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Abstract 
Cancer  research  has  made  great  advances  during the last  decades in the 

understanding of the mechanisms that govern the course of the disease. One key 

factor  for  this  advance  has been the comprehension of the role of the immune 

system and its  interplay with tumoral  cells.  Thanks to this, the view of the disease 

has shifted from a cancerous cell-centric view, towards a more holistic view in which 

other  cells  crosstalk with the tumor and determine  its  course.  This  paradigm  has 

allowed the discovery, development and approval of compounds with 

immunomodulatory  capabilities.  Computational  biology  has been extensively 

employed to analyze  large-scale  datasets to decipher the interplay  mechanisms 

employed by the tumor and its microenvironment. 

This project aims to explore potential strategies to exploit immune modulation in the 

context of cancer and other immune-driven diseases. The principal aim of this thesis 

is the design of  a computational  framework to allow hypothesis  generation of 

compounds  capable of modulating  immune  cell  activity  from gene expression 

signatures. To this end, we have compiled, annotated and curated a large collection 

of immune gene expression  signatures  derived  from the literature  or  generated 

in-house and  a collection of drug-induced gene expression  profiles  from the CMap 

L1000 consortium. By employing computational methodologies based on GSEA, the 

signatures and the drug-induced profiles are compared and scored according to their 

degree of similarity. These  scores  are then employed to generate an immune 

signature-drug association database available to query for compounds with potential 

immunomodulating  capabilities.  To facilitate the access to  the database we have 

developed  DREIMT  (Drug  REpositioning  for  IMmune  Transcriptome; 

www.dreimt.org), a  web tool from which queries to the database can be performed. 

Furthermore,  DREIMT  has  a  built-in tool  to generate  hypotheses of 

immunomodulatory compounds from user-provided immune signatures and a tool to 

compare a user-provided immune signature to those employed in the database. 

http:www.dreimt.org


  

  

    
                                                   

                                                 

                                                                     

                                                                         

                                                             

                                                                         

                                                     

                                              

                                    

                                                      

                                          

                  

  

                                  

                                          

                                                                            

                                                    

                                          

                                                    

                                               

                                                     

                                          

                                        

                                                    

                                                    

                                               

                                                          

                                            

                                             

                                                      

                                                              

                          

Resumen 
En las últimas décadas la investigación del cáncer ha realizado grandes avances en 

la comprensión de los  mecanismos que gobiernan el curso de la enfermedad. Uno 

de los factores clave en este avance ha sido el estudio del papel del sistema inmune 

y  su  interacción  con el tumor. Gracias a esto, la visión de  la enfermedad  se ha 

desplazado  desde un punto de vista en el que el tumor tenia un papel protagonista 

único,  hacia una visión  más  holística, en  la cual  otras  células,  entre  las  cuales se 

encuentran  células  inmunes,  interactúan  con el tumor  y  determinan  su  evolución. 

Este  paradigma, ha permitido el descubrimiento,  desarrollo  y  aprobación de 

compuestos  con  propiedades  inmunomodulatorias.  El papel  de  la  biología 

computacional ha sido determinante, gracias a esta se ha podido analizar de forma 

precisa grandes cantidades de datos que han revelado los mecanismos empleados 

por el tumor y su microambiente. 

Este  proyecto tiene como  objetivo explorar potenciales  estrategias 

inmunomodulatorias en  el contexto del cáncer  y  otras  enfermedades  asociadas al 

sistema  inmune.  El  objetivo  principal de esta  tesis  se  centra en  el diseño de  una 

herramienta,  dentro del marco  computacional, que mediante el uso de firmas 

transcripcionales  facilite la generación de hipótesis de compuestos  con  potencial 

capacidad de modular  células  inmunes. Con este fin, hemos recopilado, anotado y 

curado una larga  colección de firmas  transcripcionales  obtenidas de  la literatura 

científica, además de una colección de más de 4,600 firmas de expresión inducidas 

por  compuestos del consorcio  CMap L1000. Haciendo  uso de metodologías 

computacionales  basadas en GSEA,  las  firmas  inmunes  y  los  perfiles 

transcriptómicos de las drogas son comparados y puntuados de acuerdo a su grado 

de similaridad. Estas puntuaciones son empleadas para la creación de una base de 

datos  consultable  para la generación de nuevas  hipótesis  sobre  compuestos  con 

capacidad  inmunomoduladora. Con  el objetivo de facilitar el acceso a  la base de 

datos  hemos  desarrollado una aplicación web, DREIMT  (Drug  REpositioning  for 

IMmune  Transcriptome; www.dreimt.org).  Además de la base de datos, DREIMT 

incluye un par de herramientas, con el fin de priorizar compuestos partiendo de 

firmas  inmunes  propias  así  como  para  comparar la firma  propia  con  las  firmas 

utilizadas para la generación de la base de datos. 

