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ABSTRACT

Background Pixatimod is a unique activator of the Toll-
like Receptor 9 pathway. This phase | trial evaluated safety,
efficacy and pharmacodynamics of pixatimod and PD-1
inhibitor nivolumab in immunologically cold cancers.
Methods 3+3dose escalation with microsatellite stable
metastatic colorectal cancer (MSS mCRC) and metastatic
pancreatic ductal adenocarcinoma (mPDAC) expansion
cohorts. Participants received pixatimod once weekly as a
1-hour intravenous infusion plus nivolumab every 2 weeks.
Objectives included assessment of safety, antitumor
activity, pharmacodynamics, and pharmacokinetic profile.
Results Fifty-eight participants started treatment. The
maximum tolerated dose of pixatimod was 25mg in
combination with 240 mg nivolumab, which was used

in the expansion phases of the study. Twenty-one grade
3-5 treatment-related adverse events were reported in
12 participants (21%); one participant receiving 50 mg
pixatimod/nivolumab had a treatment-related grade 5 AE.
The grade 3/4 rate in the MSS mCRC cohort (n=33) was
12%. There were no responders in the mPDAC cohort
(n=18). In the MSS mCRC cohort, 25 participants were
evaluable (initial postbaseline assessment scans >6
weeks); of these, three participants had confirmed partial
responses (PR) and eight had stable disease (SD) for at
least 9 weeks. Clinical benefit (PR+SD) was associated
with lower Pan-Immune-Inflammation Value and plasma
IL-6 but increased IP-10 and IP-10/IL-8 ratio. In an MSS
mCRC participant with PR as best response, increased
infiltration of T cells, dendritic cells, and to a lesser extent
NK cells, were evident 5weeks post-treatment.
Conclusions Pixatimod is well tolerated at 25mg in
combination with nivolumab. The efficacy signal and
pharmacodynamic changes in MSS mCRC warrants further
investigation.

Trial registration number NCT05061017.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Immunologically cold tumors, such as microsatellite-
stable metastatic colorectal cancer, contain limited
numbers of tumor-targeting immune cells and have
proven to be resistant to checkpoint inhibitor drugs
such as anti-PD-1 agents.

WHAT THIS STUDY ADDS

= This clinical trial evaluated a dendritic cell activating
agent (pixatimod) in combination with the anti-PD-1
drug, nivolumab, to see whether this approach could
demonstrate benefit to patients. The trial showed
that the combination treatment was associated with
manageable toxicity and signs of clinical benefit for
colorectal patients and found evidence of biomark-
ers that correlate with clinical benefit.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The objective of this work, and the subsequent
ongoing clinical trials, is to demonstrate meaning-
ful patient benefit from the combination and, thus,
make this treatment available for all patients.

INTRODUCTION

Immune checkpoint inhibition (ICI),
principally by targeting programmed
cell death protein 1 (PD-1) or its ligand
programmed death-ligand 1 (PD-L1), have
propelled PD-(L)1 antibodies into main-
stream cancer therapy.! However, while
some PD-1 directed therapy has been very
effective in some cancers, in other cancers
PD-1 therapy is ineffective.”* For example,
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immunologically ‘cold’ cancers, that is, tumors that
are not likely to trigger a strong immune response
such as metastatic pancreatic ductal adenocarci-
noma (mPDAC) and microsatellite stable metastatic
colorectal cancer (MSS mCRC), are unresponsive to
PD-(L)1 inhibitors alone.*® Thus, the immune desert
of pancreatic cancer and the main subsets of MSS
mCRC represent a major therapeutic challenge and
combination approaches are underway to expand the
utility of PD-(L)1 inhibitors to these cancer patients.”

Though the majority of agents approved by the Food
and Drug Administration (FDA) to date are designed
to enhance T cell function, there are significant efforts
underway to characterize how the cross talk between
the innate and adaptive immune responses influ-
ences sustained antigen-specific immunity.” Pattern
recognition receptors (PRRs) consist of five families
including Toll-like receptors (TLRs), RIG-I-like recep-
tors, nucleotide-binding oligomerization domain-like
receptors, C-type lectin receptors, and cytoplasmic
DNA sensors. PRR agonists activate PRR pathways stim-
ulating tumor resident innate immune cells such as
dendritic cells (DCs) to release cytokines, upregulate
costimulatory molecules and promotes cross-priming
of tumor antigens.” TLR agonists have or are being
evaluated in mCRC as one approach to activate the
innate immune response through combination with
ICL®?

Pixatimod is a cholestanol-sulfotetrasaccharide
conjugated small molecule compound with immuno-
modulatory properties under development for the
treatment of advanced cancer.'” It exerts an immuno-
stimulatory effect specifically via the TLR9 pathway in
DC, which leads to the activation of natural killer (NK)
cells capable of eradicating established lymphoma in
mice.'" In a poorly immunogenic 4T1 breast tumor
model, pixatimod also enhanced the effectiveness of
PD-1 inhibition'? warranting further assessment of this
combination in the clinical setting.

Here, we report a phase I dose-escalation study on
the safety and activity of pixatimod and nivolumab in
patients with advanced cancer. In addition, we report on
two expansion cohorts. These were MSS mCRC patients
who had progressed following previous therapeutic regi-
men/s, had no standard therapy available, or who chose
not to pursue standard therapies, and mPDAC patients
who had received no more than one prior line of
therapy. (ACTRN12617001573347). The primary objec-
tive was to define the maximum tolerated dose (MTD)
of pixatimod using a once-weekly, 1-hour intravenous
infusion in combination with nivolumab and to further
define the safety profile of the recommended phase II
dose in expansion cohorts. Secondary objectives were to
evaluate safety, tolerability, clinical activity, pharmacoki-
netics (PK), and pharmacodynamics based on periph-
eral blood, plasma samples, and biopsy material.

METHODS

Participants

Fifty-eight participants with advanced, metastatic disease
were enrolled across five sites in Australia: (1) Scientia
Clinical Research Pty Ltd / Prince of Wales Hospital,
Sydney, New South Wales, (2) Royal Brisbane and
Women’s Hospital, Brisbane, Queensland, (3) Genesis
Care, North Shore Health Hub, St Leonards (formerly
Northern Cancer Institute), Sydney, New South Wales
(4) The Alfred Hospital, Melbourne, Victoria, and (5)
Royal Adelaide Hospital, Adelaide, South Australia. To
be eligible for the dose escalation stage, participants
were adults (=18 years) with a life expectancy of at least
12 weeks, adequate organ function and measurable
disease according to Response Evaluation Criteria in
Solid Tumors 1.1 (RECIST) and Eastern Cooperative
Oncology Group (ECOG) performance status of 0-1.
Participants were ineligible for entry into the study if
they had clinically significant non-malignant disease or
previous clinically significant bleeding from the tumor.
Other exclusion criteria included uncontrolled hyper-
tension, previous ICI, major surgery within 6 weeks of
randomization, anticancer therapy within 4 weeks of cycle
lday 1 (excluding GnRH agonists for prostate cancer),
palliative radiation for bone metastases within 2 weeks of
cycle 1day 1, and participants with prior central nervous
system (CNS) metastases treated with only whole brain
radiation therapy, participants with a history of allergy
and/or hypersensitivity and/or other clinically significant
adverse drug reaction to heparin or other anticoagulant
agents or a history of immune-mediated thrombocyto-
penia or other platelet abnormalities or other hereditary
or acquired coagulopathies, or laboratory evidence of
antiheparin antibodies, or any history of having tested
positive for antiheparin antibodies.

