to 3 patients. Patients were considered evaluable for
efficacy if they received at least four weeks of therapy unless the reason for not doing so was
a dose limiting toxicity (DLT) or other IP1-926-related toxicity. Non-evaluable patients were
replaced. If none of the first 3 evaluable patients experienced a DLT, then the dose of
IP1-926 was escalated; if no more than 1 DLT was observed in the first 3 evaluable patients,
the cohort was expanded to 6 patients. A dose was considered not tolerated if the observed
rate of DLT in at least 6 patients was 33%. Patients were evaluated for efficacy by imaging
using RECIST 1.1 every 8 weeks by imaging. Patients with stable disease or better received
repeat cycles of treatment until progressive disease, unacceptable toxicity, or withdrawal of
consent.
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Safety Monitoring

Safety assessments included: vital signs, laboratory assessments, and physical exams.
Adverse events were assessed using the National Cancer Institute Common Terminology
Criteria for Adverse Events (CTCAE) version 4.02. DLT included >grade 3 non-
hematologic events considered possibly, probably, or definitely related to the combination
study drug treatment, excluding untreated nausea, vomiting, or diarrhea.

Biopsy protocol and tissue analysis

Statistics

Results

Two tumor tissue core biopsies were collected using standard practices by interventional
radiology and samples were transferred directly to 10% formalin for processing. One fine
needle aspirate (FNA) was deposited directly into RLT lysis buffer for RNA isolation
(Qiagen) using the manufacturers protocol. RNA sequencing was performed on fresh or
flash frozen FNA material. Tissue samples were cut and stained with hematoxylin-eosin
(H/E) and by immunohistochemistry (IHC) that has been previously described [11]. HPV
status was determined by /n situ hybridization.

Sample size was determined empirically, based upon a 3+3 escalation design. Descriptive
statistics were used for analyses of safety and tumor response. The bioinformatics strategy
for RNAseq Analysis was previously reported [13].

Demographics and Baseline Characteristics

Patient demographics and baseline characteristics are described in Table 1. Nine patients
were enrolled and eight received therapy with both drugs (A=3 [130 mg], /=6 [160 mg]).
The median age was 57 years and most patients were heavily pretreated. Most patients
(77.8%) had received a prior EGFR-targeted therapy. A small majority of patients were
HPV-positive (55.6%) and both local-regional and distant relapses were represented.

Dose Escalation and Safety

IP1-926 dosing started at 130 mg and was escalated to 160 mg (single-agent MTD). No
DLTs were seen in either of the 2 dose-escalation cohorts. Patients receiving at least one
dose of either drug were evaluated for safety (A=9). The most frequent all-grade treatment
emergent AEs attributed to IP1-926 were nausea (33%), muscle cramps (22.2%), and fatigue
(22.2%) (Table 2). The most common all-grade treatment emergent AEs attributed to
cetuximab were mucocutaneous (Table 2). One patient in the 160 mg cohort had a grade 3
infusion reaction to the loading dose of cetuximab and was replaced. Four patients
experienced a total of four serious adverse events (SAES); all were deemed due to concurrent
illness or disease under study. One patient died while on study from a stroke related to
underlying disease. There were no dose reductions in cetuximab due to AEs. Three patients
in the IP1-926 160 mg cohort reduced their dose to 130 mg for fatigue, though in each case
the fatigue was deemed related to disease under study and only possibly related to IP1-926.
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Hematologic toxicity was not observed. Study enrollment stopped when IP1-926 production
ceased after a negative pancreatic cancer study.

Of the 9 patients treated, 8 were evaluated following 2 or more cycles for response per
RECIST 1.1 (one was not eligible for evaluation due to a grade 3 cetuximab reaction and
was replaced). The best responses in evaluable patients were 1 partial response (PR)
(12.5%), 4 stable diseases (SD) (50%), and 3 progressive diseases (PD) (37.5%) (Figure
1A). The two cetuximab-naive patients had the most significant responses. Median PFS for
all patients was 77 days (95% confidence interval [CI] 39-189). The median PFS for HPV-
positive patients was 44 days (95% CI 39-156) versus 144 days for HPV-negative cancers
(95% CI1 56-190, p=0.09 by log rank test). Overall, 2 (22.2%) patients discontinued therapy
due to an AE (cetuximab infusion reaction and stroke) and 7 (77.8%) patients stopped due to
disease progression.

