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Abstract 


Cancer is one of the leading  causes of death in Norway (2016) and worldwide. Despite the 
 advent of new immunotherapies, malignant cancer demonstrates an intrinsic plasticity and is 
 able to evade, adapt and suppress the immune system. An important driver for this malignant 
 phenotype is the epithelial-to-mesenchymal transition (EMT) program, characteristic of stem 
 cells.  Previous  research  showed  a  link  between  the  AXL  receptor  tyrosine  kinase  (Axl)  and 
 EMT. The Axl receptor is further involved in immune suppression and could therefore serve as 
 a  potential  target  in  immunotherapy  and  in  combination  with  other  cancer  treatments. 


Chemotherapeutic treatment also shows evidence of immune involvement, and the immune 
system plays a vital role in all forms of cancer treatment. In this study, we evaluated current 
immunotherapy in combination the Axl kinase inhibitor, bemcentinib. Using single cell mass 
cytometry we conducted 30 parameter mapping of the immune system in an experimental 
murine  tumour  model.  The  data  was  analysed  using  dimensionality  reduction  and 
unsupervised  clustering.  By  studying  how  the  immune  landscape  changes  during  tumour 
development and immunotherapy treatment, important insights into how the immune system 
responds to tumour development and treatment was measured and a new treatment regime 
was evaluated. 
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Abbreviations 


BSA  Bovine serum albumin 


CTL  Cytotoxic T lymphocyte 


CTLA-4  Cytotoxic T-lymphocyte-associated protein 4 


CVD  Cardiovascular diseases 


CWB  Cell washing buffer 


CyTOF  Cytometry by time-of-flight 


DNA  Deoxyribonucleic acid 


DOTA  1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 


DPBS  Dulbecco’s PBS 


DTPA  Polymeric pentetic acid 


EMP  Epithelial-to-mesenchymal plasticity 


EMT  Epithelial to mesenchymal transition 


ICB  Immune checkpoint blockade 


MDSC  Myeloid derived suppressor cell 


MHC  Major histocompatibility complex 


NaAz  Sodium Azide 


NK  Natural Killer 


PBS  Phosphate buffered saline 


PD-1  Programmed cell death protein 1 


PP  Polypropylene 


RCF  Relative centrifugal force  


RF  Radio frequency 


RT  Room temperature 


TAM  Tumour associated macrophage 


TCEP  tris(2-carboxyethyl)phosphine 


TCR  T cell receptor 


Th Helper T cell 


TIL  Tumour infiltrating lymphocyte 


Treg T regulatory  
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Glossary 


Angiogenesis  Formation of new blood vessels from existing ones 
 Anoikis  Avoiding detachment-induced apoptosis 


Antigens  A molecule that can be bound by an antibody and initiate an 
 immune response. 


Apoptosis  A form of nonimmunogenic controlled cell death.  


Cell differentiation   When  a  cell  goes  from  one  cell  type  to  another  and  quires 
 different traits.  


Immunogenic   A process capable of initiating an immune response.  


Immunotherapy  The use of the immune system to treat cancer 


Intercalator  A molecule that can be inserted between base pairs in DNA. 


Leukocytes  White blood cells comprising the immune system. 


Mahalanobis distance  A  type  of  distance  used  in  multivariate  space  to  find  the 
 distance from the centroid to a given point. The centroid is the 
 point where the means of all variables intersect. 


MilliQ  A type of purified water. 


Mutation   Permanent change in nucleotide sequence, either by insertion, 
 deletion or substitution of a single nucleotide. 


Neoantigens  New antigens. 


Push  A single slice of the gas stream in the TOF chamber. 


Reading  The integrated intensity of several pushes. 


Torr   A  unit  of  pressure  that  corresponds  to  1/760  standard 
atmospheres. 
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1  Introduction 



1.1  Tumours on a population level 


Cancer is one of the leading causes of death in Norway (2016) [1] and one of the leading causes 
 worldwide  [2].  In  addition,  tumour-related  deaths  have  been  steadily  increasing  and  will 
 continue to rise (see Figure 1.1). Tumour incidence is also increasing in Norway and in 2017 
 almost 34’000 new cases were registered [3]. In 2014, the total costs, including treatment and 
 loss of production, was estimated to be 40 billion NOK [4]. The treatment and care alone were 
 estimated to cost 20 billion NOK, while the loss of production due to sick leave and death was 
 estimated to be 18 billion NOK. Further, the accumulated risk of a cancer diagnosis during a 
 lifetime of 75 years is about 30% for women and 36% for men [3]. Cancer therefore represents 
 a significant economical and emotional burden to the society.  


Figure 1.1: Top five causes of death in Norway. In 2016 tumours passed cardiovascular diseases and became the number one 
 cause of death in Norway [1]. 
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One of the main risk factors for cancer is age; 3 out of 4 new cancer cases are attributed to 
 adults  over  60  years  old.  Thus,  it  is  expected  that  cancer  incidence  will  increase  as  life 
 expectancy  increases.  The  inherent  heterogeneity  and  plasticity  of  cancer  complicates 
 treatment. After an initial therapy efficacy, tumours inevitably develop resistance, after which 
 treatment options are limited or non-existent [5]. 



1.2  Cancer development 


Cancer is a genetic disease caused by gene mutations. Mutations occur naturally during DNA 
 replication and as a result of exposure to carcinogens. The role of replication errors is evident 
 from the correlation between cancer risk and number of stem cell divisions in the tissues [6]. 


Tomasetti et al. estimated that three mutations occur every time a human stem cell divides. 


Although  apparently  negligible  within  a  human  genome  of  three  billion  base  pairs  [7],  the 
 accumulated  risk  of  mutating  an  important  gene  significantly  increases  by  taking  into 
 considerations the number of divisions required to create the trillions of cells that make up a 
 human  body.  Mutations  arising  due  to  environmental  factors  have  also  been  extensively 
 shown; the correlation between melanomas and sunburns, and smoking and lung cancer are 
 well characterised [8, 9].  


Mutations can affect proteins in several ways; it can alter protein expression, structure, and 
 function. Mutations in oncogenes, such as growth factor receptors, promote cell survival and 
 immortality. Oncogenic mutations drive uncontrolled cellular growth creating in situ tumours 
 consisting of cellular clones from the original transformed cell. New mutations that further 
 increase tumour cell fitness lead to evolution of the tumour. This selection process favours 
 genomic  instability  that  increases  mutational  rates.  As  a  tumour  develops  it  can  therefore 
 consist  of  several different  cell  populations  (heterogeneity),  all  originating  from the  cancer 
 cell-of-origin. Tumour growth also results in a modified microenvironment comprising altered 
 blood vessels, connective tissue, extracellular matrix and immune infiltrate. Malignant tumour 
 cells can invade adjacent tissues and spread throughout the body (metastasis) [10].  