In addition to the above, participants were eligible for
entry into the mPDAC cohort if they had histologically
or cytologically proven metastatic adenocarcinoma of the
pancreas and had received no more than one prior line of
chemotherapy in the metastatic setting. Participants were
eligible for entry into the MSS mCRC cohort if they had
histologically documented mCRC, had confirmed MSS
mCRC (defined as 0-1 allelic shifts among 3-5 tumor
microsatellite loci using a PCR-based assay or immunohis-
tochemistry (IHC)).

All participants provided written informed consent.
The study was conducted in accordance with the ICH
Good Clinical Practice guidelines as annotated by the
TGA in July 2000, the NHMRC National Statement on
Ethical Conduct in Research Involving Humans (2007),
the US Code of Federal Regulations, and the Declaration
of Helsinki.

Study design and treatment

The study was an open-label, multicenter, phase I dose-
escalation study using a 3+3 design with expansion cohorts
in mPDAC and MSS mCRC patients at the recommended
phase II dose. The primary objective was to determine
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the MTD of weekly administered pixatimod via intrave-
nous infusion in combination with the standard dose of
nivolumab (240 mg, every 2weeks). Secondary objectives
were to characterize safety, tolerability, clinical activity,
PK, and pharmacodynamic biomarkers.

Prior to administration, the appropriate dose of pixa-
timod was diluted in 250mL 0.9% saline infusion solu-
tion; nivolumab was prepared in line with the approved
prescribing information. The initial cohort was treated
at 25mg once weekly by l-hour intravenous infusion
with dose escalation in subsequent cohorts following a
predefined dose escalation scheme. No intraparticipant
dose escalation was allowed. Treatment cycles were 28 days
duration, with dosing occurring on days 1, 8, 15, and 22
for pixatimod and days 1 and 15 for nivolumab. The cycle
continued until immediately prior to the day 29 dose (day
1 of the subsequent cycle). Participants continued treat-
ment until disease progression, unacceptable toxicity or
withdrawal (either voluntarily or investigator decision).

Safety and efficacy assessments

Safety

All participants successfully screened were assessed for
safety. Participants were examined for adverse events
(AEs) at every treatment visit. Vital signs and safety labo-
ratory tests, including full blood count and liver function
tests were also undertaken at each treatment visit. Safety
assessment included reporting the incidence of all AEs,
irrespective of relationship to study drug, according to
the National Cancer Institute Common Terminology
Criteria for Adverse Events, version 4.0, and the inci-
dence of participants experiencing dose modifications
and/or premature discontinuation of study drug. Dose-
limiting toxicities (DLTs) used to determine the MTD
were defined as occurring during cycle 1 of treatment
only (to day 29, but prior to cycle 2 dosing) and felt to
be related to pixatimod, nivolumab or the combination
according to investigator assessment. If no DLT occurred
in the first three participants, the next three-participant
cohort was enrolled at the next highest available dose
level. If a single DLT occurred, an additional three partic-
ipants were enrolled at the same dose level. Dose esca-
lation continued until two participants of the cohort
experienced a DLT; this was defined as the toxic dose
level. The dose-escalation phase was completed and MTD
determined by reducing the dose to the next lowest dose
compared with the toxic dose and expanding this cohort
to at least six participants.

Efficacy

Three efficacy populations were defined: the full analysis
set, which consisted of all participants receiving at least
one dose of study drug; the sufficient exposure popu-
lation, which consisted of all participants receiving at
least four doses of pixatimod; and the evaluable RECIST
population, which consisted of all participants who had
a RECIST assessment at least 6 weeks (=43 days) after
commencing study drug. Participants with measurable

disease were assessed by CT at baseline and every 8 weeks
according to RECIST, version 1.1 criteria.

Pixatimod pharmacokinetic assessment

Plasma samples for pixatimod PK analyses were obtained
in cycle 1 on days 1, 4, 8, 22, 25, and 29 in the dose esca-
lation phase as follows: Predosing (no more than 4 hours
prior to infusion start); midpoint of infusion; prior to
completion of infusion; 30 min postinfusion; then 2, 4,
6, 72 and 168 hours postinfusion. Samples were analyzed
for pixatimod concentration using a validated liquid
chromatography with tandem mass spectrometry assay
with a lower limit of quantitation of 0.5pg/mL."> Data
are presented as time versus concentration curves and
basic non-compartmental analysis (NCA) for estimation
of exposure parameters Cmax and AUC.

Biomarker and pharmacodynamics assessment

The inflammatory score Pan-Immune-Inflammation
Value (PIV")  was calculated using data from
participant blood samples collected at screening
(PIV=NeutrophilsxPlateletsxMonocytes/Lymphocytes).

Plasma and peripheral blood mononuclear cell
(PBMC) samples were obtained at various points before
and during pixatimod and nivolumab treatment for phar-
macodynamic assessment. Plasma samples were analyzed
for the concentration of various markers, including
cytokines and chemokines, using commercial multiplex
arrays (Essential Immune Response Panel, BioLegend).

Cryopreserved PBMC samples were analyzed by
flow cytometry for changes in abundance and activa-
tion status of T cells 3days after treatment commenced
(day 4) compared with predose samples (day 1). For
surface staining, PBMC were stained with a viability stain
(FVS700) for 15 min at RT, then washed and stained with
antibodies against various markers (CD3, UCHTI; CD4,
SK3; CD8, RPA-T8; CD45, 2D1; CD45RA, 5H9; CCR7,
150503; Ki67, B56). Cells were first labeled with antibodies
against CCR7 for 15min at room temperature followed by
staining with the remaining antibodies for 30 min at room
temperature, then washed. For intracellular staining,
cells were then fixed and permeabilized using the eBio-
science Foxp3/Transcription Factor Staining Buffer Set
according to the manufacturer’s protocol, and stained for
Ki-67 for 30 min at room temperature. Cells were washed
and fixed with Cytofix (BD Biosciences) for 20min at
4°C, then analyzed using a 4-laser Becton Dickinson LSR
Fortessa. Gating was adjusted using FMO for each surface
or intracellular marker.

Fresh biopsies from metastatic lesions at baseline and
4-5 weeks after initiation of treatment were used to assess
immune cell infiltrates in the tumor microenvironment.
Formalin-fixed, paraffin-embedded tumor tissue sections
were evaluated for viability by a qualified pathologist
using H&E staining before multiplex IHC for assessment
of various immune cell subsets. Sections (5pm) were
stained with DAPI and antibody panels (CD3, polyclonal;
CD4, 4B12; CDS8, C8/144B; Ki67, MIB-1; CD56, 123C3
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from DAKO Australia; CD11c, EPR1347Y from Abcam,
Australia; PD-L1, E1L3N from Cell Signaling Technology,
USA) using routine laboratory methods. Slides were visu-
alized using the Vectra 3 Quantitative Automated Imaging
System equipped with a 20xUPlanApo 0.75 NA lens or a
Zeiss-780 NLO point scanning microscope with a 40xPlan
Apochromat V.1.4 NA lens.

