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Modulation of the tumor microenvironment by the CXCR4 antagonist
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Martin Smoragiewicz

Immunotherapy with checkpoint inhibitors has not been effective thus far
in patients with micro-satellite stable pancreatic ductal adenocarcinoma (PDAC),
which suggests an immunosuppressive mechanism operates within the tumour
microenvironment (TME) of PDAC. In the KRasG12D; p53R172H; Pdx1-Cre
(KPC) genetically engineered mouse model of PDAC, T cells are excluded from
tumour nests and this effect is related to the chemokine CXCL12 produced by
FAP+ stromal cells. Targeting the CXCL12/CXCR4 pathway with AMD3100, a
CXCR4 antagonist, resulted T cell infiltration and tumor regression with anti-PD-
L1 therapy in the KPC model. The CAMPLEX clinical trial was initiated to assess
the safety of a 7-day AMD3100 infusion and provide proof-of-concept that
AMD3100 reverses CXCL12 mediated immune-suppression in the TME.

The safety and pharmacokinetic results from the CAMPLEX dose
escalation phase are presented. A dose-rate of AMD3100 80ug/kg/hr was safe,
reasonably well tolerated, and achieved relevant plasma concentrations at
steady state. However, pharmacodynamic makers of CXCR4 inhibition, including
peripheral white blood cell and CD34+ cell mobilization, were maximal at the
lowest dose-rate of 20ug/kg/hr, with little drug-related adverse events. An
increase in T cell infiltration was observed in paired pre/post infusion tumour
biopsies in a subset of patients, consistent with the pre-clinical KPC data.

To further characterize the pharmacodynamic effects of AMD3100 on the TME,
additional pre-clinical experiments in the KPC model were performed. Increased
CXCRA4 protein expression within the TME is a robust effect of AMD3100, which
was also observed in the CAMPLEX biopsies. Furthermore, there was a large
increase in the infiltration of F4/80+ macrophages at 6 days in KPC mice
receiving a high dose of AMD3100. Further studies are warranted to determine
their source, polarization, and whether they are related to the anti-tumour effects
of AMD3100.
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2. ABSTRACT

Immunotherapy with checkpoint inhibitors has not been effective thus far
in patients with micro-satellite stable pancreatic ductal adenocarcinoma (PDAC),
which suggests an immunosuppressive mechanism operates within the tumour
microenvironment (TME) of PDAC. In the KRasG12D; p53R172H; Pdx1-Cre
(KPC) genetically engineered mouse model of PDAC, T cells are excluded from
tumour nests and this effect is related to the chemokine CXCL12 produced by
FAP+ stromal cells. Targeting the CXCL12/CXCR4 pathway with AMD3100, a
CXCR4 antagonist, resulted T cell infiltration and tumor regression with anti-PD-
L1 therapy in the KPC model. The CAMPLEX clinical trial was initiated to assess
the safety of a 7-day AMD3100 infusion and provide proof-of-concept that
AMD3100 reverses CXCL12 mediated immune-suppression in the TME.

The safety and pharmacokinetic results from the CAMPLEX dose
escalation phase are presented. A dose-rate of AMD3100 80ug/kg/hr was safe,
reasonably well tolerated, and achieved relevant plasma concentrations at
steady state. However, pharmacodynamic makers of CXCR4 inhibition, including
peripheral white blood cell and CD34+ cell mobilization, were maximal at the
lowest dose-rate of 20ug/kg/hr, with little drug-related adverse events. An
increase in T cell infiltration was observed in paired pre/post infusion tumour
biopsies in a subset of patients, consistent with the pre-clinical KPC data.

To further characterize the pharmacodynamic effects of AMD3100 on the
TME, additional pre-clinical experiments in the KPC model were performed.
Increased CXCR4 protein expression within the TME is a robust effect of
AMD3100, which was also observed in the CAMPLEX biopsies. Furthermore,
there was a large increase in the infiltration of F4/80+ macrophages at 6 days in
KPC mice receiving a high dose of AMD3100. Further studies are warranted to
determine their source, polarization, and whether they are related to the anti-
tumour effects of AMD3100.



3. INTRODUCTION

Immunotherapy for pancreatic and colorectal adenocarcinoma

The incidence and mortality of pancreatic ductal adenocarcinoma (PDAC) has
been steadily increasing in Europe[1] and the United States[2]. Only 15 to 20% of
patients are potentially resectable on presentation, though most relapse despite
adjuvant chemotherapy [31 5]. Recent advances chemotherapy have improved
the prognosis for patients with advanced disease, but median survival remains
under 1 year[6, 7]. There is therefore an unmet need for this increasing patient

population.

Colorectal adenocarcinoma (CRC) is the second leading cause of cancer
death in Europe[1]. Over the last 15 years, there has been significant
improvement in the overall survival of patients with advanced colorectal cancer,
with median survival approximately 30 months[8]. The improvement in survival is
due to the development of new treatments, including cytotoxic chemotherapeutic
agents (5-FU, irinotecan, oxaliplatin, TAS-102), agents targeting the Vascular
Endothelial Growth Factor pathway (bevacizumab, aflibercept, ramucirumab, and
regorafenib) and agents targeting the Epidermal Growth Factor Receptor
pathway (cetuximab and panitumumab). However, the majority of patients with
advanced CRC will die from their disease, with 5-year survival of approximately
5%[1]. Once they progress on standard therapies, the median overall survival for
patients with advanced CRC is 5 to 6 months with best supportive care[9].
Therefore, there is an unmet need for patients with advanced CRC who have

progressive disease on standard therapies.

Interest in cancer immunotherapy has been reborn over the last decade
due to impressive results from a new class of agents, the checkpoint inhibitors.

Blocking monoclonal antibodies to the T-cell immunologic checkpoint proteins



cytotoxic T-lymphocyte antigen 4 (CTLA-4), programmed cell death protein 1
(PD-1) and programmed death-ligand 1 (PD-L1) have shown activity across
multiple tumours, includinginclu di ng mel anoma, | ung, renal

lymphoma, head and neck cancers [107 16].

Immunotherapy for biomarker unselected patients with PDAC and CRC
has thus far been disappointing. Unselected patients with PDAC did not show
responses to treatment with anti-PD-L1[17] or anti-CTLA-4[18] antibodies.
Similarly, unselected patients with CRC had response rates of <5% to treatment
with anti-PD-(L)1[17, 19] and CTLA-4[20] antibodies. However, a landmark study
in patients with CRC with mismatch repair deficient (dMMR) or microsatellite
instability-high (MSI-H) solid tumours showed an impressive 40% objective
response rate and durable responses with anti-PD-1 antibody pembrolizumab,
while those with microsatellite stable (MSS) had no responses [16] The addition
of anti-CTLA-4 to anti-PD-1 antibodies may further increase the response rate to
55% in MSI-H CRC [21]. The leading hypothesis to explain the differential
response to checkpoint inhibitors is that MSI-H tumours have a high tumour
mutational burden, and consequently more neoantigens, relative to MSS
tumours[16]. However, these exciting results are likely of limited therapeutic
value since the prevalence of MSI-H is only about 15% in CRC[22], and 5% in
advanced CRCJ23]. The prevalence of MSI-H in PDAC is even lower, less than
1%][24], but responses to anti-PD-1 therapy have been reported[25].

Therefore, there is an urgent need to understand whether additional and
more fundamental immune suppression mechanisms operate within the tumour
microenvironment of PDAC and CRC to explain the lack of responses to anti-

CTLA-4 and anti-PD-(L)1 antibodies in this population with high unmet need.

CXCR4/CXCL12 mediated T cell exclusion from the tumour microenvironment

A variety of cells within the tumour microenvironment are being targeted to

improve responses to checkpoint inhibition in pre-clinical models of PDAC, and
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many are targeting myeloid cells such as tumour-associated macrophages
(TAMs). CSF1/CSF1R blockade reprograms TAM to enhance antigen-
presentation, reduce immunosuppression activity, increase anti-tumour T cell
activity, and results in PDAC regression with PD-1/CTLA-4 checkpoint
blockade[26]. CXCR2 blockade limits the accumulation of myeloid-derived
suppressor cells (MDSCs) within the tumour microenvironment, and enables
tumour regression with anti-PD-1 treatment[27]. Other promising approaches
targeting myeloid cells include agents against CD40[28], Bruton tyrosine kinase
( BTK) / [29, bngl KOL2/CCR2[30]. Targeting tumour cells by Focal
adhesion kinase (FAK) inhibition overcomes the fibrotic and inflammatory
microenvironment, which potentiated the efficacy of anti-PD-1 and anti-CTLA-4
antibodies[31].

A collaboration between the Jodrell, Tuveson, and Fearon laboratories
demonstrated that exclusion of tumour infiltrating lymphocytes (TILs) from the
tumour microenvironment prevents responses to PD-L1 checkpoint inhibition in
the autochthonous LSL- KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC)
model of PDAC, despite the presence of a spontaneous adaptive immune
response. The FAP+ stromal cells mediate this immunosuppressive mechanism,
potentially by the production of the chemokine ligand 12 (CXCL12), which coats
cancer cells. By administering AMD3100, an antagonist of the CXCL12 receptor
CXCR4, TILs accumulate within the tumour microenvironment and KPC mice
exhibit immune mediated control of tumour growth. AMD3100 synergized with
anti-PD-L1 therapy, causing tumour regression and elimination of p53+ cancer
cells in an immune dependent mechanism[32]. These observations suggest the
hypothesis that AMD3100 enables T cells to come into contact with their tumour

target, allowing anti-PD-L1 to exert its effect.
The exact mechanism by which CXCL12 excludes TILs from the

microenvironment remains unknown. One possible mechanism may be dueto T

cell induced apoptosis[33]. The investigation of the high turnover rate of CD8 T
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cells in HIV infection led to the discovery that the HIV envelop glycoprotein gp120

of strain X4 induced CD8 T cell apoptosis in a dose-dependent manner. Gp120

binds to the CXCR4 on CD8 T cells and macrophages, and upregulates the

expression of tumour necrosis factor receptor Il (TNFRII) on CD8 T cells and

TNFU bound to the membrane of macrophages (n
MbTNF and TNFRII induces CD8 T cell apoptosis. CXCL12 also induces a

similar CD8 T cell apoptosis in a dose-dependent manner.

Alternatively, CXCL12 may have a concentration-dependent bi-
functional effect on T-cell migration, where T-cells migrate towards a low
concentration (chemotaxis), but away from high concentrations (terms
chemofugetaxis) [34]. CXCL12 levels have not been directly measured in the
tumour microenvironment and compared to other tissues. However, the
chemofugetaxis properties of CXCL12 are being investigated to prevent islet cell
transplantation for the treatment of type 1 diabetes. Islets coated with CXCL12 or
encapsulated with alginate incorporating CXCL12 display long term survival and
function in pre-clinical models, and suggests that CXCL12 may have similar

effects in the tumor microenvironment[35].

To explain the paradox that CXCL12 is produced by FAP+ stromal cells
yet localizes to the cancer cells, our group has previously hypothesized that
CXCL12 is captured by high mobility group box 1 (HMGB1), which is
overexpressed by metabolically stressed cancer cells[36], and forms a
heterocomplex[37]. However, it is also unknown whether the free or membrane

bound CXCL12 contribute to the exclusion of T cells from cancer nests, or both.

Regardless of the exact mechanism, clinical correlative studies support
the notion that CXCL12 is relevant. Indeed, high expression of CXCL12
assessed by immunohistochemistry in primary tumours confers a worse
prognosis in PDAC and CRC [38, 39], though correlations between CXCL12

expression and TIL infiltrates were not assessed.
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CXCL12 and CXCR4 in health and disease

There are over 50 different chemokines and over 20 different chemokine
receptors have been identified, which implies substantial redundancy in
chemokine receptor binding[40]. CXCR4 is unique in that CXCL12 is the only
known endogenous ligand for CXCR4[41]. CXCL12 also binds to the chemokine
receptor CXC receptor 7 (CXCR7), whose function is to control CXCL12
gradients by high affinity binding and degradation of CXCL12[42]. CXCL12
binding to CXCR4 initiates signaling through a variety of pathways. CXCR4 is a
seven transmembrane G-protein-coupled receptor. G protein mediated signaling
activates downstream phosphoinositide-3 kinase (PI3K), phospholipase C-b
(PLC-b ) , natogen-activated protein kinase (MAPK). G protein independent
signaling has also been reported to activate the JAK/STAT pathway[43]. The
various signaling pathways activated by CXCL12/CXCRA4 result in a plethora of
responses including gene transcription, chemotaxis, cell survival, and

proliferation.

CXCRA4 is expressed in a variety of non-hematopoietic tissues (heart,
brain, lung, kidney, and liver) in addition to a variety of hematopoietic cells (T and
B cells, monocytes, macrophages, neutrophils, dendritic cells, and hematopoietic
stem cells) [44i 47]. The amino acid sequence of CXCL12 and CXCR4 are highly
conserved in mammals. Underscoring the importance of CXCL12/CXCR4
signalling, CXCL12 is the only chemokine that is required for survival. Ablation of
either CXCL12 or CXCR4 gene is embryonically lethal in mice, with very similar
characteristics consisting of defects in B-cell lymphopoeisis, myelopoeisis, and
cerebellar and heart development[48, 49]. Therapeutically, the CXCR4/CXCL12
role in the maintenance of hematopoietic stem cell pool in the bone marrow has

been successfully targeted, as discussed below[45].

Few CXCR4 mutations have been reported but are responsible for a rare

genetic syndrome with manifestations of warts, hypogammaglobulinemia,
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infections and myelokathexis (WHIM syndrome)[50]. Normally, the CXCR4
receptor undergoes slow constitutive internalization (1%/min), and CXCL12
rapidly induces CXCR4 receptor endocytosis (50%/5min) and degradation in
lysosomes [511 53]. In WHIM syndrome, mutations in the C-terminal of CXCR4
prevent receptor internalization, and results in persistent CXCR4 activation.
Consequently, mature neutrophils do not leave the bone marrow, causing
neutropenia and subsequent recurrent infections. There is also an increased
susceptibility to human papilloma virus, suggesting a defect in cell mediated

immunity.

The CXCR4 antagonist AMD3100

aeler e

Figure 1 Molecular structure of AMD3100

AMD3100 is a molecule with 2 cyclam rings connected by an aromatic
bridge and a molecular mass of 502.79 g/mol (anhydrous) (Figure 1). Itis a
strong base due to the basic nitrogens of each bicyclam ring, which enable
electrostatic interaction with the acid carboxylates of aspartic acid residues at
positions 171 and 262 of the CXCR4 receptor. Mutation of these 2 residues
abrogates AMD3100 antagonism and impairs the function of CXCR4 as a co-
receptor for HIV[54]. In a human T cell lymphoblast-like cell line (CCRF-CEM)
expressing endogenous CXCR4, AMD3100 was shown to inhibit CXCL12
binding to CXCR4, CXCL12 mediated calcium flux, G-protein activation, and
chemotaxis with half maximal inhibitory concentration (IC50) values of 651+37,
572+190, 15.4+4, and 51+17 nM, respectively. AMD3100 also demonstrated lack
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of inhibition of ligand-induced calcium flux and/or ligand binding for a series of
chemokine and 7-transmembrane receptors including CXCR1-3, CXCR7, CCR1-
9, and BLTR, demonstrating that AMD3100 is a potent, selective antagonist of
CXCRA4[55, 56].

AMD3100 was initially developed for the treatment of HIV[57], but this
clinical program was discontinued due to poor antiviral activity [58] and oral
bioavailability [59]. However, the observed mobilization of white blood cells
(WBC) into the peripheral circulation in early trials was further investigated and
found to also mobilize CD34+ cell counts [60]. CD34+ cells are collected by
apheresis for autologous stem cell transplantation protocols. Single agent
AMD3100 yielded modest CD34+ mobilization in a small study with patients with
multiple myeloma [61]. However, the combination of granulocyte colony

stimulating factor (G-CSF) and AMD3100( 24 0e¢ g/ kg subGidatyaneous [ S

starting on day 4) compared to G-CSF alone increased the proportion of patients

with multiple myelomaornon-Hodgki néds | ymphoma achi evi

cell count target for transplantation in fewer apheresis days [62i 64]. This is
currently the only approved indication for AMD3100.

ng tt

The current highest approved dose of AMD3100( 240 e€g/ kg) achi eve

maximum plasma concentration (Cmax) o f ~ 1 ¢ tgrmimal halfife flB.6-a
5hr [59, 65]. Given the short half-life and Cmax below the biologically active dose

in the pre-clinical studies discussedabove ( 2 € g/ ml , unpubl/Cshed dat

dosing would not be adequate and multiple S/C dosing, not feasible. AMD3100

has previously been administered as a 10-day continuous IV infusion to HIV
patients, safely achieving mean pl asma
hi ghest dose c ol58]r The CAMBLEX cirgcal krigl/ h r )
(NCT02179970) was initiated to assess the safety of administering continuous
infusion of AMD3100 and achievingan AMD3100c oncentr ati on at
2 eg/ ml i n gRa,tPDACrandhighvgrade lserous ovarian

adenocarcinomas (HGSO). Patients HGSO were also included as they do not
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show responses to anti-PD-(L)1 therapy[17, 19], high expression of CXCL12 is
associated with worse prognosis [39, 66], and T cells are excluded from tumour
nests[67, 68]. The CAMPLEX safety and pharmacokinetic data are the basis of
Chapter 6.

Quantification of tumour infiltrating lymphocytes

Exploratory objectives of the CAMPLEX trial include an assessment of the
modulation of tumour microenvironment from paired biopsies of metastases pre
and post AMD3100 infusion. The exploratory objectives are an important addition
to the trial as, although the KPC mouse model is currently the best experimental
system for assessment of therapy for PDAC, previous studies demonstrating
efficacy in this model have not translated into successful human therapies[69i
71]. This is the first opportunity to assess whether AMD3100 can reverse
CXCL12 mediated TIL exclusion from the tumour microenvironment in humans.

This thesis has a special emphasis on histologic TIL quantification methodology.

A review of the literature suggests a variety of histologic TIL quantification
methodologies, reflecting both available quantification tools and tumour
immunology understanding. Central to these methods is the hypothesis that
specific immune cell densities within different tumour compartments can be

meaningfully correlated with clinical outcomes.