1.2.1  Malignancy and EMT 


According to Hanahan and Weinberg six traits (hallmarks) of cancer cells exist [11]. These traits 
are: growth signal independence, insensitivity to anti-growth signals, evasion of programmed 
cell death (apoptosis), limitless replicative potential, sustained formation of new blood vessels 
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(angiogenesis), and tissue invasion and metastasis. In 2011 Hanahan and Weinberg added two 
 new  emerging  hallmarks;  deregulating  cellular  energetics  and  avoiding  immune  detection, 
 and  two  new  enabling  characteristics;  genome  instability  and  mutation,  and  tumour 
 promoting  inflammation  [12].  These  hallmarks  are  further  used  as  targets  for  cancer 
 treatment.  


Epithelial-to-mesenchymal plasticity (EMP), consisting of both the epithelial-to-mesenchymal 
transition  (EMT)  and  mesenchymal-to-epithelial  transition  (MET),  is  regulated  by  a  highly 
coordinated complex network of transcription factors and epigenetics [13]. Best known for 
formation of the mesoderm during early development, this cellular plasticity supports changes 
in cell phenotype, providing cells with new characteristics and functions. EMT-like processes 
are important in a number of physiological processes in addition to embryonic development, 
including  wound  healing,  fibrosis,  and  organ  formation  [14].  In  cancer  cells  EMT  has  been 
associated  with  invasion,  avoiding  detachment-induced  apoptosis  (anoikis),  resistance  to 
chemotherapy,  immune  escape,  dissemination  and  resistance  to  apoptosis  (see  Figure 
1.2)[14-20].  It  is  therefore  considered  a  major  player  in  enabling  cancer  progression  and  a 
target for therapies. 
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Figure 1.2: Process of metastasis. Normal epithelium sits regularly on a basement membrane. Abnormal differentiation and 
 growth, known as dysplasia, then develops. After further accumulation of epigenetic and genetic mutations, a carcinoma in 
 situ  is  formed.  The  cells  have  still  not  broken  through  the  basement  membrane,  but  the  carcinoma  in  situ  cells  have  the 
 potential to engender this ability. One way for cells to acquire this ability is through the epithelial–mesenchymal transition 
 (EMT). The carcinoma in situ is then referred to as invasive carcinoma. The invasive cells enter the lymph or blood vessels and 
 may use these to travel to distant parts of the body. By using the transformation opposite to EMT, the mesenchymal–epithelial 
 transition (MET), the cells can form micro metastases and create a new tumour environment. Upon further differentiation, 
 macro  metastases  may  form.  Picture  is  reprinted  from  Thiery’s  review  “Epithelial–mesenchymal  transitions  in  tumour 
 progression” [21]. 


The expression of AXL receptor tyrosine kinase, is induced by transcription factors important 
 in EMT [22]. Studies show that Axl regulates tumour growth, proliferation, invasiveness and 
 drug  resistance  and  immune  evasion  [23-25].  In  human  mammary  epithelial  cells,  EMT 
 transcription factors induce expression of Axl  [22]. Gjerdrum, C., et al., showed that breast 
 cancer cells generate an autocrine loop with the ligand for Axl, Gas6. The same study showed 
 that knockdown of Axl blocked dissemination of the cancer cells to several organs. This link 
 between  Axl  and  EMT  was  subsequently  demonstrated  in  several  other  cancer  cell  types. 


Hence, Axl has emerged as an important drug target to prevent metastasis and reverse drug 
 resistance.  Down  regulation  of  Axl  expression  by  knocking  out  the  Axl  regulator  vimentin 
 demonstrated  that  Axl  plays  an  important  role  in  migration  of  breast  cancer  lines  [24]. 


Treatment  with  the  Axl  inhibitor,  bemcentinib  (BGB324/R428),  blocked  breast  cancer  cell 
 metastasis in breast cancer models. Inhibition of Axl  has also been shown to revert EMT in 
 different cancer models [26, 27].  


1.2.2  Immunosuppression 


In all nucleated cells, proteins are continuously degraded to peptides by the proteasome. The 
 major histocompatibility complex type I (MHC I) protein has a binding site “groove” that will 
 bind  one  of  these  peptides,  called  antigens,  and  present  it  at  the  cell  surface.  This  allows 
 cytotoxic T lymphocytes (CTLs) to probe each cell for the presence of non-self antigens (e.g. 


produced  by a  virus),  by  binding  the  MHC  I  with  their  T  cell  receptors  (TCRs).  If  the  CTL  is 
 mature and the TCR recognises the peptide antigen as non-native on the MHC I groove it can 
 initiate an attack on the cell and kill it. 


Several prerequisites are necessary for the CTLs to be able to kill tumour cells. These steps are 
known as the tumour immunity cycle and is summarised in  Figure 1.3. Firstly, tumour cells 
with  must  have  non-native  “neoantigens”-  mutated  proteins-  that  are  released  and 
phagocytosed  by  a  professional  antigen  presenting  cells  (pAPC)  and  degraded  in  its 
proteasome  or  phagosome.  This  pAPC  must  then  travel  to  a  lymph  node  and  present  this 
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neoantigen to naïve T and B cells using both MHC II molecules and in MHC I molecules. During 
 antigen presentation, helper T cells (Th) and CTLs will bind the MHC II and MHC I molecules 
 respectively with their cell receptors. If the binding affinity is high enough and the pAPC in 
 addition expresses co-stimulatory proteins, such as CD80 and CD86, T cells can mature and 
 become active.  


CD80 and CD86 bind CD28, expressed on naïve T cells, and is necessary for their activation. 


Post-activation, CD28 expression is decreased and cytotoxic T-lymphocyte-associated protein 
 4 (CTLA-4; CD152) expression is increased. CTLA-4 binds the same proteins as CD28, but with 
 higher  affinity  and  avidity,  and,  as  opposed  to  CD28,  CTLA-4  is  a  suppressive  molecule 
 inhibiting  CTLs  and  Ths.  This  creates  the  basis  for  anti-CTLA-4  immunotherapy  where  the 
 suppression through CTLA-4 is mitigated [28, 29].


After Ths have been activated they can proceed to activate B cells or home to the inflamed 
tissue along with CTLs. Activated B cells can secrete antibodies that bind surface antigens on 
the  tumour  cells.  These  antibodies  can  subsequently  allow  granulocytes,  NK  cells  and 
macrophages to  attack cancer  cells.  For  the  T  cells  to  be  able  to  infiltrate  the  tumour,  the 
endothelial  cells  lining  blood  vessels  must  express  adhesion  molecules  that  allow  T  cell 
infiltration. These  adhesion  molecules  are tissue  and  inflammation  dependent. Thus,  if the 
tumour prevents proper maturation blood vessels or expression of adhesion molecules, T cell 
infiltration is impaired [30]. If the lymphocytes are able to infiltrate the tumour tissue, they 
must  then  find  tumour  cells  presenting  the  same  specific  neoantigen,  as  used  for  their 
activation, before an attack can commence. An attack of the CTLs on tumour cells will result 
in lysis of the tumour cell and release of more antigens. These antigens can then be digested 
and presented by DCs. 
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Figure 1.3: The tumour immunity cycle. A cyclic process of digestion of tumour cell antigens, T cell activation and cancer cell 
 killing. The term antigen presenting cells (APCs) is in this case used to refer to professional antigen presenting cells. Reproduced 
 from [31]. 