Images captured using Vectra software V.3.0.5 and
regions of interest were marked for multispectral image
capture using Phenochart software (V.1.0.4). The resul-
tant images were unmixed using Inform (version 2.6.0)
and were segmented manually under the guidance of a
pathologist. Cells were segmented using DAPI to iden-
tify individual nuclei. A cytoplasmic mask was generated
extending a maximum of three pixels from the nuclear
mask. The optimum threshold for positivity for each fluo-
rophore was determined by iterative processing using the
nuclear mask for nuclear dyes (Ki-67) or the cytoplasmic

mask for membrane dyes (eg, CD3 and CD8). Intensity
data for each fluorophore were exported to Excel for
multiplex analysis and cell profiling. Images captured
using Zeiss microscope analyzed using Zen software
V.3.4.91.

Statistical analyses of biomarkers were performed using
Prism V.6.07 and the types of comparisons are indicated.

RESULTS

Participant demographics and baseline characteristics
Sixty-four participants were screened, of whom 58
enrolled and received at least one dose of pixatimod or
nivolumab during the study. Their ages ranged from 35
to 80 years. Forty-eight participants were Caucasian, nine
Asian, and one Hispanic (table 1). Forty-seven per cent
males and 53% females were enrolled. 55% had an ECOG
of 0 at screening and 45% had an ECOG of 1. Fifty-seven

Table 1 Participant demographics and baseline characteristics

25mg 50mg
PDAC MSS mCRC Other Total Overall
Parameter Value (n=18) (n=33) (n=4) (n=55) (n=3) (n=58)
Gender (n (%)) Male 8 (44.4) 16 (48.5) 2 (50.0) 26 (47.3) 1(33.3) 27 (46.6)
Race (n (%)) White/Caucasian 15 (83.3) 28 (84.8) 3 (75.0) 46 (83.6) 2 (66.7) 48 (82.8)
Asian/Oriental 3(16.7) 4 (12.1) 1(25.0) 8 (14.5) 1(33.3) 9 (15.5)
Other 0 (0.0 1(3.0) 0(0.0) 1(1.8) 0 (0.0) 1(1.7)
Age (year) Median 62.00 58.00 60.00 60.00 74.00 60.00
Min 45.0 35.0 53.0 35.0 44.0 35.0
Max 71.0 80.0 66.0 80.0 78.0 80.0
Min 43.7 47.2 47.9 43.7 56.6 43.7
ECOG, n (%) 0 8 (44.4) 22 (66.7) 1(25.0) 31 (56.4) 0 (0.0) 31 (53.4)
1 10 (55.6) 11 (33.3) 3 (75.0) 24 (43.6) 3(100.0) 27 (46.6)
Disease stage, n (%) Locally advanced 1(5.6) 0 (0.0) 0 (0.0) 1(1.8) 0 (0.0) 1(1.7)
Metastatic disease 17 (94.4) 33 (100.0) 4 (100.0) 54 (98.2) 3 (100.0) 57 (98.3)
BRAF status, n (%) Wild-type 12 (36.4)
Unknown 21 (63.6)
Primary tumor location, Right sided 7(21.1)
n (%) Left sided 7 @1.1)
Rectum 20 (60.6)*
KRAS status, n (%) Mutated 14 (42.4)
Wild-type 11 (33.3)
Unknown 8(24.2)
NRAS status, n (%) Mutated 3(9.1)
Wild-type 10 (30.3)
Unknown 20 (60.6)
Prior therapy, n (%) Chemotherapy 18 (100) 33 (100) 4 (100) 55 (100) 2 (66.7) 57 (98.3)
Radiotherapy 3(16.7) 9(27.3) 2 (50.0) 14 (25.5) 1(33.3) 15 (25.9)
Targeted therapy 0(0.0) 7(21.2) 0(0.0) 7(12.7) 0(0.0) 7 (12.1)

*One participant had primary tumor recorded as both left sided and rectum.

ECOG, Eastern Cooperative Oncology Group.
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participants had received at least one line of prior chemo-
therapy and 15 had received prior radiotherapy. For the
MSS mCRC (n=33), most participants had rectal or left-
sided tumors (n=26), 16 participants were confirmed to
have mutations in at least one of KRAS, NRAS or BRAF
(12 KRAS, 4 NRAS, 0 BRAF), 4 were confirmed to have
wild type versions of all three genes and the remaining 13
participants had unknown or wild-type status.

Dose-limiting toxicities

Dosing with pixatimod began at 25 mg per participant per
week (three participants) and escalated to 50mg (three
participants) but two DLTs were observed in two partici-
pants within the 50 mg cohort and this was declared the
toxic dose. The first of these DLTs was a case of multiorgan
failure who presented on cycle 1, day 8 with hypotension,
impaired liver function, ascites and anuria and received
initial resuscitation with hydrocortisone and fluids. Due
to suspected immune etiology, intravenous methylpred-
nisolone was commenced in addition to broad spectrum
antibiotics for suspected but unconfirmed infection and
inotropes for persistent hypotension. Despite these inter-
ventions, hepatic and renal function did not improve and
he died 2days later. The second DLT was a case of pulmo-
nary edema, cardiomyopathy and autoimmune hepatitis.
Over the course of 6 weeks, she was treated with fruse-
mide, hydrocortisone for the initial event of pulmonary
edema, followed by intravenous methylprednisolone with
the addition of mycophenolate mofetil and bisoprolol for
the hepatitis and cardiomyopathy respectively. Although
there was recovery from these immune toxicities, she
died from disease progression several months later. At
that point the 25mg cohort, which had comprised three
participants, was expanded and three further participants
were treated. One participant in this cohort experienced
a DLT, pneumonitis, and was treated with methylprednis-
olone resulting in improvement and eventual resump-
tion of alternate systemic therapy. With no further DLT
observed, the 25 mg dose was declared the MTD and trial
focused on two expansion cohorts in mPDAC and MSS
mCRC.

Adverse events

All 58 participants (100%) had at least one treatment
emergent AE (TEAE). In total, 593 TEAE were recorded
in the clinical database; 369 were mild, 141 were moderate,
67 were severe, 3 were life-threatening in grading, and 13
events resulted in death. One hundred and seventy-six
AEs in 46 participants (79.3% (calculated as number of
participants reporting an event/total number of partici-
pants)) were considered at least possibly related to pixa-
timod. The most common AEs related to pixatimod in
the 25mg total cohort were diarrhea (10 participants,
18.2%), nausea (14 participants, 25.5%), fatigue (12
participants, 21.8%), and pyrexia (7 participants, 12.7%).
The safety profile of nivolumab was consistent with
known information about this marketed product. One
hundred and sixty-six AEs in 41 participants (70.7%)

Table 2 Treatment-related AEs (> 3 participants)*

25mg/240 mgt
Event type N=55
Nausea 14 (25.5) [19]
Fatigue 12 (21.8) [17]
Diarrhea 10 (18.2) [16]
Decreased appetite 8 (14.5) [9]
Pyrexia 7(12.7) [8]
Pruritus 6 (10.9) [6]
Alanine aminotransferase increased 5(9.1) [6]
Aspartate aminotransferase increased 4 (7.3) [6]
Chills 3 (56.5) [3]
Pneumonitis 3 (5.5) [3]

*50mg pixatimod/240 mg nivolumab data not presented as only
three participants were recruited.