http:www.dreimt.org


  

  

            

           

           

   

     

    

          

          

          

      

           

    

       

        

           

      

    

                    

    

               

           

            

          

    

           

         

     

           

     

             

           

             

           

             

            

                   

                    

Table of contents 

List of figures 

List of tables 

Abbreviations 

1. Introduction 1  

1.1 Cancer 1  

1.1.1 Definition and epidemiology 1  

1.1.2 Hallmarks of Cancer 1  

1.1.3 Cancer multi-omics data 2  

1.1.4 Therapeutic approaches 3  

1.2 The immune system 5  

1.2.1 Definition 5  

1.2.2 Cancer immunology 6  

1.2.3 Cancer immunoediting 8  

1.2.4 Tumor microenvironment classification 9  

1.2.5 Immunotherapeutic approaches 11  

1.2.6 Autoimmunity 13  

1.3 Computational biology applied to clinical immuno-oncology 14  

1.3.1 Definition 14  

1.3.2 Methodologies for gene expression analyses 14  

1.3.3 Methodologies for immuno-oncology analyses 16  

1.3.4 Sources for immuno-oncology data 17  

1.4 Computational drug repurposing 18  

1.4.1 Definition 18  

1.4.2 Signature reversion principle 19  

1.4.3 Other pharmacogenomic resources 20  

2. Objectives 21  

3. Material and methods 23  

3.1 Significance 23  

3.2 Immune gene expression signatures 23  

3.2.1 Immune signatures collection 23  

3.2.2 DREIMT immune signatures annotation 24  

3.3 Drug transcriptomic profiles 25  

3.3.1 Drug transcriptomic profiles collection 25  

3.3.2 Consensus drug transcriptomic profiles 26  

3.4 Drug expression profile-immune gene expression prioritization 26  

3.4.1 Drug transcriptomic profile-immune gene expression association 26  



  

  

                    
  

              

           

        

                 

     

                             

     

                 

                    

                    

           

           

          

          

          

                         

            

                      

     

        

                    

           

           

                   

                      

     

        

                      

    

                      

              

                      
      

                 

             

                    

          

                             

3.4.2 Drug transcriptomic profile-immune gene expression prioritization score
	
28  

3.5 Single-cell RNA-seq from patients 29  

3.5.1 Single cell significance 29  

3.5.2 Data visualization 30  

3.5.3 scRNA-seq gene expression signature extraction 30  

4. Results 33  

4.1 DREIMT; a tool to prioritize drugs for immune transcriptomics 33  

4.1.1 Significance 33  

4.1.2 DREIMT’s web application database description 35  

4.1.3 DREIMT’s web application drug prioritization module 38  

4.1.4 DREIMT’s web application signature comparison module 40  

4.1.5 Web application implementation 42  

4.2 DREIMT’s database description 42  

4.2.1 DREIMT’s immune signatures 42  

4.2.3 DREIMT’s drug profiles 44  

4.2.4 Drug-cell specific associations 46  

4.2.5 Drug candidates, a comparison between genesets and signatures 50  

4.2.6 DREIMT’s signature-drug associations analysis 53  

4.3 Computational drug prescription, a case study I 55  

4.3.1 Significance 55  

4.3.2 Data overview 55  

4.3.3 Immune cellular states gene expression profiling 57  

4.3.4 Computational drug repositioning 60  

4.3.5 Common drug prescription 62  

4.3.6 Computational drug prescription for resistant patients 65  

4.4 Computational drug prescription, a case study II 70  

4.4.1 Significance 70  

4.4.2 Data overview 72  

4.4.3 Computational drug prescription for CPI+ colitis patients 74  

5. Discussion 77  

5.1 Present and future of immuno oncological treatments 77  

5.2 DREIMT, the web tool 79  

5.3 Challenges in immune computational drug repositioning for
	
transcriptome-based methodologies 80  

5.3.1 Immune functional cellular state characterization 80  

5.3.2 Drug consensus perturbational profiles 81  

5.3.3 Gene selection for transcriptome-based drug repositioning 83  

5.3.4 Drug hypotheses validations 84  

5.4 In silico drug prescription, two scRNA-seq cases of study 85  



  