Even if tumour cells are discovered, the attack can be suppressed by activating suppressive 
 molecules  on  the  T  cells,  such  as  programmed  cell  death  protein  1  (PD-1;  CD279),  by 
 expressing  one  of  its  ligands  PD-L1  or  PD-L2  (programmed  death-ligand  1  and  2;  CD274, 
 CD273). This creates the basis for anti-PD-1 immunotherapy where the suppression through 
 PD-1 is mitigated [29, 32]. 


In  addition,  tumours  can  recruit  regulatory  T  cells,  regulatory  B  cells,  myeloid  derived 
 suppressor cells (MDSCs) and suppressive tumour associated macrophages type 2 (TAM2) to 
 aid in tumour growth and immune suppression. Of note, the polarisation of macrophages to 
 the TAM2 phenotype has been related to AXL [33]. TAM2 cells have been shown to promote 
 angiogenesis,  secrete  growth  factors  and  suppress  the  adaptive  immune  response  [34]. 


Blocking  the  TAM2s  through  AXL-inhibition  can  potentially  improve  existing  immune 
therapies. Indeed, such an effect has already been shown (see Figure 1.4) [35]. 
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Figure 1.4: Overview of AXL’s involvementin immune evasion. Dots represent various stimulatory or inhibitory cytokines. 1. 


Dendritic cells can present neoantigens from ingested tumour cells and activate T cells. 2. Activated T cells can aid in killing 
 tumour cells presenting the same neoantigen as used for their activation. NK cells and tumour associated macrophages type 
 1 (M1) do not need neoantigens for activation, but instead need stimulatory molecules. 3. Tumour associated macrophages 
 type 2 (M2) can suppress the immune response through activation of AXL and secretion of its ligand, Gas6. bemcentinib should 
 inhibit this suppression. 4. Tumour cells can switch from an epithelial phenotype to a mesenchymal-like phenotype through 
 activation of AXL. Bemcentinib can inhibit and reverse this transition. Tumour cells can also express inhibitory molecules such 
 as PD-L1 and prevent CTLs from attacking them. Adapted from BerGenBio poster [35].  


The immune system is, however, not solely dependent on the display of neoantigens. Often, 
 tumour cells downregulate the display MHC I molecules by dysregulating parts of the antigen 
 presentation  cycle.  Despite  not  displaying  antigens,  natural  killer  (NK)  cells  use  the  MHC  I 
 molecules  as  a  negative  regulator  and  cell  stress  markers  as  positive  regulators  to  decide 
 whether  to  eliminate  a  cell.  Cancer  cells  that  present  stress  induced  ligands  and  have  low 
 amounts of MHC I are therefore targeted and killed by NK cells [36].  



1.3  Treatment of Breast Cancer 


Treatment of breast cancer in Norway is based on guidelines developed by Norwegian Breast 
Cancer Group. Every year new guidelines are published. As of 2018, first line treatment for 
curative patients is surgical removal of the tumour and nearby affected tissue as well affected 
ipsilateral  axillary  lymph  nodes.  Depending  on tumour  and  patient  characteristics,  patients 
receive  adjuvant  conventional  cytotoxic  chemotherapy,  radiation  therapy  and/or  targeted 
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therapy for hormone receptor positive tumours and Her2 overexpressing tumours. Patients 
 with distant metastasis or inoperable tumours at diagnosis can be treated with several lines 
 of palliative chemo-radiation and targeted therapy [37]. 


1.3.1  Anti-PD-1 and Anti-CTLA-4 


Immunotherapy  aids  the  immune  system  in  attacking  tumour  cells.  Two  common 
 immunotherapies  are  the  anti-PD-1  and  the  anti-CTLA-4  immunotherapies  (comprising  the 
 immune  checkpoint  blockade),  as  noted  in  section  1.2.2 [29].  These  therapies  are  given  as 
 antibodies that bind the functional domains and prevent activation. Anti-PD-1 and anti-CTLA-
 4  have  both  been  proven  effective  in  treatment  of  melanoma  and  lung  cancer[38,  39].  In 
 addition,  an  increased  effect  is  seen  during  combination  [40].  In  breast  cancer,  anti-PD-1 
 shows some effect in advanced patients with triple negative disease, while anti-CTLA-4 shows 
 minimal effect [41]. 


CTLA-4  is  a  suppressive  molecule  expressed  on  CTLs  and  Ths,  while  PD-1  is  a  suppressive 
 molecule upregulated  on  activated  CTLs  and  Ths.  In  addition,  CTLA-4  and  PD-1 tends to be 
 upregulated  on  Tregs,  where  it  may  enhance  suppressive  function  and  proliferation 
 respectively  [29].  With  the  use  of  antibodies  inhibiting  activation  of  these  proteins  it  is 
 expected an increase of the CTL and the Th population.  


1.3.2  Bemcentinib  


Bemcentinib  (Figure  1.5)  is  a  small  molecule  that  binds  the  ATP  pocket  of  the  Axl  kinase, 
 inhibiting autophosphorylation and thus receptor activation [27]. As noted in section 1.2.1, 
 AXL expression is associated with EMT, immune evasion and poor patient survival. In addition, 
 the  TAM2  immune  suppressive  phenotype  has  been  related  to  Axl.  Bemcentinib  can  thus 
 potentially function as an anti-immune suppressive drug.  


Figure 1.5: Molecular structure of bemcentinib. Bemcentinib works by blocking autophosphorylation and selectively inhibiting 
the phosphorylation site tyrosine kinase domain of the receptor tyrosine kinase AXL[27]. Structure is drawn by Wikipedia user 
Edgar181 and is part of public domain. 
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1.3.3  Combination of Bemcentinib and Immunotherapy 


Bemcentinib in combination with Keytruda (anti-PD-1) is currently in phase II trials on triple 
 negative breast cancer patients [42]. The increased efficacy of immunotherapy-bemcentinib 
 combination has also been shown in preclinical trials (see Figure 1.6) [35]. Mice harbouring 
 mammary adenocarcinomas with a combination of bemcentinib and anti CTLA-4 and anti-PD-
 1,  comprising  the  immune  checkpoint  blockade  (ICB),  resulted  in  a  significantly  increased 
 survival. 
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Figure 1.6: Preclinical survival study studying a combined treatment of bemcentinib and immunotherapy.Pooled data from 
 two independent survival analyses of BALB/C mice implanted with 4T1 breast cancer cells. Upon reaching a tumour volume of 
 500  mm3  the  mice  were  registered  as  non-survivors.  The  mice  were  given  treatments  with  control  (vehicle),  bemcentinib 
 (BGB324), anti CTLA-4 and anti-PD-1 combination (ICB), or a combination of bemcentinib and ICB. Figure is reprinted from 
 [35] 


The mechanism behind this result is, however, poorly characterized. 