TFor any given AE, the results are presented as the number of
participants with the event: n, the proportion of participants with
the event: (%), and the number of events: [e].

AEs, adverse events.

were considered at least possibly related to nivolumab.
The most common AEs related to nivolumab in the 25 mg
pixatimod/nivolumab cohort were diarrhea (11 partici-
pants, 20.0%), nausea (8 participants, 14.5%), fatigue (13
participants, 23.6%), and pyrexia (4 participants, 7.3%)
(table 2).

Twenty-one CTCAE grade 3-5 treatmentrelated AEs
were reported in 12 participants. These comprised (grade
3 unless otherwise stated): multiorgan failure (grade 5),
pulmonary edema, cardiomyopathy, and autoimmune
hepatitis (grade 4) in participants receiving 50 mg pixa-
timod/nivolumab; and increased AST, autoimmune
hepatitis, pneumonitis, encephalopathy (grade 4),
fatigue, hyponatremia, colitis, hypertension, and diarrhea
in participants receiving 25mg pixatimod/nivolumab.
Four participants in the 25mg pixatimod/nivolumab
PDAC cohort (22%) and four participants in the 25 mg
pixatimod/nivolumab MSS mCRC cohort (12%) had a
grade 3/4 AE. All severe events occurred only in one or
two participants. The most frequent event was hyperten-
sion (six events in two participants).

One participant in the 50mg pixatimod/nivolumab
cohort died due to treatment related multiorgan failure,
attributed to both pixatimod and nivolumab. Notably,
this participant had high baseline levels of IL-la. and
IL-23 (online supplemental figure S1). No autopsy was
performed due to cultural reasons. Twelve further deaths
occurred; all were due to disease progression and were
unrelated to treatment.

Fifty-three serious AEs were reported in 30 participants;
13 events were assessed as being at least possibly related
to treatment. Treatmentrelated serious AEs comprised:
multiorgan failure, pulmonary edema, cardiomyopathy,
and autoimmune hepatitis in the 50mg pixatimod/
nivolumab cohort; autoimmune hepatitis, pneumonitis
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Table 3 Treatment-related severe AEs, AEs leading to discontinuation and serious AEs

25mg/240 mg*
n (%) N=55
Total PDAC MSS mCRC 50mg/240 mg*
Event type N=55 N=18 N=33 n (%) N=3
Related severe AEs
Autoimmune hepatitis 1(2%) [1] 0 (0%) [0] 1 38%) [1] 1 (33%) [1]
Cardiomyopathy 0 (0%) [0] 0 (0%) [0] 0 (0%) [0] 1(33%) [1]
Multiple organ dysfunction syndrome 0 (0%) [0] 0 (0%) [0] 0 (0%) [0] 1(33%) [1]
Pulmonary edema 0 (0%) [0] 0 (0%) [0] 0 (0%) [0] 1 (33%) [1]
Hypertension 2 (4%) [6] 1(6%) [1] 1 (3%) [5] 0 (0%) [0]
Diarrhea 2 (4%) [2] 2 (11%) [2] 0 (0%) [0] 0 (0%) [0]
Hyponatremia 1(2%) [3] 0 (0%) [0] 13%) [1] 0 (0%) [0]
Aspartate aminotransferase increased 1(2%) [1] 0 (0%) [0] 0 (0%) [0] 0 (0%) [0]
Colitis 1(2%) [1] 0 (0%) [0] 1 38%) [1] 0 (0%) [0]
Encephalopathy 1(2%) [1] 0 (0%) [0] 0 (0%) [0] 0 (0%) [0]
Fatigue 1(2%) [1] 1 (6%) [1] 0 (0%) [0] 0 (0%) [0]
Pneumonitis 1(2%) [1] 0 (0%) [0] 0 (0%) [0] 0 (0%) [0]
Related leading to discontinuation
Multiple organ dysfunction syndrome 0 (0%) [0] 1 (33%) [1]
Pulmonary edema 0 (0%) [0] 1(33%) [1]
Pneumonitis 2 (4%) [2] 0 (0%) [0]
Autoimmune hepatitis 12%) [1] 0 (0%) [0]
Encephalopathy 1(2%) [1] 0 (0%) [0]
Vomiting 1(2%) [1] 0 (0%) [0]
Related Serious AEs
Autoimmune hepatitis 1(2%) [1] 1 (33%) [1]
Cardiomyopathy 0 (0%) [0] 1 (33%) [1]
Multiple organ dysfunction syndrome 0 (0%) [0] 1(33%) [1]
Pulmonary edema 0 (0%) [0] 1(33%) [1]
Pneumonitis 2 (4%) [3] 0 (0%) [0]
Pyrexia 1(2%) [2] 0 (0%) [0]
Diarrhea 1(2%) [1] 0 (0%) [0]
Encephalopathy 1(2%) [1] 0 (0%) [0]
Transaminitis 1(2%) [1] 0 (0%) [0]

*For any given AE, the results are presented as the number of participants with the event: n, the proportion of participants with the event:

(%), and the number of events: [e].

AEs, adverse events; MSS mCRC, microsatellite stable metastatic colorectal cancer; PDAC, pancreatic ductal adenocarcinoma.

(three events in two participants), encephalopathy,
diarrhea, pyrexia (two events in one participant), and
transaminitis in the 25mg pixatimod/nivolumab cohort
(table 3). In total, seven participants withdrew due to
treatmentrelated AEs, five in the 25mg pixatimod/
nivolumab cohort and two in the 50mg pixatimod/
nivolumab cohort.

Clinical activity

Forty-seven participants had efficacy assessments during
pixatimod treatment. There were no responders in the
mPDAC cohort (n=18), with the best response being

stable disease (SD) in two participants with durations of
15 weeks. In the MSS mCRC cohort (n=33), 25 partici-
pants were evaluable (initial postbaseline assessment
scans 243 days); of these, 3 participants had confirmed
partial responses (PR) (12% objective response rate per
the Evaluable RECIST population) and 8 had SD (disease
control rate of 44% per the Evaluable RECIST population)
(figure 1A). Of the three PR, two patients had no history
of liver metastasis. Tumor mutation burden (TMB) was
measured for one of the three PR and found to be three
mutations per megabase (mut/Mb). TMB could not be
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Figure 1 Waterfall plot of best tumor shrinkage as per

RECIST for all evaluable metastatic colorectal cancer (NCRC)
participants (A) and only those mCRC participants with no
history of liver metastasis (B). Participants with on-study
scans at 6 weeks or beyond (> 43 days) were included in

the analyses. RECIST, Response Evaluation Criteria in Solid
Tumors.

assessed in the other two PR participants due to a lack
of primary tumor material or a lack of patient consent.
The durations of response for the three confirmed PR
were 48, 16 and 23 weeks. The trajectory of target lesion
change for the mCRC participants are shown in the form
of a spider plot (online supplemental figure S2). A water-
fall plot is also presented showing the 12 mCRC partici-
pants who had no history of liver metastasis (figure 1B).
The objective response rate for this group of mCRC
participants with no history of liver metastasis was 17%;
13 participants had a history of liver metastasis, with one
responder (8% objective response rate per the Evaluable
RECIST population). There were four participants with
cancer types other than mPDAC or mCRC: one metastatic
uterine adenosarcoma, one adrenocortical carcinoma,
one metastatic squamous cell carcinoma and one meta-
static endometrial carcinoma. None of these participants
had a PR or SD and two developed DLT, of which one was
in the 50mg dose escalation cohort.