Biopsies and Molecular Correlates

All 9 patients underwent a tumor biopsy at cycle 1 day 0 (C1D0). All eight patients
remaining on study at C1D14 received study biopsies. Six patients received a biopsy at
C2D14-21 (Figure 2A); two patients had discontinued therapy at that point for progression.
There were no complications of sequential biopsies.

RNAseq-based transcriptome analysis was performed on each biopsy and comparisons were
made based on patient outcomes, where “good” outcomes included tumor regression and/or
PFS of >150 days (patients 2, 4, 6, 7); the remaining patients were “poor” outcomes.
Bivariate comparisons were completed as diagramed in Figure 2B. However, comparisons
between good and poor outcomes were determined to be more robust due to larger sample
sizes (Bold Arrows).

To investigate how EGFR and HhP inhibition modulate ErbB and HhP genes, volcano plots
of global gene expression were generated highlighting genes in both pathways. We first
compared (Figure 2B, horizontal comparison) the relative expression of genes (good/poor
outcomes) at each of the three biopsies (Figure 2C). After cetuximab treatment the
expression of ErbB genes (red) was suppressed in patients that had a good outcomes,
shifting the population dramatically. A similar suppression and shift of HhP genes (green) in
good outcomes is seen upon the addition of IP1-926 and together this supports that both
cetuximab and IP1-926 successfully suppressed their targeted pathways (Figure 2C). Using
the same method we next compared the effects of treatment on good and poor outcomes
independently (Figure 2B, vertical comparisons). As expected, cetuximab treatment
suppressed ErbB genes in good responders but had no effect on patients with a poor outcome
(Figure 3). Similarly, addition of IP1-926 suppressed HhP genes when compared to baseline
or cetuximab biopsies in the same patients. Importantly, HhP inhibition led to increased
expression of ErbB genes. We have previously reported similar findings in HNSCC cell lines
and PDX, concluding that HhP signaling is a negative regulator of EGFR signaling whose
inhibition sensitizes cells to EGFR inhibition [11].
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Discussion

This study demonstrates that IPI1-926, an oral, small molecule inhibitor of the Hedgehog
signaling pathway, can be safety combined with standard weekly cetuximab at the single-
agent IP1-926 MTD of 160 mg daily. Tumor biopsies during therapy were feasible and
demonstrated that transcriptome analysis of target pathways correlated with clinical
outcome.

No new safety signals were observed in this trial. The most common AEs of all grades
included fatigue, nausea, and muscle cramps associated 1P1-926 and electrolyte and
mucocutaneous reactions associated with cetuximab [12, 14]. As there were only 2 dose
cohorts in this small phase 1 trial, it was difficult to assess whether IP1-926-related AEs
were dose dependent in this trial, although previous experiences indicate 1P1-926-related
toxicities are dose-dependent [12]. The addition of IP1-926 to cetuximab did not reduce
cetuximab dose intensity, as no dose reductions in cetuximab were required. The declared
RP2D of 160 mg IP1-926 plus cetuximab is supported by the lack of DLTs, though the
sample size limits authoritative conclusions. Moreover, when IP1-926 was combined with
gemcitabine, a more toxic agent than cetuximab, in another study the RP2D was also 160
mg daily (NCT01130142). Though our study did not perform pharmacokinetic assessments,
there appears to be no PK interaction with other multi-agent anti-cancer therapies [15].