1.4  Aims and Objectives 


As discussed in the previous sections, cancer is one of the leading causes of death in Norway 
and one of the leading causes of deaths worldwide. Malignant cancer has an intrinsic plasticity 
driving  therapy  resistance,  and  immune  system  suppression.  An  important  driver  for  this 
malignant phenotype is the EMT program. Earlier research indicates a link between AXL, EMT 
and  immune  suppression  in  tumours.  Combined  immune  checkpoint  and  AXL-inhibitor 
therapy  bemcentinib  demonstrated  a  synergistic  effect.  We  therefore  endeavoured  to 
determine the mechanism behind this therapeutic effect. 
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Figure 1.7: Methods summary. A: Spleen and tumours were collected at two different timepoints from mice in four different 
 treatment groups. B: The tissues were dissociated to single cells, fixed and frozen for storage. The samples were later stained 
 and C: run on the mass cytometer. D: After data acquisition the data was analysed with regular gating, high dimensional 
 analyses and statistics. The depicted stained single cell is adapted from [43] and the mass cytometer is reproduced from [44]. 


To  investigate  how  this  combination  affects  the  tumour  immune  response  we  harvested 
 tumour  and  spleen  tissue  from  tumour  bearing  mice  at  different  timepoints  treated  with 
 vehicle,  bemcentinib,  immune  checkpoint  blockade,  or  a  combination  of  bemcentinib  and 
 immune checkpoint blockade. These tissues were dissociated to single cells and analysed by 
 mass cytometry, an approach that allows for measurement of multiple proteins on single cells. 


High  dimensional  analyses  were  used  to  map  the  immune  landscape  across  tissues, 
treatments, and timepoints. By studying how the immune landscape changes during tumour 
development and treatment, important insight into effects of the combined treatment could 
be made. 
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2  Methodological considerations 



2.1   Mass cytometry 


Mass cytometry is a novel method for analysing multiple parameters in single cells [45]. These 
 parameters include, but are not limited to, proteins, lipids, and nucleic acids. The targets on 
 the  cells  are  labelled  directly  or  indirectly  with  heavy  metal  isotopes  before  running  the 
 sample through a mass spectrometer and measuring the metal content single cells.  


A  typical  chronological  staining  procedure  for  mass  cytometry  is  to:  1)  use  a  reagent  to 
 distinguish between live and dead cells; 2) identify cells or proteins of interest by staining for 
 specific  proteins  with  antibodies,  and  3)  to  identify  whole  cells  by  staining  with  a  DNA 
 intercalator. Depending on the type of experiment and proteins of interest, cells are fixed and 
 permeabilised before or after staining with antibodies. 


2.1.1.1  Instrument 


Before data acquisition, the mass cytometer is tuned, a procedure entailing estimation of dual 
 count  coefficients,  calibration  of  gas  flows,  and  electric  voltages  over  the  cones  and  the 
 detector. At the end of the tuning is a quality control is normally required to be passed in order 
 to run any experiments.  


The mass cytometer consists of a mass spectrometer coupled with a system to deliver a cloud 
of singly positively charged atoms from a single cell [46, 47]. A schematic of the prototype is 
shown in Figure 2.1.  
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Figure 2.1: "Schematics of the prototype CyTOF mass cytometer". The sample enters the machine in the lower right corner 
 and is made into a mist by the nebuliser. The mist with single cell droplets is heated leading to single cells suspended in gas. 


The cells are then ionised and fully burned in  the induction coupled  plasma before being filtered by the  deflector and the 
 quadrupole. The filtered cloud lastly enters the time-of-flight (TOF) chamber where sequential slices of the cloud are launched 
 into a parabolic path separating the singly charged atoms based on mass prior to hitting the detector. Reproduced from [46]. 


2.1.1.2  Sample Introduction and Ionisation 


A test tube containing a fixed, stained sample of single cells is placed into the autosampler 
chamber (see Figure 2.2) and a small sample line is inserted into the test tube. Argon gas is 
released  into  the  closed  chamber  and  the  increased  pressure  pushes  the  sample  up  the 
sample line and through a nebuliser. 
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Figure 2.2: Fluidigm's mass cytometer model Helios. The Helios differs from other mass cytometer systems by having the 
 autosampler instead of a syringe pump to inject the sample. The autosampler can be seen standing on the shelf on the right 
 side of the machine. Reproduced from [44]. 


The nebuliser combines the sample with argon and pushes it through a nozzle, creating a mist 
 of small droplets, each optimally containing only a single cell. The mist is mixed with more 
 argon gas and heated in the spray chamber to evaporate fluid from the droplets, leaving only 
 single cells suspended in argon gas. Each cell is then transferred, in a stream of argon, through 
 a plasma [44]. 


The  plasma  is  generated  by  an  induction  coupled  plasma  torch.  The  torch  functions  by 
applying  a  spark  to  the argon  gas  in  an  alternating  electromagnetic  field,  created  by a  coil 
connected to a radio frequency (RF) generator. The oscillating field amplifies the movement 
of the electrons from the spark, increasing the electron collision rate with other atoms and 
molecules  and  establishes  the  plasma.  The  continuously  oscillating  electromagnetic  field 
stabilises the plasma in the flowing argon gas. The temperature of the plasma is about 5000 
kelvin in the core of the stream and 7000 kelvin around the edges [48]. This is comparable to 
the  temperature  of  the  surface  of  the  sun.  Despite  the  high  temperature,  without  the 
nebuliser and the heating chamber the cells would not be fully atomised and ionised. Because 
they  are  already  dry  and  suspended  as  single  cells  almost  all  the  molecules  in  the  cells 
travelling through the plasma are atomised and ionised resulting in clouds of singly positively 
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charged ions. If the plasma is relatively cool or the argon flow rate is too high, oxides can form 
 and lead to +16 dalton spill. This means that a 150Nd tag can be registered as a 166Er tag.  


Electrostatic repulsion and heat from the plasma leads expansion of the atomised cloud. The 
 expansion of the cloud dominates over cell size, so that regardless of the cell’s size, the cloud 
 expands to approximately 1-2 mm [49]. To prevent cloud expansion, vacuum is needed to cool 
 the gas. The vacuum is created by a set four vacuum pumps evacuating the interfaces between 
 three  cones  and  the  rest  of  the  machine.  The  first  cone  extracts  10%  of  the  plasma  and 
 decreases the pressure from 760 torr to about 2 torr. The second cone only extracts 1% of the 
 gas passing the first cone and further decreases the pressure. The last cone transmits 100% of 
 the gas from the second cone and has a voltage applied to improve ion transmission before 
 being focussed by a lens prior to entering the deflector.  