Pharmacokinetics

Systemic exposure of pixatimod (Cmax and AUCO-last)
in combination with nivolumab was determined using
plasma concentrations from nine participants in the dose
escalation cohorts (25 mg=6, 50 mg=3) using NCA. Time

* Outcome (P = 0.029)
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Figure 2 Pan-Immune-Inflammation Value (PIV) at
screening was significantly lower in mCRC participants

who received clinical benefit (PR+SD) compared

with those who did not receive benefit (PD+NE).
PIV=NeutrophilsxPlateletsxMonocytes/Lymphocytes. Median
values are indicated by horizontal lines. Data failed Shapiro-
Wilk normality test so comparison was performed with Mann-
Whitney test (*p<0.05). mCRC, metastatic colorectal cancer;
PR, partial response; SD, stable disease; NE, not evaluable.

versus concentration profiles and pixatimod exposure
as measured by Cmax and AUC (online supplemental
figure S3) were considered similar as previously reported
in a monotherapy study."

Biomarkers and pharmacodynamics

Evaluation of PIV revealed that mCRC participants
receiving clinical benefit (PR+SD) had significantly lower
PIV at screening than participants who did not receive
benefit (figure 2).

Analysis of plasma cytokines and chemokines revealed
that the plasma concentration of the cytokine IP-10
increased during treatment in mCRC participants
receiving benefit but did not increase in those partic-
ipants not receiving benefit (figure 3A). The ratios of
IP-10 to IL-8 were higher (figure 3B), and conversely, the
levels of IL-8 were lower in participants receiving benefit
(figure 3C). Plasma IL-6 levels were higher in participants
not receiving benefit (figure 3D). None of these cytokines
showed consistent changes in mPDAC patients. Global
trends in plasma cytokines are presented as heat maps
(online supplemental figure S4). These data indicate that
there was little difference in the global cytokine responses
of the mCRC participants receiving benefit from those
who did not benefit (online supplemental figure S4A).
In contrast, there was evidence of more reductions in
cytokines in PDAC participants (24% of samples, online
supplemental figure S4B) compared with mCRC partici-
pants (6%).

Analysis of PBMC at baseline and on day 4 of treatment
indicated that there were increased numbers of CD4"
effector memory (EM) T cells (online supplemental
figure S5A) and CD8" EM T cells (online supplemental
figure S5B) in many mCRC participants although the

Lemech C, et al. J Immunother Cancer 2023;11:006136. doi:10.1136/jitc-2022-006136

7


https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136
https://dx.doi.org/10.1136/jitc-2022-006136

A + PR+SD
= PD+NE
1200- P =0.031 .
:'E\ *P =0.028
£ 800 ! .
jo ™
= v
o (d ] . |
< 4000 % & — N -
a v .'_ $2 o, ! [
$ e ¥ ]
0 nE
™ (o) 3 (o)
@ g 5¢0 U
& >
) %)
C
* Qutcome (P =0.012)
1004 f |
® ] C |
SE‘ ....0.0 f.l.‘=
[ ]
Bolst. $¥Ge
© 9% a KK 4 - F. n ¥
:'I : ...’ . "
14 o®
\o)
5° NP 5 g
@’*’% &

B

** Outcome (P = 0.002)

*D25 (P =0.030
400- D25 ( )
o ®
= 3004
s ¢ -
E,.200- ° . . s .
S 1004 e E"T E
o [ ]
— oA ‘ “ % ' ’hs
& '19”1/ & >V
& VOV &Y Vo N
. .
% 3

* Qutcome (P = 0.015)

100005 . .
— | |
= 10004 = "
% e 00 ® .o L .-
£ 1004 3; e . e : ?
© R ' ¥ -7
= 104 ** ., o o
1 T T T T T T T T
> s
< <

Figure 3 Plasma protein biomarkers IP-10, IP-10/IL-8 ratio, IL8, and IL-6 showed differences in the clinical benefit metastatic
colorectal cancer (NCRC) participants (PR+SD) compared with the non-clinical benefit mCRC participants (PD+NE). IP-10
levels significantly rose by D22 and D25 in the benefit group but not the non-benefit group (A). The IP-10/IL-8 ratio was higher
overall in the benefit group and on D25 (B). IL-8 was lower overall in the benefit participants compared with the non-benefit
participants but there were no significant differences during treatment (C). IL-6 was higher overall in the benefit group but there
were no significant differences during treatment (D). Comparisons performed with ANOVA (*p<0.05, **p<0.01). ANOVA, analysis

of variance ; PR, partial response; SD, stable diseas.

changes were only significant for CD4" EM cells. More-
over, there were also significant increases in proliferating
CD4" (online supplemental figure S5C) and CD8" (online
supplemental figure S5D) T cells in CRC peripheral
blood following treatment as indicated by the expression
of Ki67. In contrast, there were no significant increases
in EM nor in proliferating T cells in patients with PDAC
and the other cancer types on trial (online supplemental
figure SBE-H).

Pretreatment and on-treatment biopsies were available
for one MSS mCRC participant with best response as PR
(Pt059). Biopsies could not be collected from the other PR
participants because they did not have accessible lesions.
These samples were analyzed using multiplex fluores-
cence microscopy to assess immune infiltrate with typical
images of tumor regions provided for the pretreatment
(figure 4A,C) and on-treatment biopsies (figure 4B,D).
The marker CD8 is provided to exemplify the analysis
of the biopsies (figure 4EF). These three-dimensional

graphs show the biopsy section in the horizontal plane
with fluorescence intensity measured vertically. Similar
datasets were collected for several relevant markers and,
using DAPI staining of nuclei to identify individual cells,
the frequency of cells that were positively expressing these
markers was quantified.

When comparing the pretreatment and on-treatment
biopsies of Pt 059, there was a marked increase in immune
infiltration of tumor regions of the on-treatment sample
characterized by increases in both CD4" (figure 4G) and
CDS8" cells (figure 4H). Also increased following treat-
ment was the number of CD11c¢" cells which likely would
be indicative of an influx of DC into the tumor regions
of the on-treatment biopsy (figure 4I). This on-treatment
immune infiltrate was also proliferating as indicted by
the higher expression of Ki67 by the CD4" and CD8" cells
(online supplemental figure S6A,B). Furthermore, there
was evidence of increased numbers of cells expressing
PD-L1 (online supplemental figure S6C) and to a lesser
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Figure 4 Analysis of pretreatment and on-treatment liver lesion biopsies of a PR mCRC participant (Pt 059) by fluorescence
multiplex microscopy. The on-treatment lesion was biopsied 5weeks after treatment commenced. Representative areas of
pretreatment (A) and on-treatment (B) lesions are shown with the regions of tumor tissue indicated in red (C,D). In this example
the markers CDS3 (yellow), CD4 (cyan), CD8 (green), Ki67 (red) and nuclei are stained with DAPI (blue). To exemplify CD8 staining
of these biopsy regions, three-dimensional presentation of the CD8 label fluorescence intensity is presented (E,F). Identification
of positively staining cells in the tumor regions of the biopsies was performed for various markers, including CD4" cells

(G), CD8" cells (H) and CD11c" cells (I) which were all elevated in the on-treatment biopsy compared with the prebiopsy. The
CD4 and CD8 data were collected from two separately stained sections (of each biopsy) allowing the data to be averaged and
errors bars included (+SE). mCRC, metastatic colorectal cancer; PR, partial response.
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extent, increased NK cell (CD56°, CD3") infiltration
(online supplemental figure S6D) in the on-treatment
tumor regions compared with the presample.