  

     

                        

                         

        

       

          

    

       

   

           

           

                  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

85 5.4.1 Significance 

5.4.2 In silico prescription for a tumor-suppressive microenvironment 85  

5.4.3 In silico prescription to ameliorate checkpoint induced colitis 88  

5.5 Future perspectives 89  

5.5.1 Clinical perspectives 89  

5.5.2 DREIMT’s futures perspectives 91  

6. Conclusions 93  

6. Conclusiones 95
	

References 97  

Annex I: Supplementary material 121  

Annex II: Scientific production 143  

Publications during the period of thesis 143  



  

  

            

                                                              

                                         

                                

                                                                                                                            

                                                                            

              

                      

                                  

                                  

                     

               

                     

                   

                   

                         

                            

                

                   

                            

                     

                  

                      

                           

                

                          

                             

                               

  

  

  

  

5 

10 

15 

20 

25 

List of figures 

Figure 1 | Targeted therapies classified by hallmarks of cancer. 4  

Figure 3 | View of changes in tumor microenvironment across immunoediting
	

Supplementary Figure 1 | Top shared compounds with colitis reverting potential.  

Figure 2 | Prognostic association of multiple immune cells in different tumor types. 7  

phases. 8  

Figure 4 | Connectivity map (CMap) approach. 19  

Figure  | DREIMT’s workflow. 34  

Figure 6 | Snapshot of DREIMT’s database. 37  

Figure 7 | Snapshot of DREIMT’s results for the prioritization module. 39  

Figure 8 | Snapshot of DREIMT’s results for the prioritization module. 41  

Figure 9 | DREIMT’s immune cell classification. 43  

Figure  | DSS analysis. 46  

Figure 11 | DREIMT’s database analysis. 47  

Figure 12 | Drug concordance histograms. 51  

Figure 13 | Drug concordance heatmaps. 52  

Figure 14 | Distribution of high scoring drugs. 53  

Figure  | Biological processes associated with the genesets. 54  

Figure 16 | Jerby-Arnon UMAPs. 56  

Figure 17 | Jerby-Arnon cell counts. 57  

Figure 18 | Biological processes associated with the signatures. 59  

Figure 19 | Analysis of drug ranks. 61  

Figure  | DREIMT’s result heatmaps. 62  

Figure 21 | Shared compounds across signatures. 64  

Figure 22 | DREIMT’s proposed compounds to revert signatures. 66  

Figure 23 | Luoma UMAPs. 71  

Figure 24 | Overview of scRNA-seq colitis data. 73  

Figure  | Top shared compounds with colitis reverting potential. 74  

121  



  

  

            

                 

                               

                                     

                                    

  

                                               

                            

                    

                                          

                  

                            

                

                                              

                       

                                              

                   

                                              

                   

                                                

                      

                      

  

  

  

List of tables
	

Table 1 | Frequent MOAs. 44 

Supplementary Table 1 | Cell type/subtype classification. 122 

Supplementary Table 2 | Compounds associated with DREIMT’s cell types. 124 

Supplementary Table 3 | Metabolic processes enriched in cytotoxic cells vs naive. 

131 

Supplementary Table 4 | Common compounds across metaranks. 132 

Supplementary Table 5 | Jerby-Arnon’s selected immune signatures. Treg vs 

exhausted Treg (MOA). 133 

Supplementary Table 6 | Jerby-Arnon’s selected immune signatures. exhausted vs 

cytotoxic (MOA). 134 

Supplementary Table 7 | Jerby-Arnon’s selected immune signatures. naive vs 

cytotoxic (MOA). 134 

Supplementary  Table  8 | Jerby-Arnon’s  selected  immune  signatures.  Treg  vs 

exhausted Treg (Top 20). 135 

Supplementary Table 9 | Jerby Arnon’s selected immune signatures. exhausted vs 

cytotoxic (Top 20). 136 

Supplementary  Table  10 | Jerby-Arnon’s  selected  immune  signatures.  naive  vs 

cytotoxic (Top 20). 137 

Supplementary  Table 11 | Top 15 most shared compounds with reverting potential 

across colitis derived signatures. 137 

Online Supplementary Files | tinyurl.com/s948x2p 



  

  

    

             

             

                 

              

                     

                

             

                    