TIL density has prognostic value across multiple tumours and treatment
modalities. Increasing TIL density has been linked to less advanced pathologic
stage and improved survival in PDAC[72, 73] and CRC[74]. TIL density has been
found to have equivalent [67] or even a superior and independent prognostic
value to the Union for International Cancer Control TNM clinical staging in
CRC[75, 76]. High TIL density at the invasive margin of incompletely resected
metastatic liver disease prognosticated for response to palliative

chemotherapy[77]. In breast cancer, estimates of lymphocyte densities within

16



both stroma and tumour nests have been linked to higher rates of pathologic
complete response (pCR) to neo-adjuvant chemotherapy, a favorable prognostic
factor[78]. In a series of melanoma patients treated with the PD-1 checkpoint
inhibitor pembrolizumab, CD8 density at the invasive margin and centre of the

tumour associated with clinical response[79].

However, there is no agreement on the definition of tumour compartments,
or how to measure and compare them. TILs have been quantified within cancer
cell nests compared to the surrounding stroma[67, 73, 78, 80], at the invasive
margin[77, 81], in the center of a tumour compared to the invasive margin
irrespective of their distribution within cancer cell nests or stroma[75, 79, 81], and
other permutations of these compartments[67, 72]. Many have defined stroma as
all the tissue between tumour nests, while others have subdivided it into distant
and proximal stroma to account for TILs within the proximal stroma contacting
tumour nests[80]. Others have included the proximal stromal TILs within the
tumour nest counts[73, 78]. The invasive margin has been suggested to have
more prognostic significance than the center of the tumour[75, 79], though a
more detailed compartment analysis suggested TILs within tumour nests may be

more prognostic than at the invasive margin[67].

The tools employed to quantify TIL densities within tumour compartments
vary from semi-quantitative methods to software-based image analysis. Most
semi-quantitative methods rely on trained pathologist to assess variables such as
the percentage of stroma or tumour nests infiltrated by TILs[67, 78]. Though the
inter-observer correlation within a study may be high[78], it is not clear how
generalizable the method is and, therefore, whether values between studies can
be compared. Another common method involves the subjective identification of
one or several high-powered microscopy fields with the highest TIL infiltrate[67,
81], followed by a manual count of TILs. Beyond being labor-intensive and
subject to inter-observer variability, it is not clear that the regions of highest

subjective infiltrate are in fact the best, or only, regions to compare between

17



samples. Increasingly, image analysis software is being used for TIL
guantification, offering the prospect of high throughput analyses that could be

compared between studies[73, 75, 77, 79].

There is lack of agreement of which TIL subsets to measure. A recent
review, summarizing over 120 different papers across various cancers, showed a
very consistent association between increasing densities of CD8+, CD45R0O+
and Th1+ cells with better prognosis. On the other hand, Th2+, Th17+, and Treg
cells have been inconsistently associated with improved, worse or not correlated
with prognosis. This may reflect their plasticity within different tumour

microenvironments across different tumours[82].

Currently, the Immunoscore™ is the most advanced scoring system that
incorporates the above concepts of TIL location, density, and subtype with
software image analysis. Immunoscore™ was developed in early stage CRC and
may soon be changing clinical practice[74, 75]. Large H&E slides of primary
tumours are first examined by a pathologist to determine the areas of highest TIL
density within the center of the tumour and at the invasive margin. Subsequently,
these regions are stained for CD8+ and CD45R0O+ resident memory T cells. A
subgroup of patients with low densities in both compartments have a particularly
poor prognosis among a patient population with a generally good prognosis[76,
81]. A large consortium has been initiated to validate the Immunoscore™ in
clinical practice for early stage CRC, and may identify patients that could benefit

from adjuvant chemotherapy[83].

However, Immunoscore™ is unlikely to be an appropriate end-point for the
CAMPLEX trial. Firstly, Immunoscore™ does not assess TIL densities between
tumour nests and stroma, and may therefore miss any relative changes in TIL
density in these compartments with AMD3100 treatment. Secondly,
Immunoscore™ is not feasible due to a lack of an invasive margin on many

biopsy specimens. Correlative studies from an anti-PD-1 trial with
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Pembrolizumab in melanoma patients suggested that assessment of the invasive
margin is feasible on biopsy specimens[79]. Melanoma patients may have easier
to access metastases for larger biopsies, which would enable a clear definition of

an invasive margin.

The literature suggests that TIL density and location matters. Given the
proposed mechanism of AMD3100, we hypothesize that an increase in TIL
density in tumour nests will be a pharmacodynamic read-out of the CAMPLEX
clinical trial. Thus, a key objective was to develop a TIL quantification method

for use with the CAMPLEX trial biopsies and a major section of Chapter 7.

The recently developed technique of sequencing the T-cell receptor beta
(TCRD) third complementarity-determining region 3 (CDR3) may complement
and add to the histologic pharmacodynamic readouts of the CAMPLEX trial
(ImmunoSeq, Adaptive Biotechnologies). The TCRb CDR3 region directly
contacts antigens on MHC molecules, and is unique to a T cell clone. Correlative
studies from a clinical trial with an anti-PD-1 agent in melanoma patients
demonstrated ten-fold more expanding clones in responding patients relative to
non-responders[79]. We hypothesize that AMD3100 will result in a more clonal T
cell population tumour biopsies. Additionally, this technology permits
guantification of T cells by estimating TCR gene rearrangements per diploid
genomes. This would complement the histologic TIL quantification, though the

spatial distribution of TILs between stroma and tumour nests is lost.

If the CAMPLEX trial demonstrates AMD3100 reverses TIL exclusion in
some patients, the question of predictive biomarkers will arise. The pre-clinical
KPC experiments show that AMD3100 controlled tumour growth, but responses
occurred in combination with anti-PD-L1[32]. It is reasonable to anticipate a
similar situation in human PDAC, and therefore the next trial should combine
AMD3100 with either anti-PD-1 or anti-PD-L1 checkpoint blockade. Enriching for

patients most likely to respond would be valuable for this proof of concept trial.
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The paired pre and post treatment biopsies on the CAMPLEX clinical trial will be
an excellent opportunity to explore potential predictive biomarkers, such as
CXCL12 expression.

Interpreting pharmacodynamic readouts on biopsies can be challenging
for several reasons, including limited sample, and variability due to intra-patient
TIL density heterogeneity. It is also unclear how the trauma of a biopsy may alter
the immune infiltrate on a repeat biopsy. The Feig et al.[32] paper showed a
large infiltration of CD3+ cells within p53+ cancer cell regions, although the effect
was not quantified. Therefore, the intratumoural pharmacodynamic readouts of
AMD3100 need to be better characterized to help interpret the biopsies from the
CAMPLEX trial. Additionally, it would be important to understand if AMD3100
mediated CD3+ infiltration occurs at the invasive margin, in the centre of the
tumour or both. These questions will be explored in KPC mice administered
AMD3100 alone in Chapter 5.
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4. MATERIALS AND METHODS

4.1. CAMPLEX patient eligibility

Patients with advanced or metastatic PDAC, HGSO or CRC, refractory to
or declining conventional chemotherapy were eligible for the dose escalation
phase. A 10 patient expansion cohort has been initiated in patients with PDAC
using the recommended phase2dos e ( RP2D) o fOthé& Qligiality/ k g/ hr .
criteria included mandatory biopsy of the same metastasis at baseline and within
+/- 4 hr of infusion end, an Eastern Cooperative Oncology Group (ECOG)
performance status of 0 or 1, and life expectancy of at least 12 weeks. Patients
were excluded if they met any of the following criteria: 1) inadequate hematologic
function (including a lymphocyte count below the lower limit of normal), 2)
inadequate renal function (creatinine clearance <50ml/min), 3) inadequate
hepatic function, 4) treatment with chemotherapy, corticosteroids or other
immunosuppressive agents within 28 days, 5) cardiac co-morbidity, including any
history of significant arrhythmias or myocardial infarction < 6 months, 6) active
infection, 7) pregnant, or 8) known hepatitis B, hepatitis C, or HIV infection.
Patients were accrued at Addenbrookeds Hospi
escalation phase, and a second centre at Weill Cornell Medical College, NY,

USA accrued additional patients to the dose expansion cohort.

4.2. CAMPLEX study design

This phase 1, multicentre, open-label, non-randomized study followed a
3+3 dose escalation design. The primary endpoint was to determine the safety of
administering AMD3100 to achieve a plasma AMD3100 concentration at steady
state O 2 e€g/ml in O 80% of patients at the
continuous IV infusion of AMD3100 in patients with HIV that achieved plasma
AMD3100concentrations at steady state of 1.8 a
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160 egb¥,gr/ehsrpecti vely, we anticipated a dose
the primary endpoint. AMD3100 was administered as a 7 day continuous infusion

in planned dose cohorts of 20tshdddhe 80 and 12
option of a second 7 day infusion in the event of a confirmed partial or complete

response. Intra-patient dose escalation was not permitted. Safety was evaluated

using the Common Terminology Criteria for Adverse Events (CTCAE) 4.03. A

dose-limiting toxicity (DLT) was defined as any grade 3 or greater adverse event

(AE) occurring within 21 days of completion when considered certainly, probably

or possibly drug related. The RP2D will be confirmed in a 10 patient dose

expansion cohort. Secondary endpoints included the determination of overall

objective response rate, and metabolic changes in tumour using ®FDG-PET.

Exploratory objectives included immune changes in tumour biopsies.

All patients provided written informed consent under a Research Ethics
Committee-approved protocol, and in compliance with Good Clinical Practice
(GCP), local regulatory requirements and legal requirements. A Clinical Trial
Authorisation (CTA) was obtained from the Medicine and healthcare regulatory
authority (MHRA). This study is sponsored by Cambridge University Hospitals
NHS Foundation Trust and the University of Cambridge. Sanofi-Aventis Groupe
provided study drug free of charge. The clinical trial was funded by Stand Up 2

Cancer and the Lustgarten Foundation.

4.3.CAMPLEX safety evaluations

Clinical review was performed at baseline, daily during the infusion, and
weekly until day 21 after infusion discontinuation. Complete blood counts,
biochemistry and C-reactive protein levels were obtained with a similar schedule,
except only on days 2/4/8 during the infusion. Due to potential concerns of
cardiac arrhythmias, patients were monitored by cardiac telemetry for the initial
48hr of the infusion (later amended to 72hr), and subsequently transitioned to a

Holter monitor for the remaining part of the infusion. Patients were admitted to
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the Clinical Research Facility at Addenbr ook

with the option to receive the remaining infusion in the outpatient setting.

4.4.CAMPLEX response evaluation

Overall response rate was determined according to the Response
Evaluation Criteria in Solid Tumours (RECIST) 1.1 criteria[84]. Baseline CT
scans were performed within 14 days before the start of the infusion, and at 14
(+/-2) days after the infusion. Patients with a partial or complete response were
required to undergo a confirmatory CT scan at Day 56 prior to being eligible for a
second infusion. ¥FDG-PET/CT scans were performed within 14 days before the
start of the infusion, and within 1 day of infusion completion. Analysis was
performed in collaboration with radiology registrar Eva Serrao and supervised by
consultant Ferdia Gallagher. *¥FDG-PET/CT responses were determined
according to PET Response Criteria in Solid Tumours (PERCIST) 1.0[85]. The
standardized uptake value lean (SUL) peak was determined from a 1mm3 i
volume spheric region of interest (ROI) centred on the hottest point in a tumour
foci. The biopsied lesion was excluded from the PERCIST 1.0 analysis due to
the uncertain effect of a biopsy on the metabolic uptake. Exploratory analyses
were also performed on the biopsied metastasis, or sum of up 5 target lesion
SULpeak.

4.5.CAMPLEX pharmacokinetic methods

Samples for plasma AMD3100 concentration analysis were taken at the
following nominal time points: predose, 24, 72 and 168 hrs of the infusion. A
time point at day 7(+/-2) after infusion discontinuation was added from patient
1017 onwards.

Plasma concentration of AMD3100 in CAMPLEX trial samples was

measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
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using an assay developed by the PK/Bioanalytics Core Facility at CRUK-CI.
AMD3100 calibration standards were prepared in the range of 40-4,000 ng/mL
using blank control human plasma obtained from the NHS blood transfusion
service (lower limit of quantification (LLOQ) 40 ng/mL). After the addition of the
internal standard (AMD3100-D4) and EDTA (10mM), plasma samples, quality
control (QC) and calibration standards were extracted using 1% formic acid in
methanol to precipitate the plasma protein. Following vortex mixing and
centrifuging, a portion of the supernatant was removed and the solvent
evaporated. The residue was reconstituted in 1% formic acid in water prior to
analysis on the LC-MS/MS. High-performance liquid chromatography was
performed with the Thermo Scientific Accela Pump and Phenomenex Kinetex
column (2.6pm, 100 x 2.1mm) using mobile phases A and B containing 0.1%
formic acid in water or methanol, respectively. MS/MS detection was carried out
using the Thermo Scientific TSQ Vantage with an electrospray source heated to
350°C. QC samples (40, 120, 400 and 3000 ng/mL) were used to determine the
precision (coefficient of variation [%CV]) and accuracy (relative error [%RE]).
Acceptability of bioanalytical batches was determined by the following criteria: at
least 75% of calibration standards with £15% RE (within +20% RE at the LLOQ
of their target concentrations; at least four of the six QC samples within £15% RE
of their respective target values. Two of the six QC samples may be outside the
+15% limit but not at the same concentration. During assay validation, QC intra-
day %CV ranged between 1.3 to 5.7%, and %RE ranged between -0.3 to 9.2%.
All instrument control, data collection, peak area integration, regression and
guantification was performed using Thermo Scientific LCQuan. A weighted (1/x?)

least square linear regression was used to construct the calibration line.

4.6. CAMPLEX pharmacokinetic analysis

Non-compartmental pharmacokinetic analyses were performed using
Graphpad Prism software (version 7). Pharmacokinetic parameters were

calculated and summarized by dose cohorts for proportionality estimates
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(Pearson correlation coefficient). Concentration at steady state (Css) was
determined at 168hr of the infusion, or at 72hr or later if the infusion was
discontinued early and renal function was at baseline. The area under the
concentration-time curve AUCo-168 was calculated using the linear trapezoidal
rule. Clearance (CL) was determined using the following equation[86]:

o v
0 - n
ouv

where Kp is the infusion rate (mg/hr).

4.7.CAMPLEX pharmacodynamic correlates in the peripheral circulation

At baseline, 24/72/168hr of the infusion, and 21(+/-2) days after infusion,
blood was collected into Sarstedt EDTA blood tubes and CD34+ cells quantified
by flow cytometry at the Haemato-Oncology Diagnostic Service at
Addenbrookeds Hospital. The CD34+ absolute c
based assay using BD Bioscience Trucount tubes and an ISHAGE gating
strategy. CD34+ cell counts, and other WBC subsets obtained by standard
clinical full blood counts for safety evaluations, were summarized using
descriptive statistics for each dose cohort. On treatment means or day 28 counts
and baseline counts were compared usingtwo-way ANOVA with Dunnett 6
multiple comparison test. Pharmacodynamic modelling was performed using
Graphpad Prism software (version 7) to estimate the half-maximal effect (ECso)

and maximum effect (ECmax).

4.8.Mice

Experiments were carried out within the CRUK-CI Biological Resources
Unit (BRU), in accordance with the Animals (Scientific Procedures) Act 1986, and
with the approval of the Institute Animal Welfare and Ethical Review Body. The
generation of LSL-KrasG12D/+;| S| -Trp53R172H+:Pdx1-Cre (KPC) mice has

previously been described [32, 87]. Mice received ad libitum diet and were
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housed at a 12-hour light/ 12-hour dark cycle. Tumour-bearing were identified by

palpation and tumour sizes were verified by high-resolution abdominal

ultrasonography (Vevo2100, VisualSonics), by the CRUK-CI Preclinical Genome

Editing Corebds TumoberBROdel as Jiefaimes mi ce i nt
and ABo, where the former are optimal for in
vol ume changes. Mice can be creasmsi fi ed as ba
including poor health, but mainly when the tumour measurements are difficult to

accurately assess by ultrasound (e.g. cystic, multi-lobed tumours). There is an

approximate 5 fold difference Iin cost betwee

Band f A dth 5¥8mm eumaurs were enrolled for the 144hr
experiment to investigate the effect of AMD3100 on tumour growth. Tumour
volumes were determined 2 days before enrolment and on day 6 by ultrasound,
and measurements in the same field of view were compared. Heal t hy band fABO
mice were enrolled for shorter experiments (24hr and 48hr) to characterize the
intra-tumoural pharmacodynamic effects of AMD3100. There was no difference
in the hematologic profile of enrolled band
their age (mean 164 vs 194 days, p=0.26). AMD3100 (SigmaAldrich, A5602) or
PBS was administered by osmotic pumps (Alzet, Charles River) implanted on
Day 0. In the 144hr experiment, osmotic pumps (model 1007D) were loaded with
a 400mg/ml solution of AMD3100 and released the solution at 0.5 pl/hr (or
200pg/hr). Mice weighed between 22.7-35.3g (mean 29.99) at baseline, and
therefore weight-based dosing ranged between 5.6-8.8mg/kg/hr (mean
6.7mg/kg/hr). In the 24hr and 48hr experiment, osmotic pumps (model 1003D)
were loaded with a 45mg/ml solution of AMD3100 and released the solution at
1.0 pl/hr (or 45ug/hr). Mice weighed between 27.7-33.4g (mean 30.0g) at
baseline, and therefore weight-based dosing ranged between 1.3-1.6mg/kg/hr
(mean 1.5mg/kg/hr) At the end-point, tumours were en bloc dissected with
normal surrounding tissue to adequately capture the invasive margin. Tumours
were cut into 3 equal parts: one part was embedded in OCT and snap frozen; a

second part was fixed in neutral buffered 10% formaldehyde for 24hr and
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paraffin-embedded; the last part was trimmed of adjacent normal tissue and snap

frozen.