2.1.1.3  Ion Optics 


The deflector consists of four pillars assembled in the corners of a square. Each pillar has the 
 opposite  charge  of  its  lateral  and  vertical  neighbour  and  the  same  charge  as  its  diagonal 
 neighbour. The ions enter from the side, between the front positive and negative pillars. The 
 positive ions are pulled toward the negative pillar, but due to their velocity, they travel in a 
 curved path and exit 90 degrees to the left (or right depending on the charge of the pillars) of 
 where they  entered.  Neutral  particles  and photons travel  straight through.  The removal  of 
 photons  is  vital  because  it  is  impossible  to  differentiate  a  photon  from  an  ion  hitting  the 
 detector. The positive ions are then focused by lenses before entering the quadrupole. In the 
 quadrupole, low mass ions (such as argon) are removed and ejected from the stream, leaving 
 only  atoms  with  a  single  positive  charge  and around  80 daltons.  The  now  filtered  cloud  of 
 singly positive atoms move towards the time of flight (TOF) chamber [46]. 


2.1.1.4  Ion Separation and Detection 


In the TOF chamber sequential vertical slices of the ion stream are launched into a reflector 
 creating a parabolic path. The slice of ions ejected from the stream is referred to as a push. 


During the push the force applied to each ion is the same, since they all have the same single 
positive  charge,  however,  the  speed  they  gain  is  different  because  the  mass  of  the  ions  is 
different. The lightest ions will therefore travel faster than the heavier ones and arrive earlier 
at the detector. This separation of mass packets allows a mass windows for each mass to be 
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estimated based on the time of flight. Due to variability in initial speed and position of the ions 
 prior to the push, the ions in each mass packet will spread out and some ions might enter a 
 neighbouring mass window. This is referred to as abundance sensitivity and is less than 0.3% 


for 159Tb [50]. Thus if 1000 ions are registered in the 140Ce channel, 3 ions are estimated to 
 enter each of the neighbouring mass windows 139La and 141Pr.  


At the end of the parabolic path, a cathode serves as the start of an electron multiplier tube. 


Upon  hitting  the  cathode,  electrons  are  released,  but  too  few  are  released  to  be  able  to 
 register, hence the electron multiplier tube is needed. The electrons released from the first 
 cathode are accelerated towards the next plate, called dynode, by an electric field. For each 
 dynode the electrons hit, the number of released electrons multiplies. At the end of the tube 
 an amplifier amplifies the voltage created by the electrons. Since not every electron hits the 
 final anode at the same time, the signal is manifested as a pulse. The voltage from the anode 
 is amplified and converted to digital signals by an analogue-to-digital converter (ADC) at 1 GHz.  


Figure 2.3: Signal pulse overlap Electron pulses are generated when ions hits the detector. A: When few ions hit the detector 
 in the same push, the pulses are not overlapping. The ion counts can therefore be found by counting the pulses. B: When more 
 ions hit the detector, the pulses can overlap, and the integrated intensity is instead used. The integrated intensity is calculated 
 by multiplying the maximum intensity with the width at half maximum. Later on, the integrated intensity is multiplied with 
 the dual count coefficient to estimate the true number of ions hitting the detector. Reproduced from [44]. 


When multiple ions hit the detector at the same time or are sufficiently close, the generated 
voltage pulses overlap (see Figure 2.3). This means that the number of ions hitting the detector 
must  be  approximated  based  on  the  generated  voltage.  Each  electron  pulse  generates  a 
voltage pulse lasting a few nanoseconds. To estimate the intensity, the maximum voltage of 
the electron pulse is multiplied by the width of the pulse at half max. Since each ion hitting 
the cathode should release the same number of electrons, a linear relationship between the 
true count and the intensity should exist.  
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Figure 2.4: Analyte deflection during tuning. As the deflector voltage is altered during tuning the number of ions entering the 
 TOF chamber changes. When number of pulses per push is between 0.1 and 1 a linear relationship between true count and 
 intensity exists. The slope of the linear fit is called the dual count coefficient. By using this coefficient, the true counts of ions 
 hitting the detector can be estimated by multiplying it with the integrated intensity. Reproduced from [51]. 


During  tuning  the  linear  correlation  between  intensity  and  true  count  is  estimated.  This  is 
 done  by  running a  “tuning  solution”,  containing  the  specific  heavy  metal  isotopes  133Cs, 
 139La, 155Gd, 159Tb, 169Tm 191Ir, and 193Ir, through the machine. To gradually increase the 
 number of ions entering the TOF chamber, the voltage on the deflector (before entering the 
 quadrupole)  is  adjusted.  When  very few  ions  hit  the detector there  is  a linear  relationship 
 between the intensity and the pulse count. This zone is referred to as the zone of dual validity. 


Several readings, each consisting of one or more pushes, are taken and used to plot a curve 
between the pulse counts and the intensity. The zone of dual validity is valid only when pulses 
per push is between 0.1 and 1. In this zone the relationship between intensity and pulse counts 
is  linear  and  a  regression  is  performed  to  find  a  dual  count  coefficient  which  allows  for 
calculation of true counts based on intensity alone (see Figure 2.4). The dual counts are named 
after the dual values it returns. If the number of pulses created in a push is below 0.1 (default 
threshold),  pulses  are  returned,  while  if  the  number  of  pulses  per  push  is  above  0.1  the 
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estimation of true counts based on intensity is returned. At the end of the tuning is a quality 
 control where the final signal intensity and oxide generation is checked. If the signal intensity 
 is too low or the oxide generation is too high the tuning will not pass.  


2.1.1.5  Data Processing 


Upon  starting  data  collection  on  the  mass  cytometer,  the  masses  to  record  have  to  be 
 manually selected. Even though a mass is not selected for recording, it will still hit the detector 
 if it is in the sample. Having determined the dual count coefficient during tuning, dual counts 
 for every selected mass in every push is calculated. For each push the dual counts are summed 
 over the selected masses. This sum is referred to as total ion current and is used to filter out 
 non-single cloud events. The filtering process works by applying a convolutional threshold that 
 the total ion current must exceed for at least 10, but not more than 150 pushes. This threshold 
 has a standard value of 400, but it can be changed manually. In addition, noise reduction can 
 be applied. The noise reduction calculates the mean total ion current between cell events and 
 subtracts  this  value  from  total  ion  current  measured  during  a  proximal  event  [49].  If  the 
 number of pushes in an  event, referred to as event length,  is between 10 and 150, then a 
 gaussian fit will be performed on the total ion current. From this fit, the gaussian parameters 
 width, centre, residual, and offset are returned. The event length, width, centre and residual 
 can later be used to find single cell events. The offset, however, is poorly described and is not 
 commonly used in further analysis. Having characterised an event, the dual count for each 
 selected mass is summed over the pushes in the event and saved in a flow cytometry standard 
 (fcs)  file  along  with  the  gaussian  parameters.  For  visualisation  and  analysis  purposes  the 
 calculated  dual  counts  are  often  randomised  to  a  gaussian  or  uniform  distribution  and 
 assigned new values.  