         

             

         

                    

            

         

                

             

                      

                 

                     

             

             

                 

           

             

            

                

             

             

             

                        

                    

         

             

            

         

Abbreviations
	

ADEx  Autoimmune Diseases Explorer 

APC  Antigen Presenting Cell 

AUC  Area Under the Curve 

BCR  B cell Receptor 

CAR-T  Chimeric Antigen Receptor T cell 

CCLE  Cancer Cell Line Encyclopedia 

CES  Coordinated Enrichment Score 

CLUE  CMaps and LINCS Unified Environment 

CMap  Connectivity Map 

DEG  Differentially expressed genes 

DNA  Deoxyribonucleic acid 

DREIMT  DRug Repositioning for IMmune Transcriptome 

EGA  European Genome-Phenome Archive 

ES  Enrichment Score 

FDA  Food and Drug Administration 

FDR  False Discovery Rate 

FGSEA  Fast Gene Set Enrichment Analysis 

GDC  The Genomic Data Common 

GDSC  Genomic Drug Sensitivity in Cancer 

GEO  Gene Expression Omnibus 

GEP  Gene Expression Profiling 

GSEA  Gene Set Enrichment Analysis 

GTEx  Genotype-Tissue Expression 

HLA  Human Leukocyte Antigen 

HUGO  Human Genome Organisation 

IC50  Half maximal inhibitory concentration 

ICI  Immune Checkpoint Inhibitor 

IEDB  Immune Epitope Database 

ImmGen  Immunological Genome Project 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

LINCS  Library of Network-Based Cellular Signatures 

mAb  Monoclonal Antibody 

MDSC  Myeloid-Derived Suppressor Cells 

MHC  Major Histocompatibility Complex 

mRNA  Messenger RNA 



  

  
             

                 

         

         

            

                

         

                  

         

                 

                 

              

             

             

                   

MsigDB Molecular Signatures Database 

NIH The National Cancer Institute 

NK Natural Killers 

OS Overall survival 

PCA Principal Analysis Components 

qPCR Quantitative Polymerase Chain Reaction 

RNA Ribonucleic acid 

scRNA-seq Single cell RNA sequencing 

TAA Tumor-Associated Antigen 

TCGA The Cancer Genome Atlas 

TCIA The Cancer Immunome Atlas 

TCR T cell Receptor 

TLS Tertiary Lymphoid Structures 

TMB Tumor Mutational Burden 

UMAP Uniform manifold approximation and projection 



      

       

        

          

                                            

                                                                    

                                              

                                                

                                               

                                                 

                                                     

                            

          

                                             

                                              

                                             

                                                   

                                        

                                                 

                                         

                                                       

                                

                                    

                                                   

                                                      

                                                

                               

  

  

        

Introduction |  

1. Introduction 

1.1 Cancer 

1.1.1 Definition and epidemiology 

The World Health Organization  describes cancer  as a heterogeneous  group of 

diseases that can  arise in almost  any  organ  or  tissue and is  characterized  by an 

uncontrollable  cell  proliferation.  Cancer  is the result of multiple  molecular 

modifications that alter normal cell biology, resulting in the uncontrollable and highly 

proliferative  phenotype  characteristic of cancer  cells.  Cancer  is the second leading 

cause of  death globally behind cardiovascular  diseases (Hiroki Nagai 2017) , as in 

2018 the International Agency for Research on Cancer  (IARC)  estimated a total of 

9.6 million deaths from cancer worldwide (Ferlay et al. 2019) . 

1.1.2 Hallmarks of Cancer 

Cancer initiation, development and progression are driven by a multistep acquisition 

of biological  capabilities that allow cancer  cells to survive,  proliferate and 

disseminate.  These  biological  capabilities  have been summarized in  a conceptual 

framework  known  as the hallmarks of cancer (Hanahan and Weinberg 2000, 2011) . 

These  capabilities  were  initially  summarized in six distinctive and complementary 

hallmarks: 1) proliferative  signaling  sustain,  2)  growth  suppression  evasion,  3) 

invasion and metastasis activation, 4) replicative immortality, 5) angiogenesis and 6) 

cell death resistance induction. As the body of evidence grew, newer hallmarks were 

termed  (emerging  hallmarks and  enabling characteristics):  cellular  energetics 

deregulation,  genome  instability and mutation,  tumor-promoting  inflammation and 

immune  destruction  evasion.  This  collection of hallmarks  aims to represent  a 

summarization of the main capabilities acquired by normal cells that confer them with 

the pathogenic  behavior of cancer  cells.  These  hallmarks  also  represent  a 

conceptual framework for the development of new cancer therapeutic approaches. 