WBC Lymphocytes Monocytes
Figure 1 Comparison of 40 ns 20- ns 15+ ns - KPC-Band A
hematologic profile of - KPC -Band B
) — 304 — 154 -
tumour-bearing KPC band g . % 5 % 104
iAd0 and fABO 820 i A 81 & F 8
full blood counts, prior to ) 3 . ) * : S 59 -
104 . < 51 . - & e
any experimental
procedure, were compared 0 0 0
in band AAO Granulocytes Hemoglobin Platelets
ABo(n=11). S 15+ ns 18+ ns 1500+ —ns
T-Test. * - p<0.05, ** - 164
p<0.01’ kk p<0.001’ hkkk | ;‘ 104 * * %i ..'.o o ﬁ' 1000
8 % 3| F 1 3 3
p<0.001 o i H © 45 o o e .
& s T I . S 5004 s o
. . 10 A
(] 8 0

8 to 10 week old non-tumour prone littermates of KPC mice with genotype
LSL-Trp53R172H*+:pdx1-Cre (PC) mice were enrolled for experiments investigating
the mobilization of WBC subsets in the peripheral circulation. AMD3100 was

administered either by osmotic pumps or S/C injection at different doses.

Complete blood cell (CBC) counts, including 3-part WBC count differential,
were determined by a haematology bench-top analyser (Mythic 18, Woodley
Equipment Company Ltd). The benchtop analyzer provides precise
measurements of all counts (Figure 2). 10ul of blood were collected in EDTA-

coated capillaries from tail bleeds and analyzed within 1 hour of collection.
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Figure 2 Precision of the Mythic 18 blood cell analyser. Blood from cardiac bleeds were collected in EDTA anticoagulant

from 6 PC mice, and three 10pl aliquots were analysed. Coefficient of variation (CV) for each triplicate was pooled using

the maximum likelihood estimate formula.

4.9.Histologic analysis

All immunohistochemistry (IHC) and immunofluorescence (IF) staining and

scanning was performed by the CRUK-CI Histopathology Core. 3 um formalin-

fixed, paraffin-embedded (FFPE) tissue sections were deparaffinised in xylene

and rehydrated in an ethanol series, before staining as described below. H&E

and IHC slides were imaged by Aperio AT2 scanner, and IF slides on the Axio

Scan.Z1 (Zeiss). All images were imported into Halo software (v2.1, Indica labs)

for image analysis. H&E and IHC or IF images were co-registered for

simultaneous annotation of images for areas of necrosis, normal tissue, and the

invasive margin. The invasive margin was defined as the border between cancer

cells at the leading edge of the tumour and surrounding tissue. For the

CAMPLEX samples, H&E slides were also reviewed with a Consultant

Histopathologist Rebecca Brais (RB) (Cambridge University Hospitals NHS

Foundation Trust) to verify the diagnosis and clarify any issues with slide

annotation. For mouse experiments, all annotations were verified by Dr Aarthi

Gopinathan, an experienced member of the lab in histologic analysis, who was

also blind to treatment groups. Archival control paraffin sections of a primary

PDAC
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tissue bank in accordance with institutional and national policies (LREC
08/H0306/32).

4.9.1. Immunohistochemistry

IHC was performed for CD3, CD4, CD20, FOXP3, F4/80, CXCR4, PD-L1,
Ki-67, and Cleaved-Caspase-3 proteins on human and mouse tissue as
indicated. Staining conditions had previously been optimized by the CRUK-CI
Histopathology Core for all antibodies. Staining was performed on a Leica Bond
automated platform and the Leica Polymer Refine Detection System (Vision
Biosystems). Specific conditions for antigen retrieval, primary antibody

concentration and incubation time are outlined in Table 1.
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For mouse tissue, adjacent normal tissue served as internal positive
controls: lymphoid tissue for CD3, CD4, FOXP3, F4/80 and CXCR4; proliferating
cells in crypts of bowel tissue for Ki-67. For human tissue, additional control
tissues were included with every staining batch: normal human lymph node for
CD20; FFPE cell pellets positive (HDLM-2) and negative (PC-3) for PD-L1 (Cell
Signalling Technology, SignalSlide 13747). The PC-3 cell line appeared to stain
weakly for PD-L1 (Figure 3A), which was confirmed by customer support at Cell
Signalling Technology. HDLM-2 were strongly positive for PD-L1 as expected
(Figure 3B). An FFPE cell pellet of the AsPC-1 cell line, known to be negative for
CXCR4 expression by RNAseq (unpublished data provided by Fran Richards,
Jodrell Group), was included for both mouse and human tissue staining. See
chapters 5 and 7 for detailed validation of the CXCR4 antibody on mouse and

human tissue, respectively.
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Figure 3 PD-L1 IHC controls. A) PD-L1 IHC of paraffin-embedded cell pellets
negative (PC-3) and B) positive for PD-L1 (HDLM-2), respectively.

4.9.2. IHC image analysis
49.21. CAMPLEX tissues

PD-L1 expression was quantified in two different ways by a
histopathologist (RB) based on established methodology from companion
diagnostic tests in clinical use [88, 89]: the percentage of PD-L1+ tumour cells,

and the percentage of tumour area containing PD-L1+ immune cells. The PD-L1
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stained slides were quantified in a random order and blinded. Only membranous
PD-L1 staining was considered positive.

CXCRA4 + cells were quantified across whole tumour sections using the
Immune Cell Algorithm v1.2 in Halo software (v2.1, Indica labs), which was
calibrated using stained control lymph node tissue. Only membranous CXCR4

staining defined a CXCR4+ cell. Areas of necrosis were excluded from analysis.
4.9.2.2. Mouse tissues

Image analysis algorithms in Halo software (v2.1, Indica labs) were
calibrated using internal positive control tissue: proliferating Ki-67* cells in crypts
of bowel tissue; CC3* tumour cells; CD3*, CD4*, FOXP3*, F4/80" and CXCR4*
cells in lymphoid tissue such as Peyero6és pat
spleen (Figure 4). CC3* and Ki-67* cells were quantified using the CytoNuclear
v1.4 algorithm within the tumour, defined by the invasive margin but excluding
areas of necrosis, and reported as the percentage of all nuclei. % Tumour
necrosis was calculated by dividing the area of necrosis by the area of the
tumour, defined by the invasive margin. Immune cell subsets were first quantified
on whole tumour sections using the Immune Cell Algorithm v1.2. Subsequently,
using the Infiltration Algorithm, the spatial distribution of the identified immune
cells was analyzed by quantifying their density in 200um isometric rings from 500
pm outside the invasive margin to the center of the tumour. Adjacent lymphoid

tissue and bowel, and necrotic regions were excluded from this analysis.
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Figure 4 Image analysis of IHC markers. A) H&E
and IHC images from en-bloc dissections of KPC
PDAC tumours are co-registered for annotation.
Using the H&E slide, B) areas of necrosis are
excluded and C) the invasive margin identified
(yellow lines). D) IHC and pseudo colour (left and
right images, respectively) from image analysis.
Image analysis algorithms are calibrated using

internal positive control tissue: proliferating Ki67 cells
in crypts of bowel tissue; cc3’ tumour cells; CD3+,
CD4+, FOXP3+, and CXCR4  cell in lymphoid tissue
such as Peyer ds patches
organs. (Ki67+, CC3+, and CXCR4' in red, negative

cells in blue; CD3", CD4" and FOXP3" in blue). E)
The distribution of immune cells is quantified by
infiltration analysis in 100pum isometric rings, from 500
um outside the invasive margin to the centre of the
tumour. Image analysis was performed in Halo
Software
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4.9.3. Immunofluorescence

Staining was performed on the Bond Rx automated platform using the
Research Detection Kit (Vision Biosystems). Specific conditions for antigen
retrieval, primary antibody concentration and incubation time are outlined in
Table 3. Human primary PDAC and lymph node control tissue was included with

every run on the autostainer.

Two triple-IF panels (with antibodies against pan-cytokeratin, CXCL12 and
either CD3 or CD8) were developed with the CRUK-CI Histopathology Core to
stain CAMPLEX tumour biopsies (Figure 5). A pan-cytokeratin (panCK) antibody
was used to identify cancer cells in both panels, and PDAC and lymph node
served as positive and negative controls, respectively. Lymph node served as a
positive control for CD3 and CD8 stains. CXC
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PDAC cancer cells [32].

PDAC PDAC LN LN
panCK/CD3/CXCL12 panCK/CD8/CXCL12 panCK/CD3/CXCL12 panCK/CD8/CXCL12

f——— 100um - f———1 100pm

}—— 100pm

f——100pm

:Merge

j—— 100pm *

Figure 5 Immunofluorescence panels for CAMPLEX samples A) Two immunofluorescent panels for
pan-cytokeratin (panCK, clone AE1/AE3, primary conjugated to Alx488), CXCL12 (primary conjugated to
APC) and CD3 or CD8 (secondary antibody in Alx 546) staining of serial sections of human primary
pancreatic cancer (PDAC) and lymph node (LN) control tissues. H&E of PDAC (B) and LN (C). Isotype
controls for panCK and CXCL12, and secondary only Alx546 on PDAC (D) and LN (E).
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4.9.4. Immunofluorescence image analysis

Biopsies of metastases were obtained in the CAMPLEX trial, and the
invasive margin is often not identified in biopsy specimens. A previous
publication had suggested a significant amount of variability in the densities of
TILs at the invasive margin of CRC liver metastases, while being fairly
homogenous in the tumour centre [77]. In that study, the invasive margin was
defined as a region of 500um width on each side of the border between cancer
cells and liver tissue. The objective of the IF analysis was to quantify any
changes to TIL densities. In an attempt to remove a potential source of variability,
tumour tissue within 500um of the invasive margin (defined in the current study
as the border between cancer cells at the leading edge of the tumour and
surrounding tissue), when present, was excluded from image analysis (Figure
6C).

Two approaches were used to quantify TILs using the High-Plex FL2.0
algorithm in Halo software (v2.1, Indica labs) (Figure 6) . I n the fAdi
nuclei were first identified by DAPI positivity, and subsequently classified as
either tumour or immune cells based on pan-CK and CD3/CD8 staining,
respectively. Subsequently, the distance of every cancer cell to the nearest T cell
was determined, or vice versa. I n the Acompartment al
machine learning algorithm (random forest) was trained to identify cancer cell
nests or stroma, and subsequently T cells quantified within the stromal or tumour
nest compartments. A T cell was deemed to be within a tumour nest if at least

touching a tumour nest.

The calibration of algorithms to detect cancer cells (based on positive
staining with panCK) and CD3 or CD8 cells proved challenging due to significant
variation in immunofluorescence signal intensity between slides from different
biopsies, and one algorithm could not be designed to analyse all samples. A
solution was to validate the algorithm on each slide analysed. On each slide, the

following objects manually counted in a small area (containing 50 to 100 objects
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of interest): nuclei, cancer cells, immune cells, immune cells in stroma, and

immune cells touching or within a tumour nest. The algorithms were adjusted

until the difference with manual counts was less than 10%. The parameters

changed between algorithms were the intensity of fluorescence signal for DAPI

and panCK used to identify nuclei and cancer cells, respectively. As additional

validation, nuclei were counted in the same area by a second user (Cara Brodie,

CRUK-CI Histopathology Core scientist). On the other hand, the algorithm to

identify CXCL12+ cells was adjusted to detec
cells in the positive control primary PDAC, but no cells in a primary PDAC slide

stained with isotype control antibody-fluorophore conjugate.
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4.10. CAMPLEX TCRseq
4.10.1. DNA extraction

The snap frozen biopsies from CAMPLEX were processed to extract DNA
and RNA. Due to a misunderstanding regarding the processing of biopsies, the
biopsy specimens were divided into 4 equal parts prior to snap freezing. This
turned out to be a potential advantage as the fragments could be processed
individually and only those containing adequate material sent for sequencing.
The Caldas lab had previously developed a method to obtain tissue sections for
histologic analysis as well as RNA and DNA from the same frozen biopsy. We
adapted the protocol to our purposes, mainly incorporating chilled OCT to
prevent any biopsy thawing and thus potential RNA degradation. The protocol is
illustrated in Figure 7. The H&E was reviewed by a Consultant Histopathologist
(RB) to determine cellular content, and additional fragments processed if found to
have less than 40% cancer cell content. Patient 1008 had a mucinous
adenocarcinoma with predominantly mucin, and a cancer cell content of 5-10%.
Lukasz Magiera (LM) performed DNA extraction using the AllPrep
DNA/RNA/mMIRNA Universal Kit (Qiagen, 80224) according to manufacturer
instructions from tissues, and DNA quantification by fluorometer according to
manufacturer instructions (Qubit 3.0, Life technologies). DNA yield from each

biopsy fragment ranged between 0.45ug and 39.6ug (mean 10.4ug).
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Figure 7 Processing protocol for CAMPLEX frozen biopsies. At collection, the core biopsy was divided into
equal smaller fragments, typically four depending on the size of the original biopsy, and snap frozen. For
processing, the fragments were embedded in chilled OCT (-4c) and allowed to solidify in the cryotome at -20c.
Subsequently, ten 30um sections were cut and collected in RLT buffer for DNA/RNA extraction, followed by six
6pm sections for histologic analysis. The remaining tissue was cut in 30um sections until exhausted. All 30um

sections were extracted for DNA/RNA.

4.10.2. TCRseq

Extracted DNA samples were submitted to Adaptive Biotechnology for
next generation sequencing of the T-c e | | r echangaomplememtarity
determining regions (CDR3s) (TCRseq)[90] and computational analysis.
Samples were run on the hsTCRB-FFPE assay at survey resolution.

The T cell fraction was determined by dividing the number of productive
templates by nucleated cells (a measure based on the amplification of reference
gene primers rather than DNA absorbance). Productive rearrangements can
produce a functional protein receptor (in-frame and do not contain a stop codon).
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TCR clonality (0 to 1) is a measure of population skewing, where high
clonality indicates biased expansion of individual T cell clones and implies the
presence of a specific immune response to tumour antigens[91]. TCR clonality

was calculated as follows:

J
Entropy=H=-g p. Iogz(pi)
i=1

Qonality =1-
log, (N

where H is the Shannon entropy, pi is the proportional abundance of clone i, and

N is the total number of uniqgue TCR gene rearrangements.

The number of expanded and contracted T cell clones between baseline
and day 8 biopsies was determined using nucleotide sequences of productive
rearrangements, with a minimum of 5 clones, and a binomial test for p-value with

Benjamini-Hochberg correction (alpha 0.001).

The Morisita Index (MI) compares TCR rearrangement and template
counts between 2 samples, where a value of 1 indicates that the same T cell
clones are present at the same proportions in the 2 samples [91]. The Ml was

calculated as follows:

5
ZZ a:,b:,
MI = ‘
7

S Sp
T

v = JAB

—
1

where aiand bi are the number of templates of clone i in samples A and B,
respectively, and A and B are the total number of templates in samples A and B,

respectively.
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4.11. Statistical testing

Statistical testing was performed GraphPad Prism 6 Software, including

paired and unpaired T-Te st s,

text and figures.

4.12.

Pearsonbés correl

Summary of work done by myself and others

CAMPLEX clinical trial

Studydesign

The initial protocol was completerior to starting my
PhD. Howevel, was involved in several amendments
including the addition of saliva cortisol sample
collection (not discussed in the thesis).

Patient recruitment and managemer

I recruited, consented, and managed the
overwhelming majority of patients on the dose
escalation phase. Important support provided by the
nursing staff in the Early Phase Clinical Trial Unit.

Data management

| answered the overwhelming majority of data gjigs
from the monitor related to the data collected.

Safety data

| analyzed the safety data.

Imaging (RECIST 1.1 and PERCIST

RECIST 1.1 measurements performed by radiologis
Eva Serrao did the actual PERCIST measurements
actively involved in the decision to use PERCIST,
related exploratory analysis of the RET data, and
analysis of the data.

Pharmacokinetics

The meaurement of plasma AMD3100 concentratiol
was done by the PK/Bioanalytics Core Facility at €R
Cl. | analyzed the data.

Histology and image analysis

| was actively involved in the selection of relevant
antibodies (CXCR4, f1D, andmmunofluorescence),
initial antibody workup, and optimization. Final
staining on trial samples performed by CRTIK
Histopathology Core. | performed all image analyses

ation

DNA extraction

| was actively involved in optimizing the DNA
extraction procedure vt the help of Lukasz Magiera

TCRseq

Sequencing and computational analysis performed |
Adaptive Biotechnology. | interpreted the data

Mouse experiments

Study design

| designed the mouse experiments, with input from

various lab members
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Osmotic pump implantation and ultrasound imaging
performed by the CRUEKI Biological Resources Unit.
performed the collection and processing of most
biologic samples.

Experimental work

Ultrasound image analysis | performed the image analysis

IHC performed by CRWK Histopathology Core. |

Histology and image analysis )
9y g y performed all image analyses.
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5. PHARMACODYNAMICS OF CXCR4 INHIBITION IN MICE

5.1.High dose AMD3100 modestly decreases tumour growth and may

improve survival in KPC mice

In previous experiments with KPC mice, a dose response in anti-tumour
activity of single agent AMD3100 was identified between 15-45 pg/hr [32]. A dose
of 45ug/hr almost completely arrested tumour growth after 6 days with a mean
plasma concentration of 2 pg/ml. These data were the basis for the target
AMD3100 steady state concentration in the CAMPLEX clinical trial. At the time of
this experiment, a mean plasma steady state concentration of 738 ng/ml (range
707-770ng/ml) had been reported in the first cohort of patients in the CAMPLEX
trial at a dose of 20 pg/kg/hr. This is nearly double that which was achieved in a
previous study by Hendrix et al.[58] in patients with HIV. This raised the
possibility that CAMPLEX would achieve higher steady state concentrations than
expected in subsequent dose cohorts. Given the maximal anti-tumour effect of
single agent AMD3100 was not previously identified, we hypothesized that
administering AMD3100 at 200 pg/hr would have additional anti-tumour activity in
KPC mice.