Though definitive conclusions about efficacy are limited by sample size in this pilot trial,
there were signs of clinical activity with this drug combination. The partial response rate of
12% is consistent with the expected response rate in cetuximab-naive patients with R/M
HNSCC, though most patients in this study were previously treated with cetuximab [14].
Both cetuximab-naive patients but no cetuximab-pretreated patients experienced tumor
regression. While tumor shrinkage may have reflected responses to cetuximab independent
of IP1-926, it is also consistent with our preclinical investigations and the gene expression
profiles in this study demonstrating that HhP inhibition drives tumors to a more epithelial,
EGFR-sensitive phenotype [11]. However, the lack of responses in cetuximab pre-treated
patients suggests that HhP inhibition may not potent enough to convert EGFR-resistant
tumors back into an EGFR-sensitive state.. One could theorize that, based upon pre-clinical
data, HhP inhibitors should be given prior to cetuximab in future in order to increase EGFR-
dependence and cetuximab activity. Unfortunately, these data were not established when the
clinical protocol was written. There was a suggestion of increased PFS in HPV-negative
tumors (143 days) compared to HPV-positive (44 days), though this did not reach statistical
significance (p=0.09). While HPV-positive HNSCC patients have better overall prognosis in
the R/M setting, growing data suggest that EGFR inhibition may be more effective in HPV-
negative cases[16]. HhP inhibition may have enhanced this effect in the HPV-negative
tumors in this study. Interestingly, in preclinical studies the combination was more effective
in HPV-negative tumors, and HPV-positive tumors had higher GLI1 expression when treated
with combined HhP and EGFR inhibition [11].

Serial tumor analysis was feasible and yielded molecular correlations of clinical response,
and supported preclinical observations. In patients with a good outcome, tumor mRNA
levels of ErbB/MAPK and HhP pathways were suppressed by cetuximab and IP1-926,
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respectively; this pattern was not observed in poor outcomes. These findings are consistent
with /n vitroand PDX data showing that ErbB and HhP suppression are required for
antitumor activity with the combination of cetuximab and IP1-926 [11]. This study also
demonstrated that HhP inhibition increases ErbB signaling. In a future study, it would be
intriguing to assess whether giving an HhP inhibitor prior to cetuximab increases responses
by making tumors more EGFR dependent. Given the small sample size, it is possible that
ErbB and HhP changes over time may have reflected the natural biology of the tumors rather
than treatment effect. Similarly, the categorization of tumors into “good” or “bad” based
upon both tumor shrinkage and PFS may have confounded the results. The necessity of
effective ErbB pathway and HhP blockade for benefit, however, remains similar to
preclinical models and supports these as treatment effects in patients. Unfortunately, the best
predictive biomarker of benefit for HhP inhibition across all tumor is a mutation in the HhP
(i.e. PTCH) and this in only seen commonly in basal cell carcinoma [17]. Overall, these data
suggest that a) effective suppression of target pathways in patients was associated with
improved tumor response, and b) the preclinical models used to design this trial predicted
patient responses accurately.

This study has several limitations. The clearest limitation is that it is a nine patient pilot
study with no expansion cohort. Though the small sample size resulted from cessation of
IP1-926 production, it makes it difficult to draw definitive conclusions about toxicity and
efficacy. Similarly, it diminishes the robustness of the molecular correlations, though p
values for several comparisons between good and poor responders were well below 0.001.
Another limitation was the inclusion of both cetuximab pre-treated and naive patients, as this
heterogeneity may have introduced a variable that makes efficacy more difficult to assess.
Lastly, cetuximab may work via adaptive immunity and modulation of the tumor
microenviroment [18, 19]. The roles of the immune system and tumor microenvironment
were not clearly assessed in this trial.

In conclusion, this phase 1 combination study of IPI1-926 and cetuximab established the
RP2D as 160 mg of IP1-926 when given with cetuximab. The toxicity profile appears to be
tolerable and there were encouraging signs of anti-cancer activity. Serial tumor biopsies
were feasible and revealed that clinical responses may correlate with molecular down
regulation of the EGFR and Hedgehog pathways. These findings are consistent with
preclinical observations and support further exploration of this therapeutic combination.
Dual blockade of EGFR and HhP would be particularly intriguing to assess in a study of
anti-EGFR treatment naive, HPV negative patients.
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Highlights

- The hedgehog and EGFR signaling pathways interact in head and neck
squamous cell carcinomas (HNSCC).

- We performed a pilot study to assess the safety and efficacy of IP1-926, an
oral hedgehog inhibitor, plus cetuximab in patients with relapsed/metastatic
HNSCC

- The combination of IP1-926 and cetuximab was safe.

- Serial tumor biopsies were safe and suggested that efficacy was associated
with hedgehog and EGFR pathway inhibition.
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Figure 1.

