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Modulation of the tumor microenvironment by the CXCR4 antagonist 

AMD3100 in pancreatic and colorectal adenocarcinoma 

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 

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 

1. PREFACE ...................................................................................................... 7 

2. ABSTRACT .................................................................................................... 8 

3. INTRODUCTION ........................................................................................... 9 

4. MATERIALS AND METHODS ..................................................................... 21 

4.1. CAMPLEX patient eligibility ....................................................................... 21 

4.2. CAMPLEX study design ............................................................................ 21 

4.3. CAMPLEX safety evaluations ................................................................... 22 

4.4. CAMPLEX response evaluation ................................................................ 23 

4.5. CAMPLEX pharmacokinetic methods ....................................................... 23 

4.6. CAMPLEX pharmacokinetic analysis ........................................................ 24 

4.7. CAMPLEX pharmacodynamic correlates in the peripheral circulation ...... 25 

4.8. Mice .......................................................................................................... 25 

4.9. Histologic analysis..................................................................................... 28 

4.9.1. Immunohistochemistry .................................................................... 29 

4.9.2. IHC image analysis ......................................................................... 31 

4.9.3. Immunofluorescence ....................................................................... 34 

4.9.4. Immunofluorescence image analysis .............................................. 36 

4.10. CAMPLEX TCRseq ............................................................................ 39 

4.10.1. DNA extraction ............................................................................. 39 

4.10.2. TCRseq ........................................................................................ 40 

4.11. Statistical testing ................................................................................. 42 

4.12. Summary of work done by myself and others ..................................... 42 

5. PHARMACODYNAMICS OF CXCR4 INHIBITION IN MICE........................ 44 

5.1. High dose AMD3100 modestly decreases tumour growth and may improve 

survival in KPC mice ....................................................................................... 44 



 4 

5.2. Pharmacodynamic effects of AMD3100 on tumour and normal tissue ...... 46 

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

pharmacodynamic effect of AMD3100 ......................................................... 46 

5.2.2. High dose AMD3100 increases tumour infiltration of F4/80+ cells .. 49 

5.3. Tumour cell proliferation, death and necrosis with AMD3100 treatment ... 51 

5.4. Pharmacodynamic effects of AMD3100 in peripheral blood ...................... 52 

5.5. Discussion ................................................................................................. 56 

6. CAMPLEX CLINICAL TRIAL: AMD3100 IS SAFE AND WELL TOLERATED 

AT TARGET 2µG/ML PLASMA CONCENTRATION .......................................... 63 

6.1. Patient population ..................................................................................... 63 

6.1.1. Patient demographics ...................................................................... 63 

6.1.2. Impact of eligibility criteria on patient recruitment -  an audit of 

patients referred to the Addenbrookeôs Early Phase Clinical Trial Clinic ..... 64 

6.2. Safety data ï AMD3100 is safe and well tolerated up to 80ug/kg/hr ......... 65 

6.2.1. Adverse events ............................................................................... 65 

6.2.2. Dose limiting toxicities ..................................................................... 68 

6.3. Pharmacokinetics ...................................................................................... 69 

6.3.1. Target plasma AMD3100 concentrations achieved at 80 ɛg/kg/hr .. 69 

6.3.2. AMD3100 terminal T1/2 may be longer than previously identified .... 70 

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

measures of body composition .................................................................... 72 

6.4. AMD3100 mobilizes white blood cell subsets into the peripheral circulation

 74 

6.5. Discussion ................................................................................................. 78 

7. CAMPLEX CLINICAL TRIAL: AMD3100 MAY INCREASE T CELL 

INFILTRATION AND TURNOVER IN A SUBSET OF PATIENTS ...................... 88 



 5 

7.1. Clinical outcome endpoints (secondary and exploratory) following a 7 day 

AMD3100 continuous intravenous infusion ..................................................... 88 

7.2. Paired biopsies for pharmacodynamic analysis from CAMPLEX dose 

escalation phase ............................................................................................. 91 