We enroll ed and r andomi z edfordefnitiimafnd A A0 ( s
mice bands) KPC mice to subcutaneous implantation of osmotic pumps
delivering either PBS or AMD3100 at 200 pg/hr for 6 days. Groups were well
balanced in terms of baseline characteristics (Figure 1A). 3 mice in the PBS
group deteriorated clinically on-study and required early culling without
ultrasound tumour measurement, but none in the AMD3100 group (Hazard
ratio=0.13, p=0.08) (Figure 1B). One mouse in the AMD3100 cohort was
excluded from all further analysis due to the unusual histology of acinar
carcinoma. There appeared to be a non-significant reduction in mean tumour
growth from 117% (n=5) to 79% (n=7) (p=0.18) in PBS vs AMD3100 treated KPC
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mice, respectively (Figure 1C). However, the comparison is based on a small
sample size. AMD3100 was successfully delivered to all treated mice with a
mean plasma concentration of 7.5 pg/ml at the endpoint at 6 days (range 5.8-9.5

pg/ml).

A) PBS (n=8) AMD3100 (n=8 B) C) == PBS
mean (range) mean (range) —— PBS mm AMD3100

Age-days 168 (106290) 164 (94309) ns —— AMD3100 200 4
Male sex 6 5 ns 100 " p=0.18
Tumor sizemm 5.9(5.067.1) 55(5.06.3) ns g
Tumor location ns e 1504

Tail of the pancreas 5 5 g

Head of the pancreas 3 3 z £
Hematologic profile § 50 T — qé 100

White blood cells10°cells/pl 16.8 (11.921.7) 18.6(12.224.2) ns g p=008 2

Lymphocytes 10%cells/pl 8.7(5.210.8) 9.2(6.812.3) ns = g

Monocytes- 103cells/pl 27(1.23.9) 3.3(1.447) ns E 20

Granulocytes 10:cells/pl 54(2582) 6.1(1.810.2) ns =

Hemoglobin g/dI 14.1(12.116.8) 13.1(9.816.3) ns 0 : : ; ; , : 0

Platelets- 103cells/ul 639 (429995) 641 (3951142) ns o 1 2 3 4 5 8

Days
D) Tumour Volume by Ultrasound
800
=093
600 p < 0.0001

Tumor Volume (mm:’)
Aarthi
8
o

. .
200

0 200 400 600 800

Tumor Volume (mm®)
Martin

Figure 1 High dose AMD3100 modestly decreases tumour growth and may improve survival in KPC mice A)
Baseline characteristics of band fAA0 KPC mice treated
6 days. A tail bleed was taken before treatment for a full blood count. B) Kaplan Meier survival curves. One mouse in
the AMD3100 group was excluded from analysis due to unusual acinar carcinoma histology. C) Tumour volume
changes measured by ultrasound at 6 days of treatment relative to Day -1. Ultrasound measurement was not possible
in three PBS treated mice due to clinical deterioration on study (grey X). One mouse in the AMD3100 cohort was
excluded from any analysis due to the unusual histology of acinar carcinoma (red X). Dotted line represents the mean
volume change in each group. D) 12 tumour ultrasounds were quantified by a second operator (Dr Aarthi Gopinathan)
to partially validate the ultrasound measurements. Stats: unpaired t-test for baseline characteristics and tumour

volume measurements. Mantel-Haenszel hazard ratio (HR) and log-rank test. Pearson correlation coefficient (r).

Ultrasound measurement of tumour volume is challenging and time-
consuming. To help partially validate the results from this experiment, Dr Aarthi
Gopinathan, who has extensive experience with ultrasound measurements,
kindly quantified 12 tumour ultrasounds. There was a strong correlation between

the independent tumour volume measurements (r>=0.93) (Figure 1D).
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5.2.Pharmacodynamic effects of AMD3100 on tumour and normal tissue

To characterize the pharmacodynamic effects of CXCR4 inhibition on tumour
and normal tissue, additional KPC mice were administered PBS or AMD3100 for
24hr and 48hr. Since the characterization of intra-tumoural PD effects was the
primary objective of this experiment, health
Ultrasound measurements of tumour volume were not performed since these
mice were classifiedasband fABo0 because of difficulties i
tumour volume by ultrasound (e.g. cystic, multi-lobed tumours). Tumours were
en bloc dissected with normal surrounding tissue to adequately capture the
invasive margin, which also prevented comparison of tumours by weight or

caliper measurements.

For these experiments, the dose rate of AMD3100 was lowered to 45ug/hr for
two reasons. Firstly, mean AMD3100 plasma concentrations from emerging data
on later CAMPLEX cohorts were closer to previous estimates (see Chapter 6).
Secondly, high-dose AMD3100 (200ug/hr) had apparently failed to show
dramatic anti-tumour activity as measured by tumour volumes (see above), and

the 45pug/hr dose rate is consistent with previous experiments in KPC mice [32].

5.2.1. Increased CXCR4 expression in tumour and normal tissue is a

pharmacodynamic effect of AMD3100

CXCR4 is expressed in all cells of the myeloid and lymphoid lineage [92],
and treatment with AMD3100 increases surface expression of CXCR4 of cells in
the peripheral circulation [93] and in vitro [51i 53]. To determine whether CXCR4
expression also increases on cells within tumour and normal tissue with
AMD3100 treatment, an anti-CXCR4 antibody (UMB2 clone) was first validated in
collaboration with the Histology Core at CRUK-CI. Strong and weak membranous
staining pattern was observed in a proportion of larger activated germinal centre
cells of lymph nodes, probably representing centroblasts and centrocytes within

the dark zone (DZ) and light zone (LZ), respectively (Figure 2). Many smaller
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lymphoid cells within germinal centres, the mantle zone and T-cell zone
displayed perinuclear-dot staining (possibly the Golgi apparatus) without
associated membranous staining. These cells would be expected to have
membrane CXCR4 expression, but this may be below the detection threshold of
CXCR4 IHC. The staining pattern in germinal centres is consistent with data
showing that germinal centre B cells upregulate CXCR4 expression and
centroblasts in particular have high CXCR4 expression [94]. Centroblasts
undergo CXCR4 dependent chemotaxis to the dark zone in response to CXCL12
producing reticular cells in the DZ[95]. Therefore, these results validate the anti-
CXCR4 antibody (UMBZ2) for IHC use on mouse tissue. For the purpose of

image analysis, only membranous CXCR4 staining defined a CXCR4+ cell.

Figure 2 CXCR4 expression in a mouse lymph node. A) A proportion of larger activated germinal centre cells
display strong and weak CXCR4 membranous staining probably representing centroblasts and centrocytes within the
dark zone (DZ) and light zone (LZ), respectively. B) Higher magnification of the solid red box in A) also demonstrates
the presence of a perinuclear dot-like CXCR4 staining (arrow), possibly the Golgi apparatus, in the smaller lymphoid
cells. C) Higher magnification of the dotted red box overlapping the mantle zone (MZ) and T-cell zone (TZ) in A) shows
predominantly perinuclear-dot CXCR4 staining (arrow). D), and E) are H&E and CD4 IHC on serial sections of the
lymphoid follicle in A). F) CXCR4 IHC on a FFPE cell block of the AsPC-1 cell line known to be CXCR4 negative by
RNAseq.

CXCR4 protein expression was examined by IHC in tumour, and adjacent
lymphoid and normal tissue. Adjacent lymphoid tissue was most often tertiary
lymphoid organs, which can be differentiated from lymph nodes by the lack of

encapsulation and afferent lymphatics [96]. In the AMD3100 treated mice, the
percentage of CXCR4+ (%CXCRA4+) cells increased in lymphoid tissue as early
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as 24hr (Figure 3). Nearly all cells displayed membranous staining in lymphoid
tissue, but staining intensity was highest in germinal centers. In bowel tissue, the
%CXCR4+ cells also increased by 24hr, mainly confined to the lamina propria. In
tumour, %CXCRA4+ cells increased by a mean 1.9 fold (p=0.03) by 48hr, and a
mean 3.5 fold (p<0.001) by 144hr. Review with pathologist Rebecca Brais
suggested that, in PBS treated mice, most of the CXCR4+ cells in the tumour are
endothelial cells. In AMD3100 treated mice, CXCR4+ cells are a variety of
immune cells and endothelial cells, but cancer cells and bowel epithelial cells

remained CXCR4 negative.

Whole tumour section Lymphoid tissue Bowel Tumour Tumour H&E

g

(2

L

s 3._?“
o

PBS

¥
-

~5mm

AMD3100 f-

{5mm b
AMD3100 dose rateufy/hr) 45 200
100

75
E AMD3100
50

25

% CXCR4+ cells

0

10 0
24hr 48hr 144hr 1 24hr 48hr 144hr 1 24hr 48hr 144hr 1

Figure 3 AMD3100 increases CXCR4 expression in lymphoid tissue, bowel, and tumour. KPC mice were treated
with either PBS or AMD3100 delivered by osmotic pump for 24hr, 48hr (AMD3100 45 pg/hr) or 144hr (AMD3100 200
pg/hr). Primary pancreatic tumours were en bloc dissected to capture adjacent lymphoid tissue (tertiary lymphoid
organs, possible lymph nodes, and occasionally an invaded spleen), and occasionally invaded bowel. CXCR4
expression was detected by IHC, and representative images are shown from whole tumour sections (yellow line
outlines the tumour), lymphoid tissue and bowel from PBS and AMD3100 treated for 144hr. %CXCR4+ cells were
quantified across whole tumours, and lymphoid tissue and bowel when present in the specimen. Review by a
pathologist suggested the CXCR4+ cells in AMD3100 treated mice were mixture of immune cells, but cancer or
epithelial cells are CXCR4 negative. In PBS treated mice, most of the CXCR4+ cells are endothelial cells (red arrows).
Statistical comparison was only performed on tumour tissue %CXCR4+. Numbers of mice available for tissue analysis

indicated at the bottom of bars. Stats: unpaired t-test. Mean +/- SEM.
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5.2.2. High dose AMD3100 increases tumour infiltration of F4/80+
cells

To investigate whether the increase in intra-tumoural %CXCR4+ cells is at
least partially due to an influx of immune cells, immune cell subsets were
guantified by software image analysis on whole tumour sections. The invasive
margin was manually annotated on H&E sections and co-registered serial
sections stained by IHC for individual markers. Immune cell densities were
guantified in isometric 100um rings around the invasive margin. The invasive
margin was defined as the border between cancer cells at the leading edge of

the tumour and surrounding tissue.

There was a marked common pattern of asymmetry in the distribution of
CD3+, CD4+, FOXP3+, and F4/80+ immune cells irrespective of treatment
(Figure 4A). The density of all immune cells was highest outside the invasive
margin (0 to +500 um), rapidly decreased near the invasive margin, and was
relatively low in the tumour center (-500 to -2500um). There was no apparent
difference in the pattern of CD3+, CD4+, and FOXP3+ distribution with AMD3100
treatment compared with PBS at any time point. In contrast, the density of
F4/80+ cells appeared to increase substantially at the invasive margin, but also
intra-tumourally, but only at the 144hr day time point in animals treated at the
higher dose rate (200 ug/hr). The asymmetric pattern of F4/80+ cells distribution

was maintained in these sections.

To statistically compare the infiltration patterns, whole tumour sections
were divided into compartments defined by the distance from the invasive margin
(Figure 4B). There were no significant differences between AMD3100 and PBS
groups for CD3+, CD4+ or FOXP3+ cells at any timepoint. In contrast, all
tumours had higher F4/80+ cell densities in every compartment in the AMD3100
group compared to PBS at 144hr, suggesting a robust pharmacodynamic effect
of AMD3100. Representative images of F4/80+ infiltration at 144hr are shown in
Figure 4C.
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Figure 4 AMD3100 increases tumour infiltration of
. . . F4/80+ cells. A) CD3+, CD4+, FOXP3+, and F4/80+ cell
C) Whole tumour section Invasive margin
S ——— s infiltration analysis of KPC mice treated with either PBS or
F4/80+ IHC f v . .
R AMD3100 delivered by osmotic pump for 24hr, 48hr
< ‘ (AMD3100 45 pg/hr) or 144hr (AMD3100 200 pg/hr).

PBS % 1 Immune cells were identified by IHC and densities were

guantified in isometric 100um rings around the invasive
‘ margin by Halo software image analysis (0 to -2500um is

e 1 Bt intra-tumor). Number of mice in each group indicated at the

top of the figure. B) Quantification of different tumour
compartments from A), as defined by distance relative to the
AMD3100 ‘ | invasive margin (green color identifies the compartment

1 analyzed in column). C) Images of whole tumors and

i« subjectively highest infiltration at the invasive margin of
F4/80+ cells in mice treated for 144hr with either PBS or

AMD3100. The invasive margin and necrotic regions are

1mm AL ST
identified by the yellow and black dotted lines, respectively.
The red boxes are the areas of subjective highest infiltration.

. . Stats: unpaired t-test. Mean +/-_SEM.
5.3. Tumour cell proliferation, death and necrosis with AMD3100

treatment

To investigate whether the increase in F4/80+ cells is associated with
changes in cancer cell proliferation or death, %Ki-67+ cells, %Cleaved Caspase-
3+ (CC3+) cells, and %tumour necrosis were quantified in whole tumour
sections. There were no significant differences in %CC3+ cells between
AMD3100 and PBS treatment groups. Curiously, %Ki-67+ cells were significantly
lower at 24hr in the AMD3100 group, but not at 48hr or 144hr. A similar
observation was made for % tumour necrosis, although of borderline significance
at 24hr (p=0.05). On closer inspection, the mean %tumour necrosis of the 24hr
AMD3100 group is lower than any other group at any time-point. Tumour
necrosis would not be expected to resolve or improve with AMD3100 over 24hr.
Furthermore, all 3 variables are significantly correlated: %Ki-67+ cells with
%tumour necrosis (r’=0.21, p=0.03) or %CC3+ cells (r>=0.42, p=0.002), and
%CC3+ cells with %tumour necrosis (r°=0.49, p=0.002). Given the positive
correlation between %Ki-67 and tumour necrosis, the significant difference in
%Ki-67+ cells between AMD3100 and PBS groups at 24hr is more likely due to

baseline differences in tumours rather than an AMD3100 effect.
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Figure 5 Tumor cell proliferation, death and necrosis with AMD3100 treatment. A) %Ki-67+ cells , %CC3+ cells
and %tumour necrosis were quantified on whole tumour sections using Halo image analysis software. KPC mice
treated with either PBS or AMD3100 delivered by osmotic pump for 24hr, 48hr (AMD3100 45 pg/hr) or 144hr
(AMD3100 200 pg/hr). B) Representative images of whole tumour sections and 10X view from areas with subjectively
highest %Ki-67+ in KPC treated with either PBS or AMD3100 for 24hr . The invasive margin and necrotic regions are
identified by the yellow and black dotted lines, respectively. Stats: unpaired t-test. Mean +/- SEM.

5.4.Pharmacodynamic effects of AMD3100 in peripheral blood

The CXCR4 antagonist AMD3100 has previously been shown to robustly
mobilize most WBC subsets into the blood rapidly after S/C injection using flow
cytometry in mice[97]. A CBC count, including 3-part WBC count differential, can
be easily and rapidly obtained from small amounts of blood (10ul) using the
Mythic 18 haematology bench-top analyser. Indeed, S/C injection of 5mg/kg
AMD3100 to non-tumour bearing PC mice increased lymphocyte and monocyte
counts in the peripheral circulation 1hr after injection compared to control PBS
(Figure 6A). The PBS control group had significant decreases and increases in
lymphocyte and granulocyte counts, respectively, compared to baseline, whereas
monocytes were unchanged. Additional PC mice were treated with single doses

of AMD3100 S/C of 1.25, 2.5 and 5 mg/kg, and plasma drug concentrations were

52



measured after 1 hour, together with CBC. AMD3100 plasma concentrations
increased linearly with dose (r°=0.84, p<0.001) (Figure 6B). Pharmacodynamic

modelling demonstrated maximal mobilization by 5mg/ kg S/C (Figure 6C).

Continuous delivery of AMD3100 at 200ug/hr by osmotic pump for 72hr to
non-tumour bearing PC mice mobilized monocytes and granulocytes by 1hr, and
largely maintained throughout (Figure 6D). The dynamics of lymphocyte
mobilization are slightly more complex. The difference observed at 1hr and 4hr is
attributable to both an increase in lymphocytes in the AMD3100 group, as well as
a decrease in the PBS group, similar to that observed with S/C administration.
However, lymphocytes returned to baseline within 24hr in the group administered
AMD3100 at 200ug/hr by osmotic pump and were no longer significantly
increased compared to PBS. The plasma concentrations of AMD3100 appear to
peak at 1hr post osmotic pump implantation and remain relatively constant after
4hr. The most likely explanation for the peak is that a small amount of AMD3100

is coated on the osmotic pumps during pump preparation and priming.

On the other hand, continuous delivery of AMD3100 at 45ug/hr by osmotic
pump to KPC mice induced less robust WBC subset mobilization. Similar to non-
tumour bearing mice, lymphocyte counts were increased early after pump
implantation (2.5hr) in the AMD3100 group vs PBS, but no difference could be
detected at subsequent time-points (Figure 6E). Monocytes only modestly
mobilized at 2.5 and 24hr, while there were no statistically significant differences

in granulocyte mobilization.

Continuous delivery of AMD3100 at 200ug/hr by osmotic pump to KPC
mice showed only a non-significant trends in WBC subset mobilization at 144hr
in cardiac bleeds (Figure 6F), despite mean plasma AMD3100 concentration of
7.5 pg/ml (range 5.8-9.5 pg/ml). No interim tail bleeds were performed at the
200pg/hr dose.
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To investigate possible reasons for the modest WBC subset mobilization
to AMD3100 in KPC compared to non-tumour PC bearing mice, the baseline
hematologic profile of these mice was compared. Compared to PC mice, KPC
mice had strikingly higher monocyte, granulocyte and platelet counts, but not

lymphocytes at baseline (Figure 6G).