2.1.2  Sample Preparation 


To label desired targets a staining procedure must be performed. Often several are needed to 
label all targets. Tagging of specific proteins can be done by conjugating antibodies that will 
bind  the  target  proteins[52-54].  Nucleic  acids  can  be  tagged  by  using  rhodium  or  iridium 
chelated  intercalators  [55].  Lipids  can  also  be  stained  by  using  osmium  or  ruthenium 
tetroxide[56] and DNA synthesis can be measured by adding 5‐iodo‐2‐deoxyuridine to the cell 
medium [57]. By using an approach similar to RNA-scope specific RNAs can be stained [58, 59]. 
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Proteins  can  also  be  stained  non-specifically  by  using  nonspecific  tags  such  as  cisplatin  or 
 isothiocyanobenzyl-EDTA chelated with different isotopes of palladium [60-62].  


2.1.2.1  Live Dead Staining 


To differentiate between live and dead cells we use the fact that the membrane of dead cells 
 is more permeable. By using non-specific markers dead cells can be labelled and later excluded 
 from  analysis.  Typical  live  dead  markers  are  cisplatin  and  the  intercalators  mentioned 
 above[55, 62]. Both of these markers stain dead cells strongly, but they might also stain live 
 cells  to  a  lesser  degree.  This  applies  especially  if  the  cells  tend  to  have  a  high  turnover  of 
 pinocytosis (common in tumour cells) and the staining is performed over an extended period. 


2.1.2.2  Barcoding 


To ensure equal staining conditions among different samples a barcoding procedure can be 
 performed.  This  also  allows  collection  of  data  from  multiple  samples  simultaneously.  The 
 barcoding procedure entails staining each sample with a specific pattern of mass tags before 
 combining  the  samples  together  for  simultaneous  antibody  staining.  The  most  common 
 procedure for barcoding is by the use of palladium tags, however, other tags, such as CD45 
 conjugated  antibodies,  can  also  be  used  [63].  A  common  staining  scheme  used  during 
 barcoding is the doublet filtering scheme Zunder et al [61] illustrated in Figure 2.5.  
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Figure 2.5: Doublet filtering scheme. Each sample is uniquely stained with a combination of three different palladium isotopes. 


With this scheme doublets of different samples are easily filtered away since the event would be positive for more than three 
 isotopes.  


This scheme allows for easy detection of doublets or aggregates from separate samples, since 
 they would be positive for more than three isotopes. Doublets of the same sample can still 
 occur and would need to be gated out separately. If it’s desired to stain even more samples at 
 once, the scheme can be expanded to allow all permutations, but it is important to note that 
 this  entails  some  drawbacks.  Using  all  permutations  negates  doublet  filtering  and  if  the 
 samples are not washed  thoroughly before mixing, remnant staining solution can stain the 
 wrong sample and lead to wrongful debarcoding during pre-gating. 


2.1.2.3  Antibody Conjugation 


Before staining with antibodies, they must be tagged with metal isotopes. Several procedures 
 exist,  but  the  most  common  one  is  to  use  the  MAXPAR  polymer  from  Fluidigm.  Other 
 procedures may use cadmium nanoparticles, cisplatin, and palladium or indium chelated to 
 monomers  of  DOTA  (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic  acid)  or  DTPA 
 (polymeric pentetic acid) [64]. The MAXPAR polymer, DOTA, and DTPA all have chelation sites 
 that  bind  heavy  metals  strongly.  After  having  bound  metals  to  the  polymer  or  monomer, 
 hereafter referred to as polymer, the polymer can be conjugated to antibodies. Antibodies 
 have  several  functional  groups  that  can  be  used  for  conjugation,  but  only  conjugation  kits 
 using disulphide bridges (see Figure 2.6) are offered by Fluidigm as of November,2018.  


By reducing antibodies with TCEP, disulphide bridges are converted to thiols, which readily 
react with the maleimide group on the polymers. During reduction, the antibodies are partially 
denatured. The denaturing is crucial to successful conjugation, but if the antibodies are overly 
denatured  they  might  become  unusable.  Each  antibody  should  therefore  be  tested  after 
conjugation.  The thiol-maleimide  reaction  creates  a  covalent  bond,  effectively bonding  the 
metal loaded polymers to the antibody. This method has been proven effective on IgG isotype 
antibodies  without  changing  the  antibody  specificity  [54].  However,  due  to  differences  in 
locations  of  disulphide  bonds  among  the  isotypes  other  isotypes  may  not  work.  The  IgM 
isotype for example is not recommended when using this procedure. After the conjugation, 
the antibody should always be titrated.  
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Figure 2.6: General antibody structure. The structure of a human IgG2-B antibody. Heavy chains of the antibody are coloured 
 blue and light chains are coloured green. During reduction of the antibody using TCEP, disulphide bridges are reduced to thiols. 


The  thiols  can  bind  maleimide.  By  using  polymers  with  maleimide  groups,  reduced  antibodies  can  be  conjugated  to  the 
 polymers. If the antibodies are overly reduced it can result in a loss of function. The antibodies bind one antigen in each of the 
 two upper edges. Adapted from [65] 


2.1.2.4  DNA Staining 


The  last  part  of  sample  preparation  is  usually  to  stain  the  DNA.  The  DNA  stain  is  used  to 
 differentiate cells from beads (for normalisation) and debris. This is often done using one of 
 the intercalators mentioned in section 2.1.2 along with formaldehyde and a permeabilization 
 solution. The formaldehyde is important for preventing cell loss during water washes and data 
 collection.  


2.1.2.5  Water Washes 


The last part of the sample prep is washing the sample in pure Milli-Q grade water. This is to 
reduce build-up of salts in the machine and in the nebuliser. Salt build up can cause clogs and 
lead  to  ion  transmission  loss  due  to  accumulation  on  the  cones.  The  water  washes  are, 
however, damaging for the cells. The hypotonic solution leads to cell disintegration and can 
create puzzling artefacts. Proper fixation is therefore vital. Recently Fluidigm has released a 
new solution to replace the water to use during data acquisition. This new solution is called 
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cell acquisition solution (CAS). To use this solution however, the injector that transfers cells 
 from the heating chamber to the plasma must be switched with one having a wider bore. 