Clinical responses to therapy. A) Best responses for patients treated with IP1-926 and
cetuximab. B) Progression free survival by HPV status and prior cetuximab exposure.
Median PFS for HPV-positive is 44 days (95% Cl 39-156) versus 144 days for HPV-

negative cancers (95% CI 56-190, p=0.09).
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are heavily influenced by EGFR and Hedgehog pathway genes (green dots) and. Poor
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Volcano plots depicting global gene expression (grey) as well as expression of selected ErbB
genes (red dots) that are heavily influenced by EGFR and Hedgehog pathway genes (green
dots). Good (left) and poor (right) outcomes are separated. Relative expression is depicted
for the comparisons on the left. In good outcomes, ErbB genes (red) and HhP genes (green)
are suppressed (shifted right to left) following cetuximab and IP1-926 treatment,

respectively.
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Table 1
Patient and disease baseline characteristics.
Demographic or IP1-926 Dose Cohort
Patient
Characteristic 130 mg (N= 3) | 160 mg (N=6) | Total (N=9)
Age, median (y) | 53 | 60 | 57
Male | 2 | 5 | 7
Female | 1 | 1 | 2
White or Caucasian | 3 | 5 | 8
Middle Eastern | 0 | 1 | 1
ECOG PS
0 0 1 1
1 3 5 8
Smoker 210 pack-years | 2 | 1 | 3
Location of primary
Tonsil | 1 | 3 | 4
Oral Tongue | 1 | 1 | 2
Base of Tongue | 1 | 1 | 2
Unknown primary | 0 | 1 | 1
HPV status | | |
Positive | 2 | 3 | 5
Negative | 1 | 2 | 3
Unknown | 0 | 1 | 1
No. of prior therapies for relapsed/metastatic cancer | 1.6 (range: 1-3) | 2.5 (range: 1-3) | 2.2 (range: 1-3)
Prior cetuximab | 2 | 5 | 7
Site(s) of measurable disease
Local-regional only | 2 | 2 | 4
Distant only | 1 | 2 | 3
Local-regional and Distant | 0 | 2 | 2

Oral Oncol. Author manuscript; available in PMC 2017 November 08.



Page 14

Bowles et al.

Author Manuscript

'9Z6-1d1 POAIBOBI J9ABU PUB eWIXNIsd 40 8sop Buipeo] siy Buimojos Apnis WO1) PRAOLWAL SeM (BLUIXNI3D 0] UO1JRal uoisnyul € apelB e yim juaired sy
*

¢ dlqeL

Author Manuscript

ojo|lT|lofjolT|O]O]O elwasaubewodAH
ojoftjojojrfojojo SNISOONIA
ojo|T 0l0]JT]0]JO]O eayirelg
Tloflo]|«t|o]olofo]o UOIIIBA UOISNYU]
oJolz]o|o]|z|o]| o] o | uonewenbsapunsiia
ojo|lv|jofjo|lc|ojo|c ysel wiosudy

QeIXn}a) o} paINgLIY
0ojo|T 0l0]JT]0]JO]O 1SV palens|3
olofT]ofo]T|ofo]oO e1sanbsAq
ojo|jTjofjojojojo|T e19ado|y
0Ol T|T ofjoJTf|loOo]|]T|O anbije
ojojcjofjoyjT|ojoy|T sdweid ajasniA
ojojejofjoylrT|ojoy|c BasNeN

9¢6-1d1 01 painqLnv

ele|t|efe]r]efe]r apeIo

0 0 0 171@ © yum syualred

6 9 € sjuaied ajgenjeng
[elo0L Buw 09T Bui ogT 19A3] 3S0P 9¢6-1d1

‘woldwAs pue [aA3] aS0p AQ SIUBAS 3SIaApe pale|al-luawileal |

Author Manuscript

Author Manuscript

Oral Oncol. Author manuscript; available in PMC 2017 November 08.



	Abstract
	Introduction
	Patients and Methods
	Patients
	Design
	IPI-926 Dose Escalation
	Safety Monitoring
	Biopsy protocol and tissue analysis
	Statistics

	Results
	Demographics and Baseline Characteristics
	Dose Escalation and Safety
	Efficacy
	Biopsies and Molecular Correlates

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2