To investigate whether high WBC counts in the KPC model are
representative of human PDAC, baseline CBCs counts were retrieved from the
SIEGE clinical trial (unpublished internal data, NCT03529175). Siege enrolled
147 patients with newly diagnosed metastatic PDAC, and excluded patients who
completed adjuvant chemotherapy within 6 months. 27% and 18% patients had
neutrophil and platelets counts above the upper limit of normal, respectively.
Monocytes and lymphocytes were not recorded in the SIEGE database.
Therefore, the KPC mice enrolled in this study may only be representative of a

sub-group of patients with PDAC when considering the hematologic profile.
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Figure 6 AMD3100 mobilization of WBC subsets in non-tumour bearing PC mice and KPC mice. A) WBC
subsets at 1hr post injection of AMD3100 5mg/kg or PBS S/C in non-tumour bearing PC mice, tail bleed (n=9 per
group). B) Plasma AMD3100 concentration at 1hr post injection of AMD3100 at different doses in non-tumour bearing
PC mice, tail bleed (N=3 1.25mg/kg and 5mg/kg, N=2 2.5mg/kg). C) Pharmacodynamic modelling of WBC subset
mobilization according to AMD3100 plasma concentration at 1hr following S/C injection of PBS (N=9) or AMD3100
(N=3 1.25mg/kg and 5mg/kg, N=2 2.5mg/kg) in non-tumour bearing PC mice, tail bleed. D) WBC subsets at indicated
time-points following implantation of osmotic pump releasing AMD3100 200mcg/hr (N=3) or PBS (N=3) in non-tumour
bearing PC mice, tail bleed. Plasma AMD3100 concentration at the indicated time-points are displayed in the far-right
panel . E) WBC subsets at indicated time-points following implantation of osmotic pump releasing AMD3100 45mcg/hr
or PBS in KPC mice, tail bleed (2.5hr, N=6 AMD3100, N=9 PBS; 24hr, N=3 AMD3100, N=6 PBS; 48hr, N=3
AMD3100, N=3 PBS). F) WBC subset at 144hr after implantation of osmotic pump releasing AMD3100 200mcg/hr
(N=8) or PBS (N=6) in KPC mice, cardiac bleeds. G) Comparison of baseline WBC subsets in non-tumour bearing PC
mice (N=59) and KPC mice (N=30), tail bleeds. Mean +/- SEM. Stats: Paired T-Test for comparison Bl vs 1hr in A), all
others unpaired T-Test. * - p<0.05, ** - p<0.01, *** - p<0.001, **** - p<0.001

5.5.Discussion

The objective of the experiments was to investigate the pharmacodynamic
effects of AMD3100 in the KPC model, at a higher dose rate. AMD3100 had
been shown previously to have striking anti-tumour activity in this model, and
which was the basis of the CAMPLEX clinical trial [32]. The results support the
notion that AMD3100 has anti-tumour activity, and identify pharmacodynamic
effects for further study to better understand the anti-tumour mechanism of action
of AMD3100.

Given the dose response in anti-tumour activity of single agent AMD3100
that had been identified between 15-45ug/hr [32], we hypothesized that
administering AMD3100 at 200ug/hr would have additional anti-tumour activity in
KPC mice. In these experiments, there was a non-significant trend towards
tumour growth reduction and increasing survival in KPC mice treated with
AMD3100. These results are consistent with previously published results by Feig
et al.[32], but inconclusive as whether the 200ug/hr dose is more or less active
than lower doses. There was a trend towards improved survival at 200ug/hr,
which was not specifically commented on by Feig et al [32]. However, in contrast,
the mean tumour volume increased by 79% with AMD3100 200ug/hr, compared
to approximately 5-10% with 45ug/hr in Feig et al. The experiments are
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comparable in most other ways: KPC mice enrolled with similar tumour sizes (5-
8mm), treated with either PBS or AMD3100 for 6 days, and ultrasound tumour
measurements at the same timepoints. A review of the ultrasounds from both
experiments by the same experienced operator may help address if technical
reasons exist to explain the apparent difference in anti-tumour activity. The mean
tumour volume increased in the PBS control groups similarly (approximately
110% vs 117% in this study), but there may be AMD3100 specific ultrasound
characteristics that make tumour measurements more challenging. In particular,
given the large increase in F4/80+ cells at the invasive margin in AMD3100
treated mice, it is possible that the 200ug/hr dose increases the phenomenon of
pseudoprogression [98, 99] relative to the lower 45ug/hr dose. The ultrasound

characteristics of pseudoprogression remain undefined.

The difference in tumour growth inhibition could be considered to be due
to partial agonist activity of AMD3100 [100] reducing the anti-tumour activity at
the 200ug/hr dose. However, the CXCR4 expression in hormal and tumour tissue
in this experiment does not support this. The CXCR4 receptor undergoes slow
constitutive internalization (1%/min), and CXCL12 rapidly induces CXCR4
receptor endocytosis (50%/5min) and degradation in lysosomes [511 53].
AMD3100 inhibits CXCL12 mediated CXCR4 internalization and degradation
[55]. Normal lymphocytes and CD34+ cells incubated with CXCL12 producing
stromal cells show decreased CXCR4 surface expression, which is reversed by
AMD3100. In patients with acute myeloid leukemia (AML), a single S/C dose of
AMD3100 induced an increase in CXCR4 surface expression by 6hr on AML
blasts and was maintained for 24hr [93]. Taken together, the literature suggests
that CXCR4 expressing cells exposed to CXCL12 would be expected to increase
surface CXCR4 expression on treatment with AMD3100. We observed a marked
increase in CXCR4+ cells across all tissues examined in mice treated with
AMD3100 at 200ug/hr. Compared to KPC mice treated with 45ug/hr in this
experiment, 200ug/hr treated mice had similar %CXCR4+ cells in all tissues
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(Figure 3). However, direct comparisons are limited due to different time points of
mice treated at 45ug/hr and 200ug/hr.

CXCRA4 protein expression is a pharmacodynamic readout of AMD3100
target engagement. As discussed, the increase in %CXCR4+ cells within normal
tissue, lymphoid tissue and tumour likely mostly reflects changes in surface
expression of CXCR4 receptor. For example, except for stromal cells, all cells
within lymphoid tissue would be expected to express some surface CXCR4 [92],
as indeed was the case in KPC mice treated with AMD3100. In PBS treated KPC
mice, surface CXCR4 expression was limited to centroblasts and centrocytes
within germinal centers as shown by others [94, 95]. However, many smaller
lymphoid cells within germinal centers, the mantle zone and T-cell zone
displayed perinuclear-dot staining (possibly the Golgi apparatus or an internal
storage of CXCR4 protein) without associated membranous staining. These cells
would be expected to have membrane CXCR4 expression [92], but this may be
below the detection threshold of CXCR4 IHC.

However, it remains possible that the increase in %CXCR4+ cells in all
tissues reflects infiltration of a different immune cell population expressing high
surface CXCR4 protein. Indeed, the field of HIV focused on CXCR4 given the
receptor can be used by the HIV to enter T cells. The literature suggests higher
surface expression on naive or central memory T cells, but lower on memory
effector and effector subsets [46, 101, 102]. Flow cytometry experiments would
help define whether AMD3100 changes the phenotype of immune cells within

lymphoid tissue and tumour, beyond CXCR4 surface expression.

Interestingly, the increase in %CXCRA4 cells was evident by 24hr of
AMD3100 treatment in lymphoid and normal tissue, but only at 48hr in tumour.
This may be due to delayed tissue distribution of AMD3100 due to poor tumour
vascularization [70], Alternatively, it may be due to delayed infiltration of a

CXCR4+ high expressing immune cell population, both supporting the hypothesis
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that continuous, longer term exposure is required, as evaluated in the CAMPLEX
trial.

The use of software image analysis on whole sections from en-bloc
dissected tumours allowed the quantification and characterization of immune cell
subsets distribution at the invasive margin and tumour center. There was a
marked asymmetry in the distribution of CD3+, CD4+, FOXP3+, and F4/80+
immune cells. Indeed, the density of all immune cells was highest outside the
invasive margin, rapidly decreased near the invasive margin, and was relatively
low in the tumour center. This pattern has previously been referred to as an
excluded infiltrate [103]. With AMD3100 treatment, the density of F4/80+ cells
increased substantially at the invasive margin and intra-tumourally at the 144hr
day time point, but the exclusion pattern was maintained. Curiously, we did not
observe an increase in CD3+ T cell infiltration at any timepoint, which is

seemingly discrepant with the previous study by Feig et al.[32].

Feig et al.[32] reported an accumulation of CD3+ T cells within cancer-cell
containing regions at 24hr, as defined by p53 staining, but only reported an
increased CD45+ inflammatory infiltrate in AMD3100 + aPD-L1 treated mice at 6
days relative to PBS. The CD45+ or CD3+ infiltrate with AMD3100 alone for 6
days was not reported. Nonetheless, as CD45+ is a pan-leukocyte marker, this is
potentially consistent with the current finding of increased F4/80+ macrophages
at 6 days. The discrepancy in CD3+ infiltration may have several explanations. In
Feig et al. [32], cancer cells were defined by p53 IHC staining, which is intensely
expressed only in invasive cancers. PanIN lesions may sparsely show moderate
levels of detectable p53 [87], and thus p53 is an imperfect cancer cell marker.
However, misidentifying PanIN as cancer cells would seem an unlikely
explanation for the discrepancy. In this study, however, CD3+ infiltration was
evaluated along the tumour invasive margin, which was identified by H&E and is
the gold standard for identifying cancer. The markings were confirmed by another

experienced lab member, and reviewed by a pathologist. It is possible that
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AMD3100 induces a subtle shift in CD3+ localization from intratumoural stroma
into tumour cell nests without necessarily an increase in CD3+ cell numbers-
therefore, there may be no change in the distribution curve in Figure 4. A similar
CD3+ infiltration may also occur from the peritumoural stroma into tumour nests
at the invasive margin. In this case, one might expect slight shift to the right of
the CD3+ distribution curve in Figure 4. In either case, quantifying such a
phenomenon would require a very precise identification of individual cancer cells
to examine the spatial distribution of CD3+ cells. The identification of the invasive

margin in the current study may be too imprecise to detect such a subtle effect.

On the other hand, there was a striking accumulation of F4/80+ cells with
AMD3100 (200 ug/hr) administration at 6 days. F4/80 is a pan-macrophage
marker [104, 105], which is weakly expressed on monocytes and increases with
maturation of monocytes into macrophages over 6 days [106]. These data are
therefore consistent with an AMD3100 mediated recruitment of monocytes into
the TME and subsequent maturation into TAMs. The maturation process would
also potentially explain why an increase of F4/80+ cells was not observed at 24
and 48hr in this experiment. It should be noted, again, that the dose of AMD3100
was lower (45 ug/hr) at these time-points and, therefore, a dose effect cannot be
ruled out. AMD3100 is known to mobilize most mature leukocyte subsets from
the bone marrow into the peripheral circulation in non-tumour bearing mice [97]
and humans [107], including the inflammatory monocytes (Ly6C+/CCR2+ in
mice, CD14+CCR2+ in humans) believed to be the primary source of TAMs
[108]. While the mobilization of monocytes in non-tumour bearing mice was
marked, it was relatively muted in KPC mice. This is likely because KPC already
have substantially mobilized monocytes due to CCL2 expression in the tumour
(and chemokine for CCR2), as has previously been shown in an orthotopic model
of PDACI[30]. Additional flow-cytometric analysis of PBS and AMD3100 treated

KPC mice could help define the changes in leukocytes in the peripheral blood.
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Although a striking pharmacodynamic effect, it is unclear whether the
increase in F4/80+ cells is responsible for the anti-tumour activity of AMD3100,
an adaptive resistance mechanism, or simply an AMD3100 epiphenomenon
unrelated to either anti-tumour activity or resistance. Indeed, monocytes are
recruited to the tumour microenvironment by a variety of chemokines (CCL2,
CCL5) and cytokines (CSF-1, VEGF)[108]. Local factors skew the differentiation
of monocytes towards either M1-like macrophages with anti-tumour activity and
dendritic cells (IFN-y, GM-CSF, LPS), or M2-like macrophages (IL-4, IL-13, CSF-
1, TGF-B) with tumour promoting and immunosuppressive activity[108]. CXCL12
may have a role in monocyte differentiation, but is incompletely understood.
Incubating human peripheral blood monocytes with CXCL12 skews macrophage
differentiation towards an M2-like phenotype [109, 110]. Monocytes differentiated
into dendritic cells in the presence of CXCL12 had decreased ability to stimulate
antigen-specific T cell proliferation [110]. Furthermore, a certain proportion of
TAMs may in fact originate from tissue-resident macrophages, which were
seeded in tissue during embryonic development [111]. It is unknown how
CXCL12 might be involved in the differentiation of this sub-population of TAMs.
Phenotyping of the TAMs by flow cytometry or RNAseq expression would help
identify the polarization of the new TAMs in AMD3100 treated KPC mice.

There is a growing literature relating to targeting TAMs in PDAC with
agents directed against the CSF1/CSFR1[26], CD40[28], Bruton tyrosine kinase
( BTK) / [29, bngl KOL2/CCR2[30] pathways. It is unclear if the anti-tumour
effects are due to depletion of M2-like macrophage, or reprograming to M1-like
phenotype. In the KPC model, agonistic anti-CD40 antibody had anti-tumour
activity, and was related to F4/80+ TAM reprogramming from an M2-like
phenotype without depleting the overall number of TAMs[28]. Anti-tumour activity
was not mediated by CD4+ or CD8+ cells. A clinical trial with anti-CD40
combined with gemcitabine in 15t line metastatic PDAC showed encouraging
clinical activity with a response rate of 19% and a progression free survival of 5.6

months, whereas historical single agent gemcitabine is 5.4% and 2.3 months,

61



respectively [112]. Interestingly, biopsies from 2 patients with responding lesions
showed a heavy infiltrate of macrophages but devoid of lymphocytes. Although
the infiltration of F4/80+ cells by AMD3100 may not be directly related to single
agent AMD3100 anti-tumour activity, there is a rationale to combine AMD3100
with an anti-CD40 agent in the KPC model.

AMD3100 has also been shown to mobilize the non-classical or patrolling
monocytes in humans(CD16+/CCR2-/CX3CR1+)[107] and mice (Ly6C-/ CCR2-
/CX3CR1)[97]. These monocytes have been shown to have anti-tumour activity
through scavenging tumour debris and NK cell recruitment and activation.
However, they are believed to primarily reside in the vasculature and rarely enter
tissue to differentiate into TAMs [113]. Therefore, while a possible mechanism of
AMD3100 anti-tumour activity, these cells may not have contributed to the
observed increase in F4/80+ cells in the tumour.

In conclusion, the results support the notion that AMD3100 leads to an
anti-tumour effect, but further study is required to determine the mechanism of
action. While increased CD3+ cell infiltration has previously been proposed [32],
the quantification methodology used in the current study may have been
insensitive to detect this effect. However, we identified a large increase in the
infiltration of F4/80+ macrophages at 6 days in animals receiving AMD3100
200ug/hr. In particular, it would be important to repeat the in vivo experiments at
the 6 day time point using the original dose of AMD3100 in the Feig et al. paper
to rule out a dose effect as a reason for the infiltration of F4/80+ macrophages
[32]. Further studies are warranted to determine their source, polarization, and
whether they are related to the anti-tumour effects of AMD3100. Combination
studies with AMD3100 and other TAM directed agents, particularly agonistic
CDA40, could prove synergistic in the KPC model. Lastly, CXCR4 protein
expression is a robust pharmacodynamic effect of tissue target engagement by
AMD3100, and is being explored in the CAMPLEX clinical trial.
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6. CAMPLEX CLINICAL TRIAL: AMD3100 IS SAFE AND WELL TOLERATED
AT TARGET 2uG/ML PLASMA CONCENTRATION

6.1.Patient population

6.1.1. Patient demographics

Table 1Patient Characteristics in the dose escalation pt

Characteristic N=17
Age-yr

Mean 66

Range 51-75
Female sex; no (%) 4 (24)
Histology- no. (%)

Pancreatic adenocarcinoma 2 (12)

Colorectal adenocarcinoma 15 (88)

KRAS wildype 5 (33)

ECOGnno. (%)

0 7 (41)

1 10 (59)
Lymphocyte count (FL )

Median 1.24

Range* 0.832.01
Albumin < 35 g/kno. (%) 11 (65)
Sites of metastasis >Zo. (%) 10 (59)
Prior lines of chemotherapyno. (%)

2 12 (70)

3 3(18)

4 2 (12)

*1 patient had a normal count at enrolment that decreased to 0.83 on day 1
the infusion with no identifiable cause

18 patients were enrolled and 17
received at least part of a 7-day
AMD3100 infusion in the dose
escalation phase. 1 patient was
withdrawn prior to receiving drug due to
a new biliary obstruction. 15 patients
with CRC and 3 patients with PDAC
were enrolled. The population was
typical for an early phase clinical trial,
with good performance status and
extensive prior systemic therapy (Table
1). Importantly, the baseline
lymphocyte count was above the lower
limit of normal (1.0, later raised to 1.1

by the hematology lab) in all patients, suggesting adequate immune status and

resolution of immunosuppression from previous chemotherapy. 1 patient had a

normal count at enrolment that decreased to 0.83 on day 1 of the infusion with no

identifiable cause, highlighting the variability in clinical testing of lymphocyte

counts.
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6.1.2. Impact of eligibility criteria on patient recruitment - an audit of
patients referred to the Addenbrookeos

Clinic

The dose escalation phase took 23 months to complete. To understand
barriers to patient recruitment, an audit was conducted after 14 months, on all
patients referred to the Addenbrookeds Hospi
with a diagnosis of either CRC or PDAC. Only 12% and 18% of referred patients
with PDAC or CRC, respectively, were consented to begin screening, despite the
trial being prioritized for patient recruitment and, for the most part, there being no
competing trials (Figure 1). The most common reason was a combination of
medical factors, often a borderline or poor performance status. Several patients
with PDAC deteriorated clinically while waiting for a trial slot. This delay was
often related to the 2-week observation period in between patients in the dose
escalation phase, a testimony to the aggressive biology of PDAC. PDAC referrals

were subsequently triaged more promptly for appointments.

A lymphocyte count below the lower limit of normal (LLN) was the only
ineligibility criterion in a significant proportion of patients, 12% and 9% of patients
with PDAC and CRC, respectively. Furthermore, the hospital laboratory raised
the LLN from 1.0 to 1.1 x 108 cells/L in the middle of the study. This raised
guestions about the predictive value of baseline lymphocyte counts for response
to a potential immunotherapeutic agent. Due to the relative absence of evidence,
reviewed in the discussion, and concerns for potential false negative results on

translational studies, the criterion was maintained at 1.0 x 108 cells/L.
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of ineligibility for the CAMPLEX trial. Absolute lymphocyte count (ALC).