2.1.3  Flow Cytometry as an Alternative 


Most  current  studies  use  flow  cytometry  to  study  immune  cell  populations.  While  flow 
 cytometry can analyse tens of thousands of cells per second, it is often limited to only ten 
 simultaneous measurements [46]. In research laboratories the use of 17 fluorescent labels in 
 flow  cytometry  has  been  utilised,  but  it  demands  extensive  customisation  [66].  Mass 
 cytometry has a disadvantage in terms of cell throughput, reaching a theoretical maximum at 
 3000  cells  per  second  [46].  The  advantage  is,  however,  the  potential  of  measuring  135 
 different  isotope  tags,  as  the  mass  cytometer  has  a  mass  range  covering  75  through  209 
 daltons [44]. This high dimensional single cell analysis can allow for characterisation of never 
 seen before cell types. A comparison of mass cytometry and flow cytometry is summarised in 
 Table 2.1. 


Table 2.1: Comparison of flow cytometry and mass cytometry. 


Flow cytometry  Mass cytometry 


Throughput  >10,000 cells/s  >3,000 cells/s 


Number of parameters  Typically, 8+2 (physical)  47 commercially available  
 Physical parameters  Forward scatter and side 


scatter 


Osmium tetroxide can be used 
 as surrogate marker for 


forward scatter.  


Background  Significant spectral overlap 
 with increased number of 
 markers.  


Abundance sensitivity (>0.3%), 
 oxide formation (>3%), and 
 isotopic impurity (<2%)  
 Cell endpoints  Cell can be kept alive and 


sorted after analysis. 


Cells are incinerated during 
 analysis. 


Autofluorescence  Significant autofluorescence  Minimal autofluorescence 
(depending on sample origin 
and treatment). 
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2.2 Data analysis 


The data analysis is generally divided into two parts; the pre-gating and the high dimensional 
 analyses.  During  pre-gating  machine  dependent  sensitivity  decline  is  corrected  for  and 
 barcoded samples are debarcoded. 


2.2.1  Normalisation 


During running, loss of detector sensitivity leads to a decline in registered signal intensity. This 
 means that two identical cells with identical staining will yield two different signal intensities 
 depending  on  when  they  were  run.  To  correct  for  the  decline,  beads  are  mixed  with  the 
 sample before acquisition. The beads contain a mix of different heavy metal covering a part 
 of the mass spectrum registered by the machine and are highly similar to each other. By using 
 these beads, the decline in sensitivity can be corrected for using normalisation procedures. In 
 addition,  cleaning  of  the  instrument  can  affect  ion  throughput,  and  thus  the  intensity 
 registered. This again means that identical samples run on separate days can yield different 
 results. By using the beads as a reference however, the difference can be normalised.  Two 
 procedures exist for normalisation and differ in the reference used during normalisation. The 
 Fluidigm method uses a lot specific dual count mean from the bead production to correct for 
 the differences across different runs on different machines (of the same model). The MATLAB 
 method,  however,  uses  the  median  intensity  across  the  samples  as  a  reference  [67].  This 
 means  that  the  samples  have  to  be  normalised  as  a  group  for  them  to  be  comparable,  as 
 opposed to the Fluidigm method where they can be normalised one by one [68].  


The sample acquisitions are often interrupted. Since each run gives one file, the same sample 
 can  end  up  being  in  spread  over  multiple  different  files.  To  make  data  handling  more 
 manageable the files are typically concatenated after normalisation.  


2.2.2  Debarcoding 


If several samples were barcoded as previously described and combined before staining, it is 
necessary  to  debarcode  them  again  to  extract  the  individual  samples.  This  is  done  by 
stratifying  the  events  based  on  the  three  barcoding  isotopes  with  highest  intensity.  The 
barcode  intensities  are  normalised  so  the  highest  in  the  sample  gets  a  value  of  1  and  the 
lowest a value of 0. The separation between the 3rd and 4th strongest barcode isotopes after 
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normalisation  are  then  used  as  a  threshold  to  remove  doublet  and  debris.  A  Mahalanobis 
 distance threshold can also be applied to remove outliers.  


It  is  important  to  note  that  the  barcode  staining  intensity  is  highly  dependent  on  the  cell 
 number during  staining and  cell type [61].  This means  adjusting  the barcode  separation  or 
 applying a minimum intensity threshold can select for specific samples or cell types. 


2.2.3  Gating 


To filter out singlets of the sample a combination of event length and intercalator intensity is 
 typically  used.  A  drawback  using  the  intensity  of  intercalator  is  however  that  different  cell 
 types stain differently [69]. Thus, using this as a primary gate could potentially be biasing the 
 data. As mentioned in the last paragraph of section 2.1.1.5, the gaussian parameters can be 
 used to identify singlets. Several types of doublets exist. The doublets can be caused by a single 
 cell cloud overlapping with debris or another single cell cloud or by cells sticking to each other 
 due to poor mixing during fixation. If the clouds are overlapping the singlet filtering can be 
 based on the gaussian parameters alone (see Figure 2.7). However, if cells are sticking to each 
 other, the intercalator, or another marker, must be used in addition. It is therefore best to use 
 all of the mentioned parameters. 


Figure 2.7: Three different types of doublets due to overlapping clouds. The doublets affect the gaussian parameters, making 
 them easy to identify. All doublets yield a high residual due to the non-gaussian shape and a high event length. A: The high 
 second peak gives a high centre and a low width. B: The high first peak gives a low centre and a low width. C: The centre and 
 width values can vary. Reproduced from [69]. 


2.2.4  Dimensionality Reduction 


In mass cytometry over 30 different parameters can be measured per single cell. Due to the 
high dimensionality of the data, creating a 2D projection showing all differences between each 
cell is impossible (except if all but two parameters are 0 in every event). By using an algorithm 
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known as t-distributed stochastic neighbour embedding (tSNE) [70], similar cells can be placed 
 close to each other in an iterative process where short distances in the high dimensional space 
 cause an attractive force between the cells and long distances in the high dimensional space 
 cause a repelling force. To calculate the similarity between the 2-dimensional space and the 
 high-dimensional  one  a  Kullback-Leibler  (KL)  divergence  is  calculated  and  used  as  a  cost 
 function. The gradient of the cost function is calculated to  know how to move each cell to 
 reduce  the  KL  divergence  [71].  The  KL  divergence  is  a  useful  tool  to  determine  if  enough 
 iterations have been performed on the tSNE. 


2.2.5  Clustering 


Traditionally cells have been divided into separate cell types. Since all cells originate from the 
 same  embryo,  however,  every  cell  type  must  have  an  intermediate.  This  leads  to  a 
 fundamental  problem:  how  do  you  decide  where  the  line  separating  two  cell  types  is? 


Traditionally, samples have been gated using subjective knowledge and established norms, 
 but with the increase of measured parameters the traditional gating procedure can become 
 very laborious. If 30 parameters are measured, a total of 30∗29


2 = 435 unique scatter plots can 
 be made. All of the scatterplots might not make sense to analyse given prior knowledge. But, 
 using only prior knowledge can lead to loss of cell phenotype discovery. Automatic clustering 
 algorithms therefore represent a way to cluster a sample fast and less biased. In addition, high 
 dimensional  clustering  algorithms  are not  restricted to  analysing only  two  parameters  at  a 
 time when deciding cluster.  