1 

https://paperpile.com/c/m4v5OW/sDzLu
https://paperpile.com/c/m4v5OW/XI1FC
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Introduction |  

1.1.3 Cancer multi-omics data 

Cancer arises as a consequence of multiple spontaneous and/or induced mutational 

processes that are  accumulated in the cell lineage from fertilized egg to adulthood. 

These acquired mutations can be classified as driver or passenger in function of the 

biological consequence of the mutation. Driver mutations, in opposition to passenger 

mutations,  occur in genes with  high functional  impact  known  as  oncogenes and 

tumor  suppressor  genes  (Vogelstein et  al. 2013) .  The oncogenic process  requires 

the combination of multiple genetic alterations that either promote  oncogenesis 

and/or disrupt cell tumor suppression mechanisms. A typical tumor contains between 

2 to 8 driver  mutations (Vogelstein et  al. 2013)  acquired  sequentially. Mutations 

related to tumorigenic  processes  are recruited  during the early  stages,  once the 

tumor  is  established,  newer  mutations  involved with the promotion of invasive and 

metastatic processes are acquired (Alizadeh, Shiri, and Farsinejad 2014) . 

As  a  consequence of the mutational landscape  acquired by  cancer  cells, gene 

expression  patterns  are  dysregulated, leading to  the characteristic  pathogenic 

phenotype of cancer  cells. In many  tumor  types,  there  are few recurrently mutated 

driver  genes but  a  long tail of genes  rarely mutated (Garraway and Lander 2013) , 

nonetheless these molecular aberrations often converge dysregulating common key 

molecular  pathways  (Weinstein et al. 2013) . This transcriptomic convergence  has 

enabled precise tumor classifications (Golub et al. 1999; Guinney et al. 2015; Y. Li et 

al.  2017; Cancer Genome Atlas Network 2015; Z. He  et  al. 2019) allowing the 

identification of relevant  pathways  associated with the diseases such  as the 

“Hallmarks of Cancer”.  Furthermore,  transcriptome-based  methodologies  have 

helped  in the identification of sets of genes with prognostic  clinical  value in many 

tumors; breast (van ’t Veer et al. 2002; van de Vijver et al. 2002) , pancreas (Kottakis 

and Bardeesy 2015) , lung (Lu et  al. 2006; H.-Y. Chen et  al. 2007)  or  ovarian 

(Millstein et al. 2020) among others tumor types. 

To this  extent,  projects  such  as The Cancer Genome Atlas  consortium  (TCGA) 

(Weinstein et  al. 2013)  were created to provide  molecular  profiles of primary and 

metastatic  tumors at multiple levels; genomic, transcriptomic,  epigenomic and 

importantly  clinical data. TCGA data is  currently  stored at The Genomic Data 

2 
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Common  (GDC)  (Grossman et al. 2016) , a unified and harmonized data repository 

for data sharing of 33 tumor types and ~11,000 cases. TCGA has been extensively 

employed  for  multiple  purposes;  classify  tumors  based on the immune  contexture 

(Thorsson et  al. 2018; T. Li et  al. 2020) or to correlate  genomic  markers to 

therapeutic responses (Seo et al. 2018; Bubie et al. 2020; Goltz et al. 2018) among 

many  others  studies. Following  the large  amount of experimental data generated, 

multiple repositories  such  as  GEO  (Edgar, Domrachev, and Lash 2002) or EGA 

(Lappalainen et  al. 2015) were  created with the aim of storing in systematized 

manners data to facilitate scientific reproducibility and data reuse. 

1.1.4 Therapeutic approaches 

The large heterogeneity of cancer, within and between patients,  imposes an 

impediment  for a single  universal  treatment and contributes to therapeutic  failures 

(Jamal-Hanjani et  al. 2015) . Current clinical therapeutic  approaches  are  based on 

standardized  clinical guidelines according to multiple classification systems allowing 

for patient diagnosis and clinical  stratification.  These  are  based on; clinical, 

biochemical,  molecular and image  markers that summarize  factors  such  as the 

degree of  differentiation,  proliferation,  invasiveness and size of the tumor  among 

other  factors.  Multiple  clinical  guidelines  include  as  part of the standard of care 

management the use of expression signature-based tests, such as the MammaPrint 

and Oncotype  DX, to stratify the patient as a  potential candidate to receive 

chemotherapeutic neoadjuvant (N. L. Henry et al. 2019) . 