6.2.Safety data i AMD3100 is safe and well tolerated up to 80ug/kg/hr

6.2.1. Adverse events

Table 2 AMD3100-related adverse events

2 3 Il

Adverse event grade 1

CTCAE v 4.03

20 mcg/kg/hr

40 mcg/kg/hr

80 mcg/kg/hr

120 mcg/kg/hr

Category

Term

1001| 1002| 1003

1004

1005| 1007| 1008| 1009

1010| 1011

1012| 1013] 1014| 1015| 1016| 1017 1018

Supraventricular ectopic beajs

Cardiac Supraventricular tachycardial
Ventricular arrhythmia
Eye Watering eyes

Abdominal pain

Abdominal distention

Gastrointestinal| Diarrhea

Nausea

Vomiting

Chills

General Fatigue

Fever

Anemia

Hematologic

Platelet count decreased

ALT increased

Investigations

ALK Phosphatase increased!

Creatinine increased

Metabolism and Anorexia

nutrition

Hypoalbuminemia

Dysgeusia

Headache

Nervous systen|Abnormal dreams

Paresthesia

Vasovagal reaction

Anxiety
Psychiatric |Insomnia
Claustrophobia
Hypotension
Vascular vp
Hot flashes

1

In the dose escalation phase, the most common subjective AEs,

regardless of causality to AMD3100, included insomnia (82%), paresthesia
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(59%), diarrhea (53%), abdominal pain (47%), nausea (41%), vomiting (41%),
and hot flashes (35%). There were no respiratory AEs. AMD3100 was overall
well tolerated, with only grade 1-2 AMD3100 related AEs at t he 20/ 40/ 80¢g

dose levels (Table 2).

Paresthesia was dose-related (0/3, 1/4, 3/3, and 6/7 patients by dose
cohort) and mostly grade 1. Onset was usually within 24-48hr of the start of
infusion, but resolved within a few days (median 6 days) after discontinuing
AMD3100 (Figure 2A). A previous dose escalation trial of continuous IV infusion
of AMD3100 in patients with HIV by Hendrix et al.[58] also found a high
frequency of paresthesia at higher doses (Figure 2B). Although direct
comparison is difficulty with the small numbers of patients, patients on the
CAMPLEX trial may have a higher frequency of paresthesia. Many patients had a
baseline peripheral sensory neuropathy related to previous oxaliplatin exposure,
and this may increase the risk of paresthesia. Several patients reported
worsening of paresthesia with cold water, a commonly described symptom in
oxaliplatin related peripheral neuropathy. Oxaliplatin acute neurotoxicity is
thought to be related to chelation of intracellular calcium and alteration of
voltage-gated sodium channels [114]. Plasma calcium concentration did
decrease in all cohorts but there was no correlation with dose (r>=0.09, p=0.11)
(Figure 2C).

Insomnia was dose-related (0/3, 3/4, 3/3, and 7/7 of patients by dose
cohort). Onset was relatively rapid on infusion (Figure 2D), and pharmacologic
sleeping aids were only marginally effective in improving sleep. However,
insomnia often did not resolve by the last follow-up, which was 21 days after drug
discontinuation. A number of patients experienced other neuro-psychiatric AEs,
such as anxiety, claustrophobia, and abnormal dreams (Table 2). Lastly,
gastrointestinal AEs were also dose-related (0/3, 2/4, 3/3, and 7/7 of patients by
dose cohort). Diarrhea onset was usually within 24hr of the start of infusion and

resolved within a few days with as needed anti-motility medication (Figure 2E).
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Hendrix et al.[58] previously identified the potential for cardiac arrhythmias
with continuous IV AMD3100 infusion. As matter of precaution, patients on the
CAMPLEX trial were monitored by cardiac telemetry until the anticipated
concentration at steady state was achieved, and then transitioned to Holter
monitoring for the remaining infusion. Telemetry was used for the first 48hr, but it
was extended to 72hr based on emerging pharmacokinetic data (discussed
below). Patients 1001 and 1002 had a brief, asymptomatic, run of
supraventricular tachycardia (SVT) that terminated spontaneously (Table 3). This
may be within the normal physiologic limits, although a baseline 24hr-Holter
monitor recording did not show any runs of SVT. Patient 1014 had an increase in
supraventricular ectopic beats while on infusion that were asymptomatic. Of note,
this patient had a markedly elevated 168hr AMD3100 concentration of 9360
ng/ml and was likely due to acute kidney injury, associated with AMD3100-
related grade 1 diarrhea and grade 2 nausea. Finally, patient 1017 had a brief
run of non-sustained ventricular tachycardia that was also asymptomatic. No

cardiac AE required drug interruption, and all resolved without sequelae.

Table 3Cardiac adverse events on infusion

Dose cohort Patient ID Adverse event Grade Relation toAMD310C Action Outcome of
(mcg/kg/hr) adverse even
20 1001  Supraventricular tachycardia 1 Definitely related None Recovered
20 1002  Supraventricular tachycardia 1 Unlikely to be related None Recovered
120 1014  Supraventricular ectopic beats 1 Probably related None Recovered
120 1017  Nonsustained ventricular tachycardi 1 Possibly related None Recovered

6.2.2. Dose limiting toxicities

There werenoDLTsat the 20, 40 and 80 eg/ kg/ hr d
had DLTs at t he TaBlé43. Batidntgl0lh had avasovagal
reaction (grade 3) in the context of pain shortly after the Day 8 biopsy. Although
pain is the most likely cause of the vasovagal reaction, AMD3100 has been
associated with vasovagal reactions. Therefore, the vasovagal reaction was
deemed to be possibly related to AMD3100 and, consequently, a DLT. Patient
1018 developed severe abdominal pain (grade 3), hypotension (grade 3), and a

vasovagal reaction (grade 3) on day 2 of the infusion. Symptoms entirely
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resolved back to baseline within 24hr after discontinuing the drug, pain control,
and IV fluids. The patient had peritoneal disease, grade 1 abdominal pain at

baseline not requiring analgesia, and a history of irritable bowel syndrome.

Two patients were also withdrawn prior to completing a 7-day continuous IV
infusion of AMD3100, but neither for reasons deemed related to AMD3100.
Patient 1007 ( 40 eagnohk dpy hdueto anavsbiliami t h d
obstruction from porta hepatis bulky lymphadenopathy. Patient 1013
(120eg/ kg/ hr) developed duodenal obstructi on
PDAC.

Table4 Drug interruption or discontinuation due to adverse events
Day of

Dose cohort Patient IC discontinuation or Adverse event Relation toAMD3100 Action Outcome of
(mcglkg/hr) . ) adverse event
interruption
40 1007 7 Biliary tract obstruction and infection Unlikely to be related Discontinued Recovered
120 1013 5 Duodenal obstruction Unlikely to be related Discontinued Recovered
120 1014 8 Vasovagal reaction* Possibly related Discontinued Recovered
120 1018 2 Vasovagal reaction, hypotension, abdominal pain*Possibly related Discontinued Recovered
*DLT

6.3.Pharmacokinetics

6.3.1. Target plasma AMD3100 concentrations achieved at 80
egl/ kg/ hr

Of the 17 patients that received any AMD3100 in the dose escalation
phase, 15 contributed to estimates of the Css, CL, and 13 to AUCo-16s. All patients
in the 80 and 120 e€g/ kg/dbabawe et tew htoart gge ta chd
(Table 5). AMD3100 displayed linear pharmacokinetics: CL was dose
independent (r’°=0.09, p=ns); Css increased linearly with dose (r?=0.74,
p<0.0001); and AUCo-168 increased linearly with dose (r°=0.88, p<0.0001).
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Table 5AMD3100pharmacokinetic parameter estimates.

Dose cohort . GCss AUG 168 Cl Tip
(mcglkg/hr) T auents (ng/ml) (ng*h/ml) (L/hr) (hn)
20 3 738 (707707) 90783 (9043D1150)  2.26 (2.102.48) 9.7 (8.411.7)
40 4+ 1182 (6981490 158070 (9455200208)  2.80 (2.163.10) 7 (4.18.8)
80 3 2310 (217@420) 308510 (27774@47704)  2.60 (2.263.03) 8.1 (6.49.2)
120 T M 3774 (26465490) 472620 (3643298880)  2.55 (1463.27) 8.1 (5.211.7)
Mean (range)

* Patient 1007 withdrawn at day 7, no AblGs
Wt GASYGE manmo ¢ A loKRPatientsy'1014 Gnd RA1&witipdeawn/agday §ahd 2, respectively, excluded.

6.3.2. AMD3100 terminal Ti2may be longer than previously identified

The time to steady state is a function of the terminal half-life (T12)[86]. The
first in man clinical trial with AMD3100 by 15 min IV injection determined the
terminal T12to be 3.6hr [59]. The time to steady state by continuous IV infusion is
approximately 3 to 5 half-lives [86] and, therefore, Css should have been achieved
by 24hr in our trial. However, visual inspection of the plasma AMD3100
concentration curves for each patient showed increasing concentrations beyond
24hr, reaching apparent steady state by 72hr in nearly all patients (Figure 3A). In
fact, patients reached a mean of 71% and 94% by 24hr and 72hr, respectively, of
concentrations at 168hr.

The pharmacokinetic sampling schedule was designed to evaluate the
Css, and is not optimal to determine the terminal T12. The terminal T12 can
nonetheless be estimated from the available data, with certain assumptions,

using the following formula[86]:
. _0693-Vd _ In(2) _ 0693
L k. k

< <

One approach is to assume a one compartment pharmacokinetic model.
The elimination rate constant (Ke) can be estimated by non-linear regression with
a one phase decay curve. By this approach, the mean T2 is 15.3hr. However,
the T12 95% confidence intervals for individual patients were wide (Figure 3B),
and a curve could not be fitted adequately to the data for some patients. A

second approach is to estimate the T12 by using the previously calculated Cl and

70



volume of distribution (V4=0.34L/kg)) from the first in man trial of AMD3100[59].

T12was similar across dose cohorts (Table 5), with a mean of 8.1hr (range 4.1 -
11.7hr), and dose independent (r=0.02, p=ns).
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To investigate the T12 further, the protocol was amended and additional

PK samples collected at follow-up day 13-17 for patients 1017 onwards, which is
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approximately 1 week after discontinuing the infusion. Plasma AMD3100 were

91 and 88 ng/ml in patients 1017 and 1018, respectively, at 168hr after infusion

discontinuation, suggesting a terminal Tir2,a 3 3 hr . Both patients had
function. Additional PK data from the dose expansion phase will confirm and

refine these estimates.

6.3.3. AMD3100 clearance correlates with renal function, but not with

measures of body composition

Weight-based dosing of AMD3100 is currently used in clinical practice for
hematopoietic stem cell mobilization (240¢g/
been used in other clinical trials investigating continuous infusion of AMD3100
[58, 115]. In CAMPLEX, AMD3100 was also dosed based on patient weight.

Interestingly, in the dose escalation phase, no correlation was found between

AMD3100 clearance and various indirect measures of body composition (Figure

4). CL did not correlate with albumin or C-reactive protein (CRP), the latter being

asurrogate forthebas ophi | i ¢ dr ug 4adidrglgcoproteinpr ot ei n U1
AMD3100 CL did correlate with renal function (Figure 4, Table 6). However, renal

function only accounted for 33% of the AMD3100 CL variance (r?=0.33).
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Figure 4 AMD3100 clearance correlations with indirect measures of body composition, plasma binding proteins, and

renal function.

Table6 AMD3100pharmacokinetic parameter estimates according to renal function {ERID).

' Clr
Renal function . Cl Cl Cl Tir
(mimin/z.73m? MV T};’Q)’l'n (L/hr) (miimin/kg) (Lihrlkg) (hr)
All patients
o 88.5+16 2.57+0.5 (1.463.27) 0.53+0.16 (0.320.95) 0.031:0.009 (0.0260.057) 8.1+2.2 (4.111.7)
Norm' é>90) 99.4+11.0 2.81+0.38 (2.033.27) 0.55+0.13 (0.320.76) 0.033+0.007 (0.0260.045) 7.5+2.0 (5.211.7)
Mild rem,’\ff%" (6089) 79572 231052 (1.463.1) 0.50+0.21 (0.340.95) 0.030+0.012 (0.0260.057) 8.7+2.4 (4.411.7)
Moderate r’t\el(iu:l(?tlon (4559) 55.4 201 0.43 0.025 92

Mean+ SD (range)
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6.4.AMD3100 mobilizes white blood cell subsets into the peripheral

circulation

WBC mobilization is a known pharmacodynamic effect of AMD3100

administered by single dose S/C injection [59, 60] or continuous IV infusion[58].

AMD3100 is currently licensed in combination with G-CSF to mobilize CD34+

cells into the peripheral circulation for harvesting for autologous stem cell

transplantation [62, 63]. We therefore measured WBC subsets on standard

clinical CBC assay and CD34+ counts in the peripheral circulation as a

pharmacodynamic readout of CXCR4 inhibition in CAMPLEX.

As expected, CD34+, monocytes, lymphocytes, neutrophils, basophils and

eosinophils were maximally increased in the peripheral circulation by 24hr across

all cohorts, and maintained throughout the infusion (Figure 5). WBC subsets

largely returned to baseline by day 28. Interestingly, WBC mobilization could still

be appreciated on day 14 and, to a less extent, on day 21 (WBC counts were

only measured on day
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Figure 5 AMD3100 mobilizes WBC subsets into the peripheral circulation. All WBC subsets are mobilized into the
peripheral circulation early and maintained throughout the AMD3100 infusion. Day 14 and 21 WBC were measured
starting with cohort 80mcg/kg/hr. Two-way ANOVA comparison of mean on infusion (day 2/4/8) and Day 28 vs day 1,
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Mobilization of WBC subsets was robust in most patients at all time-points
during the infusion. WBC subsets measured on CBC were generally >1.5-2 fold
increased, when compared to baseline (Figure 6A). CD34+ mobilisation was
variable between patients, but generally >10 fold compared to baseline (CD34+
fold change: mean 21, range 6-59; cells/pl mean 23, range 7-63) (Figure 6B).
There was no correlation between mean CD34+ counts or fold change on
infusion with age (p=0.57 and p=0.63, respectively) or months of previous
chemotherapy (p=0.35 and p=0.79, respectively) in this small sample. Patient
1013 displayed relatively poor mobilization across many counts on CBC, but
CD34+ cells were clearly mobilized. Patient 1013 had PDAC, was previously
treated with 2 lines of chemotherapy, and discontinued infusion on day 5 due to a

new duodenal obstruction.
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Figure 6 WBC subset mobilization by patient while on AMD3100 infusion. WBC subsets determined by full

blood count A) and CD34+ cells B). Counts were measured on day 2, 4 and 8 of the infusion. Patients 1007,

1013 and 1018 discontinued on day 7, 4, and 2 of the infusion. WBC subset counts were normalized to baseline

values.

Pharmacodynamic modelling showed near maximal mobilization of all

subsets in the | owest dose cohmakimal (20eg/ kg/ h
effect(ECso)) i s estimated to occur at a dose bel ov
subsets, albeit with large confidence intervals. The plateau (maximum effect

[ECmax]) for all subsets was consistently around 2.5 fold over baseline, except for
CD34+ counts at 28 fold. Similar results were obtained when modelling by actual
dose administered and Css.
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Figure 7 Pharmacodynamic modelling of WBC mobilization into the peripheral circulation. WBC subset mobilization

is near maximal at the lowest dose administered 20mcg/kg/hr. For every WBC subset, the plateau of fold change

(maximum effect [Emax]) and dose (mcg/kg/hr) at which the half-maximal effect is estimated to occur(ECso) was

calculated, if possible.

Hemoglobin concentrations appeared to drop slightly (mean change on Day

8: -3.7 g/L, range -13/+10 g/L) in all dose cohorts while receiving the infusion

(Figure 8A). Hemoglobin recovered by day 14 in all cohorts, despite WBC

subsets showing persistent mobilization at day 14 (Figure 5). There was no

significant correlation between the actual dose received and the magnitude of

change at day 8 (p=0.11). The blood sampling schedule may have contributed to

the slight drop in haemoglobin while on study (Figure 8B).
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Figure 8 Hemoglobin changes on study. A) Hemoglobin concentration changes by dose cohort (mean +/-range). The

absolute hemoglobin change from baseline is displayed. B) Blood sampling schedule.

6.5.Discussion

AMD3100was overall well tolerated up to a d
patients in this dose cohort achievedaCssabove 2¢g/ ml . Therefore,
would be considered to be the RP2D, as pre-defined in the protocol. The most
common AMD3100-related AEs of paraesthesiae and gastrointestinal symptoms
were also described in a previous study with continuous infusion, although not
insomnia[58], which was common in our study. These AMD3100 related AEs

were mostly grade 1-2 with a 7-day infusion.

The mechanism of the neurological toxicities is unclear. A general
receptor activity screen identified moderate or strong binding affinity of AMD3100
to a number of different receptors mostly located in the central and peripheral
systems. This had not been investigated further because AMD3100 displays poor
central nervous system (CNS) penetration[116], an established safety record,
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and rapid CL following daily s/c injection for the mobilization of CD34+ cells.
However, continuous IV infusion, especially over prolonged periods, could result
in drug accumulation in the CNS and engagement of the receptors identified in
this screen may explain some of the neurological toxicities seen in this study.
Lastly, CXCR4 is important in neurological development[117], is widely
expressed in the central nervous system, and activation has been reported to
modulate neuronal activity through multiple pathways, including voltage-
dependent channels and neurotransmitter release[118]. Therefore, AMD3100
target engagement of CXCR4 receptor may also help explain the observed

toxicities but remains unexplored.