Phenograph [72] is a common clustering algorithm  applied  to  mass  cytometry  data.  Briefly, 
the algorithm works by creating a network connecting each cell to its k (a user chosen value) 
nearest neighbours and then weights each connection by the calculating the number of shared 
neighbours for each cell-cell pair. Communities (i.e. clusters) are then found by applying an 
approximation, known as the Louvain Method, on the weighted network. This approximation 
gradually assigns cells to communities based on the increase of modularity (an estimate of 
network  density  in  a  community).  The  Louvain  Method  is  run  several  times  and  the 
communities from the run with the highest overall modularity is returned as clusters.  
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 2.2.6  Cluster Characterisation 


Since the clustering algorithm often finds several clusters, an easy way of characterising each 
 cluster is needed. Marker Enrichment Modelling is a useful tool developed by Diggins et. al 
 [73] and works by calculating a MEM-value for each marker in each cluster.  


The equation used is: 


𝑀𝐸𝑀 = |𝑚𝑒𝑑𝑖𝑎𝑛𝑐𝑙𝑢𝑠𝑡𝑒𝑟− 𝑚𝑒𝑑𝑖𝑎𝑛𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒| + (𝐼𝑄𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 𝐼𝑄𝑅𝑐𝑙𝑢𝑠𝑡𝑒𝑟 ) − 1 
 𝑖𝑓 (𝑚𝑒𝑑𝑖𝑎𝑛𝑐𝑙𝑢𝑠𝑡𝑒𝑟 < 𝑚𝑒𝑑𝑖𝑎𝑛𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒): 𝑀𝐸𝑀 =   −𝑀𝐸𝑀 


Thus, if there is a large difference between the median of the cluster and the population, or if 
 the interquartile range (IQR) is smaller in the cluster than in the reference, then the MEM-
 value increases.  


The reference used is often the rest of the clusters, but a selected reference sample can also 
 be used.  



2.3  Reasons for the Approach 


The  immune  system  is  complex  and  consists  of  several  different  phenotypes,  each  serving 
specific functions. To determine how the immune system is affected by tumour development 
and therapy, the immune landscape must be mapped and compared across timepoints and 
treatments. Since the cell phenotype is determined by protein expression, it is vital to detect 
these  proteins.  Mass  cytometry  allows  measuring  of over  40 tags  simultaneously  on  single 
cells and is commercially available. Thus, this method is fit to determine cell phenotypes in 
heterogenous single cell samples. The high dimensional data would earlier be a problem, but 
due to recent developments in data processing and machine learning the data can be analysed 
unbiased and efficiently. An alternative to mass cytometry is flow cytometry. However, flow 
cytometry is limited by the number of tags that can be used simultaneously and the significant 
compensation needed to be done after acquisition.  
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3  Materials and Methods 



3.1  General Overview 


The methods can be divided into four parts as depicted in Figure 1.7. The first part entails 
 tumour  injection,  treatment  and  tissue  harvesting.  The  second  part  continues  with  tissue 
 treatment and its treatment until being run on the mass cytometer. The data acquisition has 
 gotten its own section to separate it from the analysis and the sample preparation. Lastly, the 
 data analysis is explained, starting with normalisation and ending with calculation of statistics 
 from cell clusters. Animals, chemicals, antibodies, and equipment 


Table 3.1: Materials used for cell culturing, mouse treatment, and tissue dissociation. 


Description  Source  Product number  Details 


4T1   ATCC  CRL-2539 


Anti-mCTLA-4  BioXCell  BE0131  Syrian Hamster 


IgG, clone 9H10 


Anti-mPD-1   BioXCell  BE0146  rat IgG2a, clone 


RMP1-14 


BALB/c mice  Taconic 


Laboratories 


50 females 


Bemcentinib  BerGenBio 


Cisplatin-194  Fluidigm  201194  5mM stock 


C-tubes  Miltenyi Biotec  130-096-334 


Fetal bovine serum  Sigma  F7524 


gentleMACS Dissociator  Miltenyi Biotec  130-093-235 
 L-Glutamine solution  Sigma  G7513-100ML 
 MACS SmartStrainers (70 


µm) 


Miltenyi Biotec  130-110-916 
 MACS Tissue Storage 


Solution 


Miltenyi Biotec  130-100-008 
 Matrigel Basement 


Membrane Matrix Growth 
 Factor Reduced 


BDBioscience  354230 


Penecillin-Streptomycin  Sigma  P0781-100ML 
 Polyclonal Armenian 


Hamster IgG 


BioXCell  BE0091  BE0091  


Pre-Separation Filters (30 
 µm) 


Miltenyi Biotec  130-041-407 
 Red Blood Cell Lysis 


Solution (10×) 


Miltenyi Biotec  130-094-183 


RPMI -1640 Medium  Sigma  R8758-500ML 


Spleen Dissociation Kit, 
 mouse 


Miltenyi Biotec  130-095-926 
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 Sterile Cell Strainner 40 µm  Fischer 


Scientific 


22363547 
 Trypsin - EDTA Solution  Sigma  T4047-100ML 
 Tumor Dissociation Kit, 


mouse 


Miltenyi Biotec  130-096-730 


Table 3.2: Materials needed for antibody conjugation. 


Description  Source  Product numbe  Lot number  


Antibody stabilizer  CANDOR  131 050  131D324v 


C-buffer  Fluidigm  S00004  0071601 


L-buffer  Fluidigm  S00008  2781505 


R-buffer  Fluidigm  S00002  3271511 


TCEP  Thermo 


Scientific 


77720  QH220380B 


W-buffer  Fluidigm  S00006  2751520 


X8 polymers  Fluidigm  S00009  P17G1002-


P02, 
 P18D0201-
 P09, 
 P15J0201-
 P03 
 Lanthanide solutions  Fluidigm 


Centrifugal Filter Unit: 3 
 kDa Amicon Ultra 500 µL V 
 bottom 


Millipore  UFC500396 


Centrifugal Filter Unit: 50 
 kDa Amicon Ultra 500 µL V 
 bottom 


Millipore  UFC505096 


Table 3.3: Chemicals used during sample preparation. 


Description  Source  Product number  Lot 


number  


Antibody stabilizer  CANDOR  131 050  131D324v 


Barcode perm (10x)  Fluidigm  201057  1381803 


Barcodes  Fluidigm  S00114  2461603 


Bovine serum albumin 
 (BSA) 


Sigma Aldrich  A9647-100G  SLBV4996 


C-buffer  Fluidigm  S00004  0071601 


Cell staining buffer  Fluidigm  201068  3001610 


DNase I  Sigma Aldrich  DN25-1G  SLBV1446 


Dulbecco's phosphate 
 buffered saline (DPBS) 


Gibco  14040-133  1941466 


EDTA  Sigma Aldrich  E5134-250G  BCBV7014 


Filter 0.2 µm  GE Healthcare 
 Life Sciences 


10462200 
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