7.3. CXCR4 expression in tumour is a pharmacodynamic effect of AMD3100 92 

7.4. AMD3100 increased TILs in a subset of patients and a change in T cell 

repertoire ......................................................................................................... 96 

7.4.1. Image analysis algorithm validation and immunofluorescence 

variability ...................................................................................................... 96 

7.4.2. AMD3100 increased TILs in a subset of patients ............................ 97 

7.4.3. AMD3100 may induce significant T cell turnover in the tumour ..... 100 

7.5. CXCL12 expression is variable between patients and does not correlate 

with the number of TILs ................................................................................. 104 

7.6. Changes in cancer and immune cell PD-L1 expression following AMD3100 

infusion .......................................................................................................... 106 

7.7. Discussion ............................................................................................... 107 

8. CONCLUSION ........................................................................................... 117 

9. ACKNOWLEDGMENTS ............................................................................ 119 

10. ABBREVIATIONS ...................................................................................... 120 

11. REFERENCES .......................................................................................... 121 

 

 

 

 

 

 

 

 



 6 

 

 



 7 

1. PREFACE 

Á This dissertation is the result of my own work and includes nothing which is the 

outcome of work done in collaboration except as declared in the Preface and 

specified in the text. 

Á It is not substantially the same as any that I have submitted, or, is being 

concurrently submitted for a degree or diploma or other qualification at the 

University of Cambridge or any other University or similar institution except as 

declared in the Preface and specified in the text. I further state that no 

substantial part of my dissertation has already been submitted, or, is being 

concurrently submitted for any such degree, diploma or other qualification at 

the University of Cambridge or any other University or similar institution except 

as declared in the Preface and specified in the text 

Á It does not exceed the prescribed word limit for the relevant Degree 

Committee.  
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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.  
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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 [3ï5]. 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 



 10 

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, including including melanoma, lung, renal, bladder, Hodgkinôs 

lymphoma, head and neck cancers [10ï16]. 

  

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 CRC[23]. 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)/ PI3Kɔ[29], and CCL2/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 due to 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 II (TNFRII) on CD8 T cells and 

TNFŬ bound to the membrane of macrophages (mbTNF). The interaction of 

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-ɓ 

(PLC-ɓ), and mitogen-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/CXCR4 result in a plethora of 

responses including gene transcription, chemotaxis, cell survival, and 

proliferation. 

 

CXCR4 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) [44ï47]. 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 [51ï53]. 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 

 

 

 

 

 

 

 

 

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). It is 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 

Figure 1 Molecular structure of AMD3100  
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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 

CXCR4[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 (240ɛg/kg subcutaneous [S/C] daily, 

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

with multiple myeloma or non-Hodgkinôs lymphoma achieving the optimal CD34+ 

cell count target for transplantation in fewer apheresis days [62ï64].  This is 

currently the only approved indication for AMD3100.  

 

The current highest approved dose of AMD3100 (240 ɛg/kg) achieves a 

maximum plasma concentration (Cmax) of ~1 ɛg/ml with a terminal half-life of 3.6-

5hr [59, 65]. Given the short half-life and Cmax below the biologically active dose 

in the pre-clinical studies discussed above (2 ɛg/ml, unpublished data), daily S/C 

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 plasma concentrations of 3.28 ɛg/ml in the 

highest dose cohort (160 ɛg/kg/hr)[58].  The CAMPLEX clinical trial 

(NCT02179970) was initiated to assess the safety of administering continuous 

infusion of AMD3100 and achieving an AMD3100 concentration at steady state Ó 

2 ɛg/ml in patients with CRC, PDAC and high grade serous 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[69ï

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 
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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 



 18 

samples. Increasingly, image analysis software is being used for TIL 

quantification, 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+, CD45RO+ 

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 ImmunoscoreTM is the most advanced scoring system that 

incorporates the above concepts of TIL location, density, and subtype with 

software image analysis. ImmunoscoreTM 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 CD45RO+ 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 ImmunoscoreTM in 

clinical practice for early stage CRC, and may identify patients that could benefit 

from adjuvant chemotherapy[83].  