The clinical symptoms of paresthesiae are similar to the acute
neurotoxicity seen with oxaliplatin, namely relatively rapid onset and resolution,
and relation to touching cold items. Oxaliplatin acute neurotoxicity is thought to
be related to chelation of intracellular calcium and alteration of voltage-gated
sodium channels[114]. The 2 cyclam rings of AMD3100 can chelate metal ions
(Cu?*, Zn?*, Ni*), which increases affinity for the CXCR4 receptor [119, 120]. It
is unknown whether AMD3100 may also chelate calcium and lead to a similar
acute neurotoxicity mechanism to oxaliplatin. Plasma calcium concentration did
decrease in all cohorts but it is unknown how this might relate to intracellular
calcium. The treatment course is too short to evaluate if any chronic sensory
neuropathy characteristic of cisplatin and oxaliplatin [121] might develop with
prolonged or repeated administration of AMD3100. This chronic sensory
neuropathy is cumulative and dose-limiting, and thought to be related to DNA
damage and subsequent induction of apoptosis of nerves in the dorsal root
ganglion [122]. AMD3100 did not demonstrate genotoxicity [116] and, therefore,

chronic sensory neuropathy is less likely.
Sleep disorders are commonly reported in patients with cancer [123] and
cancer treatment or their side effects contribute to the aggravation of

insomnia[124]. Admission to the Clinical Research Facility for the AMD3100
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infusion may have contributed to insomnia [125]. However, the prolonged
duration after discharge suggests at least some contribution from AMD3100.

With respect to dose limiting toxicities, the vasovagal reactions are
consistent with previously reported experience with AMD3100[116]. This is
perhaps not surprising given AMD3100 may directly act on the nervous system
and vasovagal reactions are thought to be neurally mediated[126], although the
mechanism is unclear. It is tempting to speculate that AMD3100 might modulate
nociception or physiologic reactions to pain. Both patients with DLTs had
significant abdominal pain that likely contributed to the vasovagal reactions. For
1014, it was abdominal pain following the repeat biopsy on Day 8. Patient 1018
experienced grade 3 abdominal pain on Day 2 of the infusion in the context of
peritoneal metastases (though not requiring analgesia at baseline) and a history
of irritable bowel syndrome. However, limited pre-clinical work suggests that that
AMD3100 may have analgesic properties in models of bone cancer pain[127]

and neuropathic pain[128].

The safety profile of single agent AMD3100 suggests it could be combined
with checkpoint inhibitors targeting PD-(L)1 or CTLA-4 given little overlapping
toxicities. However, particular attention should be paid to differentiating
gastrointestinal symptoms, in particular diarrhea, related to AMD3100 and the
more serious colitis from checkpoint inhibitor treatment. The latter tends to
present after 6-8 weeks of treatment (24), whereas AMD3100 related diarrhea
starts within a few days of starting the infusion and resolves promptly on drug

discontinuation or administration of anti-motility agents.

We anticipated achieving the targetCssby 24 hr with a 120 eg/ k
This prediction was based on the pharmacokinetic data from 2 clinical trials. In
the first in man clinical trial by Hendrix et al. [59], AMD3100 was given by 15 min
IV injection to healthy volunteers and the terminal T12 was determined to be

3.6hr. The time to steady state by continuous IV infusion is approximately 3 to 5
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half-lives [86] and, therefore, we anticipated Css would be achieved by 24hr in

CAMPLEX. In another clinical trial by Hendrix et al. [58], patients with HIV

received a continuous IV infusion of AMD3100 over 10 days. The 80 and 160

eg/ kg/ hr cohort ssofdc IBi ewd dnl m.arg nCen d1 .35 3 eg/ m
(range294. 1), respectively. We anticipated a 12
needed to achieve the target 2 eg/ml in >80%9
escalation phase of CAMPLEX, all patients achieved a Css above 2 € g / ml by the
80 €9/ kg/ hr dewasachieved@roumce72hr in i@ost patients.

To discuss possible reasons for achieving the target Css at a lower dose
than expected, it is important to state that the only factors that control Css are
dose and CL. Comparing the pharmacokinetic data from CAMPLEX and Hendrix
et al. [58] (Figure 9), the mean Css in every cohort was similar but consistently
higher in CAMPLEX (only mean and ranges were available in the Hendrix et al.
paper), and conversely for CL. AMD3100 is primarily excreted unchanged in the
urine (71% by 24hr post dose) in patients with normal renal function [130]. In a
studyadmini st ering a single 240e¢g/ kg S/ C dose to
impairment [130], AMD3100 CL decreased and exposure increased with renal
impairment. In CAMPLEX, 7 of 15 patients that contributed to CL estimates had
mild or moderate renal impairment. While Hendrix et al. [58] did not report renal
function, patients in CAMPLEX with normal renal function had a lower AMD3100
CL compared to those in Hendrix et al. (Table 6, Figure 9). Thus, renal function

does not fully explain the differences in CL and Css between these studies.

AMD3100 steady state AMD3100 clearance
concentration -« CAMPLEX
6000- _ Hendrix et al.
~0.10
® )
2 c
_ gaooo. g’ ?
B %
g’l ; : g 0.054
§2000< E
» 0.00

20 40 80 120 160 20 40 .50 .1'20 160
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Figure 9 Comparison of C and AMD3100 clearance from CAMPLEX and Hendrix et al (mean +/- range).
Ss
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AMD3100 is bound to human plasma proteins up to 58% [116] and a
strong base due to the basic nitrogens of each bicyclam ring. Changes in protein
binding can affect I|Iiver and renal <cl earance
extraction ratio in these organs. The major plasma binding proteins are albumin
and alpha 1-acid glycoprotein [86]. The latter is an acute phase protein,
correlates with CRP [131], and is important for binding of basic drugs [132].
However, there was no correlation between albumin or CRP and AMD3100 CL.
Additional data from the expansion cohort will help clarify if any correlation exists,

although 58% protein binding is not particularly high.

AMD3100 does not appear to be metabolised in vivo. AMD3100 was not
found to be metabolized in experiments with human liver microsomes and
primary hepatocytes, suggesting a low potential for CYP450 dependent drug
interactions[116], a common issue in patients with HIV on anti-retroviral therapy
[133]. Additionally, nonparent radiolabelled components previously identified as
metabolites in rat [59] and dog studies were confirmed as Cu?* complexes with
AMD3100 [116]. However, a small proportion (5-10%) of AMD3100 was found to
be excreted in faeces in animal studies [116], suggesting AMD3100 undergoes
some biliary excretion. It is possible that differences in AMD3100 biliary excretion
in patients with cancer or HIV could explain the relatively small differences in Css

and CL between CAMPLEX and Hendrix et al. [58], but a mechanism is not clear.

To discuss possible reasons for achieving a Css later than expected, it is
important to state that the time to steady state is only a function of the terminal
half-life (T12)[86]. The initial pharmacokinetic sampling schedule in CAMPLEX
was designed to evaluate the Css, and was not optimal to assess the terminal
T12. The detection of AMD3100 at 168hr after infusion discontinuation suggests
amuch longer terminal Tizof a3 3hr than the 3.6hr observec
study[59]. In that study, the reported CL and terminal T2 were based on a two-
compartment model, though a three-compartment model fit marginally better.

Importantly, the sampling schedule covered a 24hr period. To adequately
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characterize a terminal T2, sampling needs to cover at least 3 times the
expected terminal T12[134]. Furthermore, AMD3100 was below the level of
detection of their assay for much of the elimination phase of the lower dose
cohorts. Given the limitation in assay sensitivity and sampling schedule, there
was insufficient data to adequately assess the third compartment and likely
determinant of the terminal T12. For the same reasons, the second compartment

may have also been inadequately evaluated.

The data from CAMPLEX and Hendrix et al [59] would suggest a 3
compartment model (Figure 10A) to explain the observed pharmacokinetic data.
The thickness of the arrows represents the speed of the processes of distribution
and elimination. On injection of a bolus IV dose, AMD3100 begins to be
eliminated, but also redistributes to the peripheral compartments V2 and Vs.
Equilibration between V1 and V2 occurs relatively quickly and is marked by the
transition from the U to b phase -timEi gure 10E
curve. V3 is only apparent once k31 becomes the rate limiting step for Kio, which
i's represented by the transiti[@Imdstyom t he b
captured the 2 compartment model composed of ViandVz, or U and b phase

Dose
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| 10007
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Figure 10 Proposed compartmental pharmacokinetic model. A) 3 compartment model, with a rapid equilibration

between the central compartment and peripheral compartment V2, and slower equilibration with peripheral
compartment V3. The thickness of the arrows represents the speed of the processes of distribution and elimination. B)

Semi-logarithmic concentration-time plot of AMD3100 elimination following a single 1V bolus dose.
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In the context of intermittent doses of a drug, the terminal T2 controls
accumulation if more than 50% of drug is eliminated during the terminal phase
[134]. This is not the case for AMD3100, and it is therefore not clinically relevant
to the current approved use of AMD3100 as daily S/C injections with G-CSF for
the mobilization of CD34+ cells. However, it is relevant to continuous IV infusions
of AMD3100. Firstly, Css will only be achieved once all compartments are
saturated (ie V1, V2 and V3). In the context of CAMPLEX, it was relevant
because patients required cardiac telemetry until Css was achieved, and the
protocol was amended to extend cardiac telemetry from 48hr to 72hr. Secondly,
and more importantly, pharmacodynamically relevant concentrations of
AMD3100 are present 1 week post infusion discontinuation, demonstrated by the
persistence of WBC mobilization (Figure 5). This is consistent with Hendrix et al.
[59] who reported a nearly 2 fold WBC mobilization with a Cmax of around
100ng/ml. It is unknown how this might relate to potential anti-tumour activity.

The Ti2values in Tables 5 and 6 were calculated with the volume of
distribution from Hendrix et al. [59], which would have captured mostly V1+V2
(Figure 10). This is also inadequate in that the same Vd was applied to every
patient. However, the mean Ti2 of 8.1hr (range 4.1 -11.7hr) obtained using this
method is similar to that reported in the HIV study [58], namely 8.6hr (range 8.1-
11.1). This is because a non-compartmental analysis was performed on a
sampling schedule over a 24hr period after infusion discontinuation, and would

be inadequate to capture a late terminal Tuz.

Many drugs, particularly those used in the treatment of cancer, are dosed
based on weight or, more commonly, by body surface area (BSA). The
underlying assumption is that the CL of a drug is proportional to measures of
body composition. Therefore, to achieve a target Css, which is only dependent on
dose and CL, a drug is dosed based on weight or BSA. AMD3100 is currently
dosed at 240egg/ kg in clinical prarctice for

CAMPLEX however, we found no evidence of a correlation between CL and any
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measure of body composition. Only renal function correlated with AMD3100 CL,
as expected, albeit weakly (R?=0.33). This raises the question whether AMD3100
could be considered for flat dosing in future clinical trials using a continuous IV
infusion. Flat dosing would have the advantage of simplifying drug supply and
preparation. However, additional patient data is required to develop a population
pharmacokinetic model and confirm this finding.

WBC mobilization in the peripheral circulation is a robust
pharmacodynamic readout of CXCR4 inhibition by AMD3100 in patients
previously treated with chemotherapy. Most patients had sustained mobilization
of all WBC subsets for the duration of the infusion and CD34* counts showed the
largest increases, over 10 fold in most patients. Due to the near maximal
mobilization of WBC subsets by the lowest dose in this trial, pharmacodynamic
modelling yielded poor estimates of the ECso. Nonetheless, the ECso of WBC
mobilization in this study (2.6 €9/ kg/hr) is
(11. 6 ¢ ¢o8]kHpweker, WBC Emaxis somewhat lower at 2.5 (2.1-3.2) vs 3.4
(2.9-3.9). Furthermore, the mean CD34* count of 23 cells/pl is lower than the
mean of 40 cells/ul achieved by a single AMD3100d ose of 240eg/ kg in h
volunteers[60]. The number of previous chemotherapy cycles is a known risk
factor for poor mobilization of CD34" cells to G-CSF[135]. Although we did not
find a correlation between CD34* mobilization and length of previous
chemotherapy, this is a limited sample size and the exact number of cycles
received was not captured. Therefore, the most likely explanation for the
somewhat blunted WBC mobilization in this trial remains the extensive previous

treatment with chemotherapy.

The relatively frequent blood sampling schedule may have contributed to a
slight drop in haemoglobin while on the infusion. Every 100ml of phlebotomy is
associated with a 7.0g/I decrease in haemoglobin [136] and patients had 239ml
of whole blood taken over a 7 day period. Furthermore, hemoglobin

concentrations recovered within 7 days of drug discontinuation, despite
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detectable pharmacodynamic effect on WBC subsets mobilization. Lastly,
anemia has not been previously reported in Hendrix et al.[58].

An important question facing the field of immunotherapy is how the host
might influence response to immunotherapy [137]. A number of factors have
been identified for further study, including the microbiome[138, 139] and stress
hormones such as cortisol [140]. A peripheral absolute lymphocyte count (ALC)
below the LLN was an exclusion criterion in this trial, which excluded 50% and
33% of otherwise eligible patients with PDAC and CRC, respectively. A low ALC
is a common finding in patients with cancer and is often related to previous anti-
cancer treatments [1417 143]. A significant proportion of treatment naive patient
present with lymphopenia for unclear reasons [141, 144], including up to 40% of
patients with PDAC[145i 147]. Interestingly, in patients treated with ipilimumab,
on treatment increase of ALC is associated with improved overall survival, but
not baseline ALC [148i 152]. Similarly, in patients treated with PD-1 inhibitor
pembrolizumab, low baseline ALC is not associated with worse survival[153].
However, the high baseline relative lymphocyte count is associated with
improved survival with pembrolizumab[153] and ipilimumab[152]. Other
peripheral counts (such as relative eosinophil counts, absolute monocyte
count sé) were also associated with outcomes
these agents. These data are interesting, may be agent or class specific, and
require further validation for use as stratification or inclusion criteria in

immunotherapy trials.

I n conclusion, the RP2D was identified as
overall well tolerated, could be readily combined with checkpoint inhibitors and
achieved relevant plasma concentrations at steady state. The pharmacokinetic
data is consistent with previous reports, although the potential identification of a
longer terminal T2 requires additional data from the dose expansion cohort to
confidently describe this. This is not clinically relevant to the current approved
use of AMD3100 as daily S/C injections for CD34" cell mobilization. However, it
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does offer an explanation for the persistence of WBC mobilization and AEs after
discontinuation of a prolonged continuous IV infusion. It is also unknown whether
this could be relevant to anti-tumour activity. WBC subset mobilization,
particularly CD34* counts, is a robust pharmacodynamic readout of CXCR4
inhibition that could be further explored in later stage trials as a marker of
successful drug delivery, and in correlations with anti-tumour effect. Finally, flat
dosing of AMD3100 should be explored if AMD3100 is further developed as a

continuous |V infusion in cancer.
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7. CAMPLEX CLINICAL TRIAL: AMD3100 MAY INCREASE T CELL
INFILTRATION AND TURNOVER IN A SUBSET OF PATIENTS

7.1.Clinical outcome endpoints (secondary and exploratory) following a

7 day AMD3100 continuous intravenous infusion

The secondary objective of CAMPLEX was to explore the objective clinical
impact of a 7 day AMD3100 infusion. This was evaluated by CT scans at
baseline and 14 days (+/- 2) after the infusion, ®FDG-PET/CT scans at baseline

and within 1 day of infusion completion, tumour markers, and survival status.

16 patients were evaluable for tumour response by RECIST 1.1 [84]. Of
these 12 patients (75%) achieved stable disease and 4 patients (25%) had
progressive disease (PD) at assessment on day ~21. (Figure 1A). Patient 1006
was withdrawn on Day 1 due a new biliary obstruction, and did not receive any
AMD3100 infusion.

Eleven patients were evaluable for metabolic tumour response by
PERCIST 1.0 [85], in which the target lesion with the highest SULpeak IS
compared between scans (Figure 1B). In this case, the biopsied lesion was
excluded from analysis due to the uncertain effect of a biopsy on the metabolic
uptake of a metastasis. Of patients with PD by RECIST 1.1, 1005 and 1015 also
had evidence of progressive metabolic disease (PMD). Patient 1011 did not
undergo 8FDG-PET/CT scan. The acquisition of PET data for 1003 did not meet
PERCIST 1.0 technical specifications for direct comparison of metabolic uptake
values. However, the clinical report showed progression on ®FDG-PET/CT with
increase in the size of many lesions, including a liver metastasis (30 to 47mm,
+56%). For patient 1002, similar technical issues precluded direct comparison,
but the clinical report also showed progression of many lesions, including a pelvic
mass (28 to 40 mm, +43%). On informal review of 1002 CT scans and RECIST
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1.1 report, much of the non-target disease had increased in size, including the
pelvic mass, but it is a matter of judgement whether this is unequivocal non-
target PD. Interestingly, patient 1008 had a 22% decrease in SULpeak (2.68 to
2.1), although not meeting the minimum requirements for a partial metabolic
response (PMR) per PERCIST 1.0 (decrease by >30% and >0.8 SUL peax).
Furthermore, the target lesion was part of extensive omental caking, which can
be difficult to accurately measure. An exploratory analysis of the SULpeak On the
biopsied metastasis or sum of up 5 target lesion SULpeak did not suggest different

outcomes.

Tumour marker changes were consistent with the radiologic assessments,
generally increasing at Day 28 (Figure 1D). Patient 1007 (CRC) had an apparent
47% decrease in CEA by day 8. However, CEA was only 30 ng/ml on Day 1,
despite fairly extensive liver and lung metastases. The CT scan at day 28
(RECIST 1.1) was stable and survival duration was 3.0 months. RECIST 1.1
assessment was SD at day 28. Patient 1001 did not have an elevated CEA at

baseline.