DISCUSSION

Pixatimod is a novel immunomodulatory agent, which
has been demonstrated to possess potent antitumor
activity in multiple preclinical models of cancer,
including pancreatic and colorectal cancer, either as a
monotherapy,'™* " or in combination with chemo-
therapy,"' " ' molecularly targeted agents17 and ICL"
Here, we report on a phase Ib study of pixatimod in
combination with the PD-1 inhibitor nivolumab in
advanced cancer with expansion cohorts in mPDAC
and MSS mCRC. The objectives of the study were to
identify the MTD, define the safety and tolerability
profile, and report on the clinical activity, pharmacoki-
netics and pharmacodynamics of this new combination
regimen in immunologically ‘cold’ tumor types.

Treatment with pixatimod and nivolumab was well
tolerated although a case of multiorgan failure was
reported in one mPDAC participant as a DLT at 50 mg
dose. Of potential relevance here was the finding that
baseline plasma IL-loc and IL-23 were significantly
higher in this participant vs the 50mg cohort (see
online supplemental figure S1 for details), suggesting
that pre-existing immune activation contributed to the
outcome. The other DLT at 50 mg was a case of pulmo-
nary edema and two immune-related toxicities, cardio-
myopathy and hepatitis. TLR9 is expressed on human
lung tissue** and AEs such as pulmonary edema/pneu-
monia/dyspnea are possibly related to TLRY agonism
in patients with cancer.””*® The most common toxicities
were either associated with events previously reported
for nivolumab such as autoimmune hepatitis, pneu-
monitis, encephalitis® *® or on-target effects of pixa-
timod such as influenza-like symptoms and infusion
reactions which are consistent with TLR9 agonists.*
The 25mg dose was associated with limited grade 3, 4
toxicity. Thus, the MTD of pixatimod was determined
to be 25mg when administered in combination with
nivolumab.

There were three PRs in the MSS mCRC participants,
with two of these participants on trial for at least 12
months. The objective response rate in the evaluable
participant MSS mCRC population (n=25) was 12%
and the disease control rate (PR+SD) was 44% (three
PRs and eight SD), representing an encouraging signal
of efficacy in a heavily pretreated refractory patient
population. Of note, the objective response rate in
mCRC with no history of liver metastasis was 17%. Of
the three responders, two subjects had no history of
liver metastases, while one subject only had target liver
metastases. Immunotherapy has been reported to be
more active in subjects without liver metastases” *! and
other combination trials have proposed further studies
in this subset of MSS mCRC patients.”®*® As SD up to

15 weeks was the best response reported in two partic-
ipants in the mPDAC cohort, further development in
this indication is not warranted.

In a previous monotherapy study of pixatimod, the
best response of SD was observed in 37.5% of evalu-
able participants, though only a proportion of those
participants had mCRC." As nivolumab or other ICIs
have not led to PRs in monotherapy studies of MSS
mCRC,? the antitumor activity reported in the MSS
mCRC cohort warrants further investigation.

Clinical benefit (PR+SD) was associated with several
markers. Baseline PIV is a strong predictor of survival
outcomes in participants with mCRC treated with first-
line therapy.'* More recently, PIV also appears to be
a strong predictor of outcomes in MSI-high mCRC
participants receiving ICIs.”* Here, we report for the
first time that lower PIV at screening is associated
with improved clinical outcomes in a population of
MSS mCRC participants receiving pixatimod and
nivolumab. Exploration of predictive biomarkers may
enrich the patients most likely to benefit.

IP-10 (CXCL10) is considered a biomarker for acti-
vation of the innate immune system and TLR9 agonists
have been previously used to induce a rapid, sustained
IP-10 response in animals and humans.” TLR9 activa-
tion promotes the production of IP-10 by cancer cells,
which could further improve T cell recruitment and
the efficacy of immunotherapy.”® IP-10 is established
as a surrogate biomarker for other TLR9 agonists
and following repeated doses of one such agonist,
vidutolimod, a trend to higher serum levels of IP-10
was observed in PD-1 refractory/relapsed melanoma
patients with better clinical outcomes.” Furthermore,
increased plasma IP-10:IL-8 ratio also correlated with
clinical benefit following pixatimod and nivolumab. The
potential value of change in this ratio was highlighted
in patients with lung cancer receiving anti-PD-1 inhibi-
tors in combination with chemotherapy, offering a new
approach for biomarkers of response to combination
therapy.” IP-10 plays a key role in T cell distribution
and migration and our data from one PR participant
provided preliminary evidence that the combination
treatment leads to increases in T cell infiltration into
the tumor microenvironment (in addition to increased
numbers of DCs and NK cells). In contrast, partici-
pants with improved clinical outcomes were found to
have significantly lower plasma levels of IL-6 and IL-8
after treatment compared with those participants with
progressive disease. Elevation in IL-6 and IL-8 have been
associated with shortened survival following CD40-based
treatment and these soluble factors are known to inhibit
or interfere with DC function.* % Thus, in patients with
cancer receiving DC-targeted therapies such as pixa-
timod, TLRY or CD40 agonists, reduced production of
these soluble factors could be critical in mediating the
fate of DCs and ultimately clinical outcomes.

Finally, the PK profile of pixatimod in advanced
cancer participants in combination with nivolumab was
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consistent with the previous data from the monotherapy
trial,'"’ indicating that addition of nivolumab had no
impact on the pharmacokinetics of pixatimod.

In conclusion, the results from this phase Ib study
report on pixatimod and nivolumab demonstrate
that the combination is well tolerated, particularly in
patients with MSS mCRC where clinical benefit was
encouraging. Clinical outcome was associated with
increases in some pharmacodynamic markers such as
increases in plasma IP-10 and an increase in infiltra-
tion of T cells, DC, and to a lesser extent NK cells into
tumor specimens of a responding participant. These
data support the ongoing development of pixatimod, a
unique activator of the TLR9 pathway in phase II devel-
opment (ClinicalTrials.gov Identifier: NCT05061017),
to enhance the innate immune system in tandem with
checkpoint blockade in immunologically cold tumors.

Author affiliations

'Scientia Clinical Research Ltd, Sydney, New South Wales, Australia

2Zucero Therapeutics Ltd, Brisbane, Queensland, Australia

®Department of Pathology, Royal Brisbane and Women’s Hospital, Brisbane,
Queensland, Australia

*QIMR Berghofer Medical Research Institute, Herston, Queensland, Australia
SMedical Oncology, The Alfred Hospital, Melbourne, Victoria, Australia

SMedical Oncology, Genesis Care, North Shore Health Hub, St Leonards, New South
Wales, Australia

"Faculty of Medicine, University of Sydney, Sydney, New South Wales, Australia
Medical Oncology, The Royal Brishane and Women’s Hospital, Brisbane,
Queensland, Australia

%Cancer Clinical Trials Unit, Royal Adelaide Hospital, Adelaide, South Australia,
Australia

"0Centre for Cancer Biology, University of South Australia and SA Pathology,
Adelaide, South Australia, Australia

"Medical Oncology, Prince of Wales Hospital, Sydney, New South Wales, Australia

Twitter Keith Dredge @keithdredge

Acknowledgements The authors thank the participants and their families who
participated in this study, and the study teams at the participating clinical sites.