 

However, ImmunoscoreTM is unlikely to be an appropriate end-point for the 

CAMPLEX trial. Firstly, ImmunoscoreTM 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, 

ImmunoscoreTM 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 

(TCRb) 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 

quantification 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 phase 2 dose (RP2D) of 80 ɛg/kg/hr. Other eligibility 

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 Addenbrookeôs Hospital, Cambridge, UK in the dose 

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 Ó 2 ɛg/ml in Ó 80% of patients at the RP2D. Based on a previous study of 

continuous IV infusion of AMD3100 in patients with HIV that achieved plasma 

AMD3100 concentrations at steady state of 1.8 and 3.2 ɛg/ml at doses of 80 and 
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160 ɛg/kg/hr [58],respectively, we anticipated a dose of 120ɛg/kg/hr to achieve 

the primary endpoint. AMD3100 was administered as a 7 day continuous infusion 

in planned dose cohorts of 20, 40, 80 and 120ɛg/kg/hr, and patients had the 

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 18FDG-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 Addenbrookeôs Hospital for cardiac telemetry, 

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. 18FDG-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.  18FDG-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 ï 

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 (2.6µm, 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 

350oC. 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 

quantification was performed using Thermo Scientific LCQuan.  A weighted (1/x2) 

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 AUC0-168 was calculated using the linear trapezoidal 

rule. Clearance (CL) was determined using the following equation[86]: 

ὅ
ὑ

ὅὒ
 

where K0  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 

Addenbrookeôs Hospital. The CD34+ absolute count was derived from a bead 

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 using two-way ANOVA with Dunnettôs 

multiple comparison test. Pharmacodynamic modelling was performed using 

Graphpad Prism software (version 7) to estimate the half-maximal effect (EC50) 

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/+;LSL-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 Coreôs Tumour Models Team. The BRU classifies mice into bands ñAò 

and ñBò, where the former are optimal for intervention studies assessing tumour 

volume changes. Mice can be classified as band ñBò for different reasons, 

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 in cost between band ñAò and ñBò mice.  

 

Band ñAò mice with 5-8mm tumours 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. Healthy band ñBò 

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 ñAò and ñBò KPC mice (Figure 1) or in 

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 µl/hr (or 

200µg/hr). Mice weighed between 22.7-35.3g (mean 29.9g) 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 µl/hr (or 45µg/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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Figure 1 Comparison of 

hematologic profile of 

tumour-bearing KPC band 

ñAò and ñBò mice. Baseline 

full blood counts, prior to 

any experimental 

procedure, were compared 

in band ñAò (n=19) and 

ñBò(n=11). Stats: Unpaired 

T-Test. * - p<0.05, ** - 

p<0.01, *** - p<0.001, **** - 

p<0.001 

paraffin-embedded; the last part was trimmed of adjacent normal tissue and snap 

frozen.  

  

 

 

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). 10µl 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 10µl 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 µm 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 and normal lymph node were obtained from Addenbrookeôs Hospital 

WBC Lymphocytes Monocytes Granulocytes Hemoglobin Hematocrit Platelets

Pooled CV % 5.4 5.7 10.4 11.0 3.4 3.9 6.3
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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.  

 

 

4.9.2. IHC image analysis 

4.9.2.1. 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 

A) B)

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. 
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stained slides were quantified in a random order and blinded. Only membranous 

PD-L1 staining was considered positive.  

 

CXCR4 + 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 Peyerôs patches, tertiary lymphoid organs or 

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 100µm isometric rings from 500 

µm outside the invasive margin to the center of the tumour. Adjacent lymphoid 

tissue and bowel, and necrotic regions were excluded from this analysis. 



 33 

 

 

H&E IHC

H&E IHC

H&E IHC

+

A)

B)

C)

Ki67 CC3

CXCR4

CD3 CD4

FOXP3

D)

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 Peyerôs patches and tertiary lymphoid 

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 100µm isometric rings, from 500 

µm 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. CXCL12 was previously shown to ñcoatò 

E)
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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).  

B) C) D) E)

PDAC cancer cells [32]. 

  














































































































































