7 patients (41%) had worsening ECOG performance status within 2 weeks
of discontinuing the infusion (Figure 1C). Six of these patients had evidence of at
least some tumour progression, including 2 with RECIST 1.1 PD. The median
overall survival was 5.4 months (Figure 1E), and 4 patients received additional
chemotherapy after CAMPLEX.
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Figure 1 Clinical evaluation of plerixafor anti-tumour activity in the dose escalation phase of CAMPLEX A) Tumour

response by RECIST 1.1 assessment of CT scans performed at baseline and 14 days (+/- 2) after the infusion. B) Metabolic

18
tumour response by FDG-PET/CT scans performed at baseline and within 1 day of infusion completion. The first panel

indicates assessment according to PERCIST 1.0, and the others are exploratory analyses: the % change in the SULmax of the
biopsied metastasis, and the % change in the sum of SULpeak of up to 5 metastases. Patients 1007, 1011, 1013 did not have

Day8 PET/CT scans. The acquisition of PET data for 1002 and 1003 did not meet PERCIST 1.0 technical specifications for direct
comparison of metabolic uptake values. The biopsied metastasis of 1001 did not meet minimum SULpeak value at baseline for

comparison. C) The ECOG performance status of patients while on CAMPLEX. D) CEA and Ca 19-9 tumour marker changes on
study. Dotted lines represent thresholds for significant changes in tumour marker levels. E) Swimmer plot with additional therapy
received after CAMPLEX, and survival. Not evaluable (NE), Pancreatic adenocarcinoma (P), Colorectal adenocarcinoma (C),

progressive disease (PD), stable disease (SD), selective internal radiation therapy (SIRT).
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7.2.Paired biopsies for pharmacodynamic analysis from CAMPLEX dose

escalation phase

The CAMPLEX protocol specified paired biopsies at baseline and within
+/- 4hr of infusion completion on Day 8 of the same metastatic lesion. We
successfully obtained baseline biopsies in 19 patients, of which 17 commenced
the AMD3100 infusion (Figure 2). Day 8 biopsies were not obtained in 5 patients
due to the following reasons: 3 patients were withdrawn before the end of the
infusion, patient 1016 started therapeutic anticoagulation for an incidental
pulmonary embolism found on screening CT, and patient 1009 poorly tolerated
the baseline biopsy. Upon review of H&E from the 12 paired biopsies, no cancer
could be identified in either biopsy in patient 1001, while the day 8 biopsy from
patient 1005 contained focal nodular hyperplasia and no cancer. Therefore, 10
pairs of biopsies are analysable for pharmacodynamic readout, all from patients
with CRC. However, many contained extensive necrosis, a characteristic feature
of CRC, with limited viable cancer in some biopsies. Lastly, patient 1008 had a
mucinous adenocarcinoma, with extensive mucin and little interspersed cancer

cells.
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7.3.CXCR4 expression in tumour is a pharmacodynamic effect of
AMD3100

To determine whether tissue CXCR4 expression changed after AMD3100

administration in human tumours, the same anti-CXCR4 antibody (UMB2 clone)

as used on murine tissue was validated on human tonsil tissue. Strong and weak

membranous staining pattern was observed in a proportion of larger activated

germinal centre cells of tonsil tissue, probably representing centroblasts and
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centrocytes (B cells) within the dark zone (DZ) and light zone (LZ), respectively
(Figure 3). Many smaller lymphoid cells within germinal centres, the mantle zone
and T-cell zone displayed perinuclear-dot staining (possibly the Golgi apparatus)
without associated membranous staining. These cells would be expected to have
membrane CXCR4 expression, but this may be below the detection threshold of
CXCR4 IHC. The staining pattern on human tissue is similar to that observed in
mouse tissue (see Chapter 5), and consistent with mouse data showing that
centroblasts undergo CXCR4 dependent chemotaxis to the dark zone in
response to CXCL12 producing reticular cells in the DZ [95]. A similar staining
pattern was also reported by others on human tonsil tissue [102]. Therefore,
these results validate the anti-CXCR4 antibody (UMBZ2) for IHC use on human

tissue. For the purpose of image analysis, only membranous CXCR4 staining
defined a CXCR4+ cell.
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Figure 3 CXCR4 expression in a human tonsil tissue. A) A proportion of larger activated germinal centre cells
display strong and weak CXCR4 membranous staining probably representing centroblasts and centrocytes within the
dark zone (DZ) and light zone (LZ), respectively. B) Higher magnification of the solid red box in A) also demonstrates
the presence of a perinuclear dot-like CXCR4 staining (arrow), possibly the Golgi apparatus, in the smaller lymphoid
cells. C) Higher magnification of the dotted red box overlapping the mantle zone (MZ) and T-cell zone (TZ) in A)
shows only perinuclear-dot CXCR4 staining (arrow). D), E), and F) are H&E, CD3 IF (T cell marker) and CD20 IHC (B
cell marker) on serial sections of the lymphoid follicle in A), respectively. G) CXCR4 IHC on a FFPE cell block of the
AsPC-1 cell line negative for CXCR4 expression by RNAseq.

CXCRA4 protein expression was examined by IHC in tumour biopsies from
CAMPLEX. The %CXCR4+ cells increased in all day 8 biopsies compared to
baseline (p<0.0001) by a median fold of 5.7 (range 2.9-106.8) (Figure 4). There
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was no correlation between the fold change and dose cohort (r=-0.23, p=0.51),
plasma AMD3100 concentration at day 8 (r=-0.25, p=0.51), or actual dose
received (r=-0.30, p=0.40). Pathologist review suggested that, at baseline, most
of the CXCR4+ cells are endothelial cells. Areas with high infiltration with CD3+
cells showed no membranous CXCR4 staining, but a faint perinuclear dot-like
CXCRA4 staining could be discerned. In day 8 biopsies, strong membranous
CXCR4+ staining was apparent in regions with high CD3+ infiltration. In the
opinion of the pathologist, the membranous staining CXCR4+ cells are a mixture
of immune cells, possibly B cells, macrophages, and T cells. Cancer cells are
CXCR4 negative in all samples.
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7.4.AMD3100 increased TILs in a subset of patients and a change in T

cell repertoire

7.4.1. Image analysis algorithm validation and immunofluorescence

variability

TILs were quantified using two triple-IF panels, containing antibodies

against panCK, CXCL12 and either CD3 or CD8, on whole tumour sections. As

discussed in Chapter 3, the calibration of algorithms proved challenging due to

significant variation in IF signal intensity between slides. An algorithm was

designed for each slide, and the correlations between manual counts and

algorithm counts of objects of interest in small areas of each slide are

summarized in Figure 5A.

A)

B)

panCK+CD8 panel panCK+CD3 panel
R slope (95%Cl) R slope (95% CI)
Nuclei- user 1 vs user 2 manual counts 0.97 1.17 (1.051.3)
Nuclei- manual vs algorithm counts 0.97 0.87(0.860.95) 0.93 1.17(1.011.33)

Cancer cellsmanual vs algorithm counts 0.96

Cancer cells in Al classified cancer nests
manual vs algorithm counts 0.96
T cells manual vs algorithm counts 0.99
T cells in stromamanual vs algorithm

counts 0.99

T cells in tumor nestamanual vs algorithn
counts 0.99

0.92(0.831.01) 0.96 1.14(1.021.27)

1.0 (0.9%1.11)
0.92(0.870.96) 0.96 1.06(0.951.17)

0.92 (0.880.95)

0.86 (0.810.91)
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Figure 5 Immunofluorescence algorithm validation and variability A) Image analysis algorithms for each

slide and immunofluorescence panel were validated with manual counts on small areas identified to contain at

least 50-100 objects of interest, from every biopsy. B) The mean fluorescence intensity of the pan-cytokeratin

stain (panCK) in cancer cell objects and DAPI of nuclei objects was compared in panel panCK+CD3. All slides

stained with a given panel were scanned in a single batch with the same microscope settings. Stats: paired t-test,

Pearson correlation. Artificial Intelligence (Al) random forest algorithm.
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The two IF panels were scanned at different microscope settings,
precluding direct comparison of serial sections. Nonetheless, the mean
fluorescence intensity correlation between serial sections was strong for panCK
(r>=0.73, p<0.0001), and only moderate for DAPI (r>=0.37, p=0.004). However, all
slides for a given panel were stained and scanned using the same conditions.
There was a strong correlation in panCK mean fluorescence of cancer cells
between baseline and day 8 biopsies (r’=0.75, p<0.01), but differences exist
between patients (Figure 5B). This suggests intrinsic biological differences in
cytokeratin expression between patient tumours that are maintained over time.
On the other hand, there was no correlation for DAPI between baseline and day
8 (r’=0.03, p=0.32). It is not possible to differentiate whether these differences
are due to patient specific AMD3100 effects or variation in pre-analytic factors.
The correlation of panCK fluorescence intensity between baseline and day 8
would suggest the latter, but somehow specific to DAPI. The image analysis
algorithms were not able to overcome this variability in panCK and DAPI mean
fluorescence intensity and therefore required individualization. This illustrates

one of the difficulties in scaling IF image analysis.
7.4.2. AMD3100 increased TILs in a subset of patients

TIL analysis is primarily descriptive because there are no known criteria to
define a biologically significant change in TILs, or a clinical correlate. Patients
1003, 1004, 1008, 1011, 1012, 1014, 1015, and 1017 demonstrated an increase
in either CD3+ (8/11 patients, 73%) or CD8+ density (6/11 patients, 55%)
guantified across whole tumour sections (Figure 6A). Unlike CXCR4 protein
expression, there was no systematic pharmacodynamic effect of AMD3100 on
CD3+ and CD8+ cell infiltration (Wilcoxon matched-pairs signed rank test, p=0.23
and p=0.65, respectively).
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In a compartmental tumour analysis, tumours nests were identified using a

machine learning algorithm in Halo image analysis software (see Chapter 3,

Figure 6). A CD8+ cell was classified as being within a tumour nest if at least

touching a tumour nest. In patients where an increase in either CD3+ or CD8+

density had been identified across whole tumour sections, 1004, 1012 and 1015
(3/10 patients, 30%) (Figure 6B/C) had an increase in CD8+ density within

tumour nests, but no appreciable increase was identified in patients 1011 and

1014. However, there was no systematic pharmacodynamic effect of AMD3100

on CD8+ cell infiltration in tumour nests (Wilcoxon matched-pairs signed rank

test, p=0.46). The biopsy from 1008 was not amenable to a compartmental

analysis because of very sparse cancer cells and extensive mucin (Figure 7).

Baseline

Day 8

H&E H&E Triple IF

Figure 7 Biopsies from patient 1008 are not amenable to a compartmental
analysis of tumour infiltrating lymphocytes. Patient 1008 had a mucinous
adenocarcinoma of the colon, with abundant mucin (short arrows), limited cancer

cells nests with distorted architecture (long arrows).

In a sensitivity analysis, individual cancer cells were identified on the basis

of panCK staining around a nucleus defined by DAPI staining. The distance

between a cancer cell centroid and the nearest CD8+ cell centroid was

determined. These data were analysed in two ways.
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Firstly, the cumulative CD8+ cell count by distance from cancer cells was
divided by the tumour nest area determined by the machine learning algorithm
(Figure 6D). The dotted line represents the sum of the mean cancer and CD8+
cell radii. The intersection of the dotted line with the solid lines should
approximate the CD8+ density in tumour nests determined using the machine
learning algorithm. Indeed, the data from Figure 6B and D are consistent. Again,
patients 1011 and 1014 had no increase of CD8+ cells within tumour nests,
suggesting that the increase in CD8+ cells observed in Figure 6A are located in

the stroma, away from cancer cell nests.

Secondly, the percentage of cancer cells at a given distance from the
nearest CD8+ cell was determined (Figure 6E). A peak at a smaller distance
illustrates that a larger proportion of cancer cells have a CD8+ cell in close
proximity. Significant new peaks were observed in patients 1004 and 1015, and a
possible change in patient 1012. Patient 1002 had a heavily infiltrated tumour at

baseline and the pattern did not change on day 8

The compartmental analysis addresses the hypothesis that the biologically
relevant CD8+ cells are in close proximity to cancer cells. However, there was a
strong correlation between the density of CD8+ in tumour nests and across the

whole tumour sections (r?=0.95, p<0.0001).
7.4.3. AMD3100 may induce significant T cell turnover in the tumour

To investigate the changes in T cell infiltration further, next generation
sequencing of the T-c e | | r echangaemplemebtarity determining regions
(CDR3s) (TCRseq) was performed (Adaptive Biotechnologies) on the snap
frozen biopsies. There was poor correlation between the T cell fraction
determined by IF (CD3+ cells/all cells in whole tumour sections) and TCRseq
(r>=0.24, p=0.04), but consistent with a recent report in primary PDAC that found
a correlation between T cell fraction and CD8+ infiltration (r=0.28, p=0.03), but

not CD4+ infiltration [154]. There was, however, significant discrepancy in the
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direction of change of the T cell fraction between baseline and day 8 in some
patients, most notably for patients 1002, 1008, and 1012 (Figure 8A and Figure
6A). The TCRseq analysis suggested that patients 1002, 1004, 1014, and 1015
had increases in T cell fraction on Day 8 compared to baseline, but there was no

consistent pharmacodynamic effect across the population (paired t-test, p=0.67).

A) 0.25+ 0.4+
-= 1002 (20mcg/kg/hr)
0.20 =+ 1003 (20mcg/kg/hr)
) 30.3~ - 1004 (40mcg/kg/hr)
.S 015 = —— 1005 (40mcg/kg/hr)
8 & - —— 1008 (40mcg/kg/hr)
= = - 1010 (80mcg/kg/hr)
® 0.104 [7]
- "_’ - 1011 (80mcg/kg/hr)
508 0.1+ -=- 1012 (120mcg/kg/hr)
’ -+ 1014 (120mcg/kg/hr)
=~ 1015 (120mcg/kg/hr
000 T T 00 v v ( g g )
Baseline Day 8 Baseline Day 8
B) 20+ B Expanded clones C) 1.01
154 mm Contracted clones 084
g )
c £ 0.6
3 8
= [} -
3 - 2 0.4
= a0 = 02
'30(:‘”'“,;00‘_“:,,0 O'Uvamwo‘—erm
SEEEEBEEEEE Ef8EgzEEREE
Figure 8 Deep-sequencing of the T-c el | r e echaint complermentarity determining regions A) T cell

fraction of all nucleated cells and T cell clonality in snap frozen biopsies at baseline and Day 8 from the CAMPLEX
dose escalation phase. B) Expanded and contracted T cell clones. C) The Morisita Index (MI) compares TCR
rearrangements and template counts between baseline and day 8 biopsies. A lower MI value indicates a higher
repertoire turnover.

TCR clonality (0 to 1) is a measure of population skewing, where high
clonality indicates biased expansion of individual T cell clones and implies the
presence of a specific immune response to tumour antigens. In patients with
melanoma treated with anti-PD-1, high TCR clonality in baseline biopsies is
associated with clinical responses [79]. Unlike CXCR4 protein expression, there
was no consistent change in clonality on day 8 biopsies (Figure 8B, paired t-test
p=0.53). There was no correlation between clonality and T cell fraction
determined by TCRseq at either baseline (p=0.31) or day 8 (p=0.88). However,
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patients 1004, 1008, 1012 and 1015 had increases in clonality at Day 8, all of
whom had clear increases in CD3 or CD8 cell density by IF (Figure 6A). There
was no systematic expansion or contraction of T cell clones (Figure 8B, paired t-
test p=0.10).

The Morisita Index (MI) compares TCR rearrangement and template
counts between 2 samples, where a value of 1 indicates that the same T cell
clones are present at the same proportions in the 2 samples. In CAMPLEX, the
MI ranged from 0.30 to 0.89 (mean = 0.58), suggesting a high TCR repertoire
turnover (Figure 8C). Patients 1004, 1008, 1012, and 1014 had the highest M.

To explore possible explanations for the variability in T cell count
estimates between TCRseq and IF, the heterogeneity of TIL spatial distribution
was assessed. TCRseq was performed on flash frozen biopsies, whereas IF
analysis on FFPE biopsies (Figure 9A). Importantly, the former were quartered
and DNA extracted from only 1 fragment for analysis, whereas IF analysis was
performed on a longitudinal section of an FFPE biopsy (excluding tissue within
500um of the invasive margin, when present). Patients 1002 and 1008 were
significantly discrepant in changes between baseline and day 8 of CD3 density
by IF and T cell fraction by TCRseq (Figures 6A and 8A). CD3 infiltration was
highly heterogeneous by IF, appearing gradient-like in 1002 baseline, and patchy
in 1008 baseline (Figure 9B). It is unknown if such heterogeneity would be
mai ntained across the smaller fiyo axi s. | f
single small fragment may not be representative of the entire biopsy, and

therefore an important source of variability.
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7.5.CXCL12 expression is variable between patients and does not
correlate with the number of TILs

To investigate the relationship between intratumoural CXCL12 expression
and the number of TILs, CXL12 expression was assessed by IF staining of
tumour sections. As previously reported [32], there was strong CXCL12 staining
of cancer cells, defined as pan-CK positive, in a positive control primary PDAC.
Furthermore, a number of panCK'CXCL12* cells could be identified in the stroma
surrounding cancer cell nests (Figure 10A). These panCK'CXCL12* cells were
not further defined but, based on published data [32], they may be FAP+ stromal
cells and the source of the CXCL12 found on the cancer cells. A similar

observation was made in baseline biopsies from patients on the CAMPLEX trial.

Cancer cells represented the largest proportion of all cells positive for
CXCL12, except in patient 1008 (Figure 10B). The percentage of cancer cells
positive for CXCL12 varied widely between patients (Figure 10C). However,
there was strong correlation between baseline and Day 8 biopsies in the
percentage of cancer cells positive for CXCL12 (r>=0.71, p<0.01), and no
significant change between the time points (paired t-test, p=0.82). This suggests
intrinsic differences in CXCL12 expression between patient tumours are
maintained over time, and despite AMD3100 administration. There was no
correlation between CD8+ cell density and the percentage of cancer cells
positive for CXCL12 (Figure 10D) in these patients.
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Primary
PDAC

CXCL12

Pt 10108BI

B)

C)

Figure 10 CXCL12 expression is variable between patients with CRC but does not correlate with
TILs A) Dual CXCL12 and panCK immunofluorescent staining of a primary PDAC and baseline biopsy from

patient 1010. White arrows indicate panCKI cxcL12’ cells, located in the stroma surrounding cancer cell
nests. B) The percentage of CXCL12+ cancer cells (panCK+CXCL12+) and other CXCL12+ cells (panCKI
CXCL12+) from all cells identified across whole tumour sections from biopsies at baseline was determined.

The values are displayed stacked. C) The percentage of CXCL12+ cancer cells (panCK+CXCL12+/panCK+
cells) across whole tumour sections from biopsies at baseline and Day 8 was determined. D) The CD8+
cell density across whole tumour sections or within tumour nests was correlated with the percentage of

CXCL12+ cancer cells at baseline and on day 8. Stats: paired t-test, Pearson correlation.
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