Contributors CL, KD, DB and DG conceived the idea and designed the study. CL,
AH, NP, MB, MPB and DG conducted the clinical trial. AC, NJW, ACS, LL-EM, EH and
GMC performed analysis of samples from the clinical trial. All authors participated
in the discussion of the data. KD, DB, EH and DG wrote the manuscript. All authors
approved the manuscript. CL, KD and DG supervised the entire study, and jointly
controlled the decision to publish. KD accepts responsibility as guarantor for the
publication.

Funding The authors also thank Zucero Therapeutics and BMS Australia for
funding the study.

Competing interests KD, EH, DB are employees or consultants at Zucero
Therapeutics. All other authors declare no potential conflicts of interest.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved by
Bellberry Human Research Ethics Committee. Application No: 2018-08-695Royal
Adelaide Hospital Human Research Ethics Committee. HREC reference number:
HREC/17/RAH/195. Participants gave informed consent to participate in the study
before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement No data are available.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content

includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Edward Hammond http://orcid.org/0000-0001-7405-8684
Michael P Brown http://orcid.org/0000-0002-5796-1932

REFERENCES

1 Postow MA, Callahan MK, Wolchok JD. Immune checkpoint
blockade in cancer therapy. J Clin Oncol 2015;33:1974-82.

2 Kreamer KM. Immune checkpoint blockade: a new paradigm in
treating advanced cancer. J Adv Pract Oncol 2014;5:418-31.

3 Zhao X, Subramanian S. Intrinsic resistance of solid tumors to
immune checkpoint blockade therapy. Cancer Res 2017;77:817-22.

4 Hester R, Mazur PK, McAllister F. Immunotherapy in Pancreatic
Adenocarcinoma: Beyond "Copy/Paste". Clin Cancer Res
2021;27:6287-97.

5 Chau I. Clinical development of PD-1/PD-L1 immunotherapy
for gastrointestinal cancers: facts and hopes. Clin Cancer Res
2017;23:6002-11.

6 Sayour EJ, Mitchell DA. Manipulation of innate and adaptive
immunity through cancer vaccines. J Immunol Res 2017;2017:1-7.

7 Bonaventura P, Shekarian T, Alcazer V, et al. Cold tumors:

a therapeutic challenge for immunotherapy. Front Immunol
2019;10:168.

8 Babiker HB, Lenz H-J, Scott AJ, et al. A phase 2 multicenter study to
evaluate the efficacy of tilsotolimod in combination with nivolumab
and ipilimumab for treatment of microsatellite-stable colorectal
cancer (ILLUMINATE-206). In: Proceedings of the annual meeting of
the American association for cancer research 2020. Philadelphia (PA:
AACR; Cancer Res, 2020: 80. CT265.

9 Huyghe N, Baldin P, Van den Eynde M. Immunotherapy with immune
checkpoint inhibitors in colorectal cancer: what is the future beyond
deficient mismatch-repair tumours? Gastroenterol Rep 2020;8:11-24.

10 Dredge K, Brennan TV, Hammond E, et al. A phase | study of the
novel immunomodulatory agent PG545 (pixatimod) in subjects with
advanced solid tumours. Br J Cancer 2018;118:1035-41.

11 Brennan TV, Lin L, Brandstadter JD, et al. Heparan sulfate mimetic
PG545-mediated antilymphoma effects require TLR9-dependent NK
cell activation. J Clin Invest 2016;126:207-19.

12 Hammond E, Haynes NM, Cullinane C, et al. Inmunomodulatory
activities of pixatimod: emerging nonclinical and clinical data, and
its potential utility in combination with PD-1 inhibitors. J Immunother
Cancer 2018;6:54.

13 Winterhoff B, Freyer L, Hammond E, et al. PG545 enhances anti-
cancer activity of chemotherapy in ovarian models and increases
surrogate biomarkers such as VEGF in preclinical and clinical plasma
samples. Eur J Cancer 2015;51:879-92.

14 Fuca G, Guarini V, Antoniotti C, et al. The Pan-Immune-Inflammation
value is a new prognostic biomarker in metastatic colorectal cancer:
results from a pooled-analysis of the Valentino and tribe first-line
trials. Br J Cancer 2020;123:403-9.

15 Jung D-B, Yun M, Kim E-O, et al. The heparan sulfate mimetic
PG545 interferes with Wnt/B-catenin signaling and significantly
suppresses pancreatic tumorigenesis alone and in combination with
gemcitabine. Oncotarget 2015;6:4992-5004.

16 Dredge K, Hammond E, Davis K, et al. The PG500 series: novel
heparan sulfate mimetics as potent angiogenesis and heparanase
inhibitors for cancer therapy. Invest New Drugs 2010;28:276-83.

17 Dredge K, Hammond E, Handley P, et al. PG545, a dual heparanase
and angiogenesis inhibitor, induces potent anti-tumour and
anti-metastatic efficacy in preclinical models. Br J Cancer
2011;104:635-42.

18 Ferro V, Liu L, Johnstone KD, et al. Discovery of PG545: a highly
potent and simultaneous inhibitor of angiogenesis, tumor growth,
and metastasis. J Med Chem 2012;55:3804-13.

19 Ostapoff KT, Awasthi N, Cenik BK, et al. PG545, an angiogenesis
and heparanase inhibitor, reduces primary tumor growth and

Lemech C, et al. J Immunother Cancer 2023;11:006136. doi:10.1136/jitc-2022-006136

11


https://twitter.com/keithdredge
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-7405-8684
http://orcid.org/0000-0002-5796-1932
http://dx.doi.org/10.1200/JCO.2014.59.4358
http://dx.doi.org/10.6004/jadpro.2014.5.6.3
http://dx.doi.org/10.1158/0008-5472.CAN-16-2379
http://dx.doi.org/10.1158/1078-0432.CCR-18-0900
http://dx.doi.org/10.1158/1078-0432.CCR-17-0020
http://dx.doi.org/10.1155/2017/3145742
http://dx.doi.org/10.3389/fimmu.2019.00168
http://dx.doi.org/10.1158/1538-7445.AM2020-CT265
http://dx.doi.org/10.1158/1538-7445.AM2020-CT265
http://dx.doi.org/10.1093/gastro/goz061
http://dx.doi.org/10.1038/s41416-018-0006-0
http://dx.doi.org/10.1172/JCI76566
http://dx.doi.org/10.1186/s40425-018-0363-5
http://dx.doi.org/10.1186/s40425-018-0363-5
http://dx.doi.org/10.1016/j.ejca.2015.02.007
http://dx.doi.org/10.1038/s41416-020-0894-7
http://dx.doi.org/10.18632/oncotarget.3214
http://dx.doi.org/10.1007/s10637-009-9245-5
http://dx.doi.org/10.1038/bjc.2011.11
http://dx.doi.org/10.1021/jm201708h

Open access

metastasis in experimental pancreatic cancer. Mol Cancer Ther 30 Tumeh PC, Hellmann MD, Hamid O, et al. Liver metastasis and
2013;12:1190-201. treatment outcome with anti-PD-1 monoclonal antibody in patients

20 Boyango I, Barash U, Naroditsky |, et al. Heparanase cooperates with melanoma and NSCLC. Cancer Immunol Res 2017;5:417-24.
with Ras to drive breast and skin tumorigenesis. Cancer Res 31 Zheng M, Tian Z. Liver-Mediated adaptive immune tolerance. Front
2014;74:4504-14. Immunol 2019;10:2525.

21 Hammond E, Brandt R, Dredge K. PG545, a heparan sulfate mimetic, 32 Kim CW, Chon HJ, Kim C. Combination immunotherapies
reduces heparanase expression in vivo, blocks spontaneous to overcome intrinsic resistance to checkpoint blockade in
metastases and enhances overall survival in the 4T1 breast microsatellite stable colorectal cancer. Cancers 2021;13:4906.
carcinoma model. PLoS One 2012:7:e52175. 33 Johnson B, Haymaker CL, Parra ER,. ef al. Pha}ge Il gtudy of .

22 Mondal S, Roy D, Camacho-Pereira J, et al. HSulf-1 deficiency durvalumab (antl—PD—L_1) and trametinib (MEKI) in microsatellite
dictates a metabolic reprograming of glycolysis and TCA cycle in stable (MSS) metastatic colorectal cancer (MCRC). J Immunother
ovarian cancer. Oncotarget 2015;6:33705-19. Cancer 2022;10:¢005332. )

23 Singh P, Blatt A, Feld S, et al. The heparanase inhibitor PG545 34 Corti F, Lonardi S, Intini R, et al. The Pan-Immune-Inflammation
attenuates colon cancer initiation and growth, associating with valge n mlcrosate!lltg instability-high met"?‘St".’lt'.C colorectal cancer
increased p21 expression. Neoplasia 2017;19:175-84. gggiﬂtgot:eggeds;mth immune checkpoint inhibitors. Eur J Cancer

24 Knuefermann P, Baumgarten G, Koch A, et al. CpG oligonucleotide a5 St ’ r \/A M_ G. th S. Krieg AM. et al. Activati f innate | it
activates Toll-like receptor 9 and causes lung inflammation in vivo. stewa » victra » (\reg » et al. Activation ot innate Immunity
Respir Res 2007;8:72. in healthy Macaca mulatta macaques by a single sulpcutaneous

25 Belani CP, Nemu‘naitis JJ, Chachoua A, et al. Phase 2 trial of erlotinib d?ostziaf—%'vli}ijn;?cg f7c? ror?;rijr?;yaizt?nzr::i "::Srf eé%:{g%%%g? mmunol
with or without PF-3512676 (CPG 7909, a Toll-like receptor 9 agonist) 5008'15'221—6 ques.
in patients with advanr_:ed recurrent EGFR-positive non-small cell 36 Limaéné E, Ghi-ringhelli F. Mitophagy: a new actor in the efficacy of
lung cancer. Cancer Biol Ther 2013;14:557-63. chemo-immunotherapy. Autophagy 2022;18:3033-4.

26 S(.:hmoll H-J, Wittig B, Arnold D, et al. Malntenance treatment 37 Ribas A, Medina T, Kirkwood JM, et al. Overcoming PD-1
with the immunomodulator MGN1703, a Toll-like receptor 9 blockade resistance with CpG-A Toll-like receptor 9 agonist
(TLR9) agonist, in patients with metastatic colorectal carcinoma Vidutolimod in patients with metastatic melanoma. Cancer Discov
and disease control after chemotherapy: a randomised, 2021:;11:2998-3007.
double-blind, placebo-controlled trial. J Cancer Res Clin Oncol 38 WulL, Xie S, Wang L, et al. The ratio of IP10 to IL-8 in plasma reflects
2014;140:1615-24. and predicts the response of patients with lung cancer to anti-PD-1

27 Baxi S, Yang A, Gennarelli RL, et al. Inmune-related adverse events immunotherapy combined with chemotherapy. Front Immunol
for anti-PD-1 and anti-PD-L1 drugs: systematic review and meta- 2021;12:665147.
analysis. BMJ;201:k793. 39 Wattenberg MM, Herrera VM, Giannone MA, et al. Systemic

28 Velasco R, Villagran M, Jové M, et al. Encephalitis induced by inflammation is a determinant of outcomes of CD40 agonist-based
immune checkpoint inhibitors: a systematic review. JAMA Neurol therapy in pancreatic cancer patients. JCI Insight 2021;6:6145389.
2021,;78:864-73. 40 Alfaro C, Suarez N, Martinez-Forero |, et al. Carcinoma-derived

29 Krieg AM. Toll-like receptor 9 (TLR9) agonists in the treatment of interleukin-8 disorients dendritic cell migration without impairing T-
cancer. Oncogene 2008;27:161-7. cell stimulation. PLoS One 2011;6:e17922.

12 Lemech C, et al. J Immunother Cancer 2023;11:¢006136. doi:10.1136/jitc-2022-006136


http://dx.doi.org/10.1158/1535-7163.MCT-12-1123
http://dx.doi.org/10.1158/0008-5472.CAN-13-2962
http://dx.doi.org/10.1371/journal.pone.0052175
http://dx.doi.org/10.18632/oncotarget.5605
http://dx.doi.org/10.1016/j.neo.2016.12.001
http://dx.doi.org/10.1186/1465-9921-8-72
http://dx.doi.org/10.4161/cbt.24598
http://dx.doi.org/10.1007/s00432-014-1682-7
http://dx.doi.org/10.1136/bmj.k793
http://dx.doi.org/10.1001/jamaneurol.2021.0249
http://dx.doi.org/10.1038/sj.onc.1210911
http://dx.doi.org/10.1158/2326-6066.CIR-16-0325
http://dx.doi.org/10.3389/fimmu.2019.02525
http://dx.doi.org/10.3389/fimmu.2019.02525
http://dx.doi.org/10.3390/cancers13194906
http://dx.doi.org/10.1136/jitc-2022-005332
http://dx.doi.org/10.1136/jitc-2022-005332
http://dx.doi.org/10.1016/j.ejca.2021.03.043
http://dx.doi.org/10.1128/CVI.00420-07
http://dx.doi.org/10.1080/15548627.2022.2069439
http://dx.doi.org/10.1158/2159-8290.CD-21-0425
http://dx.doi.org/10.3389/fimmu.2021.665147
http://dx.doi.org/10.1172/jci.insight.145389
http://dx.doi.org/10.1371/journal.pone.0017922

	Phase Ib open-­label, multicenter study of pixatimod, an activator of TLR9, in combination with nivolumab in subjects with microsatellite-­stable metastatic colorectal cancer, metastatic pancreatic ductal adenocarcinoma and other solid tumors
	Abstract
	Introduction﻿﻿
	Methods
	Participants
	Study design and treatment
	Safety and efficacy assessments
	Safety
	Efficacy

	Pixatimod pharmacokinetic assessment
	Biomarker and pharmacodynamics assessment

	Results
	Participant demographics and baseline characteristics
	Dose-limiting toxicities
	Adverse events
	Clinical activity
	Pharmacokinetics
	Biomarkers and pharmacodynamics

	Discussion
	References