Multiple guidelines and therapeutic  strategies exist for the different  oncological 

situations. In all cases,  early  diagnosis  correlates with better  prognosis and 

treatment  response  (Hiom  2015) . When localized, physical resection intervention is 

performed to eliminate large masses of tumors. Indeed, the highest survival rates are 

achieved with low-stage tumors and complete physical resection  (Compton  2020) . 

Radiotherapeutic  treatments,  localized  ionizing  radiation to damage  cancer  cells 

DNA, can be administered before surgery to shrink tumor size or as adjuvant therapy 

to remove microscopic tumor cells left after surgery (Baskar et al. 2012) . However, if 

tumor  management  is not feasible with localized  approaches  such as  surgery  or 

radiotherapy, chemotherapy  can be employed as the primary therapeutic approach. 

In this  regard, gene expression  signatures  can  indicate the risk of recurrence and 
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thus guide the rational  use of the chemotherapy  agents  (Sparano et al. 2018) . 

Chemotherapeutics  impair  tumor  cell  mitosis due to their ability to damage DNA, 

inhibit the cellular machinery  involved in cell  division  or  by  destabilizing  cellular 

microtubules  organization (Woods and Turchi 2013; Poruchynsky et al. 2015) . 

Nonetheless, these  drugs  also  disrupt  non-tumorigenic  cell  growth and thus 

damaging  normal  dying cells,  resulting in  potential life-threatening  consequences 

(Maguire et al. 2009) . 

Precise  molecular  knowledge of tumor  biology  has allowed the development of 

targeted therapies that aim to modulate the critical  molecular  pathways that drive 

tumorigenesis  (Fig.  1)  (Green  2004) . The use of targeted therapies in the clinical is 

subjected to the existence of biomarkers that predict the response to the targeted 

therapy (Bailey et  al. 2014) . Targeted therapies  result in more  precise  tailored 

therapies with reduced toxicity  for  patients in comparison to chemotherapeutic 

approaches. 

Figure  1  |  Targeted  therapies  classified  by  hallmarks  of  cancer. Diagram  with  representative 

targeted therapies classified by the hallmark of cancer-targeted. Adopted from Hanahan et al. 2000. 

Finally, in recent years clinical guidelines include the use of therapeutic approaches 

that aim to potentiate the tumor-suppressive  capabilities of the immune  system, 

principally  through the use of immune  checkpoint  blocking  molecules that aim to 

block the negative  regulators of immune cell activation  (Ribas and Wolchok 2018) . 
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As with targeted therapies, clinical biomarkers are employed to guide and predict the 

rational use of these immunotherapeutic compounds (Bai et al. 2020) . 

1.2 The immune system 

1.2.1 Definition 

The National Cancer  Institute  (NIH) defines the immune  system  as a complex and 

highly connected network of cells, tissues, organs and substances that participate in 

the defense  against  infections and diseases.  Evolutionary  forces  have  shaped a 

defensive  mechanism with the ability to distinguish between self and non-self 

molecules (M. D. Cooper and Herrin  2010) . In humans, the immune  system  is 

composed of two interconnected components; the innate and the adaptive immune 

system (“The Innate and Adaptive Immune Systems” 2020) . 

The innate immune  system corresponds to an older evolutionary strategy acting as 

the first line of defense. This system, also known as “nonspecific”, responds quickly 

and equally to all non-self  molecules. The innate system  is  broadly  composed of 

three  components.  First,  phagocytes  (includes  macrophages,  neutrophils and 

dendritic cells), whose main function is to enclose, digest and present to the adaptive 

immune  system  germs and non-self  molecules.  Second,  Natural  killers  (NK)  are 

specialized in the recognition of virus-infected cells and tumoral cells. NK cells detect 

changes in the molecular composition of the surface membrane of infected cells and 

destroy  them. Finally, basophils,  eosinophils and mast  cells  are  responsible  for 

inflammatory  reactions  during  immune  response due to histamine and serotonin 

production and release abilities. 

The adaptive  immune system, also  known  as the acquired  immune  system,  is 

pathogen-specific and can  provide  long-lasting protection. This pathogen-specificity 

results in a slower but more accurate response in comparison to the innate system. 

The adaptive system is broadly composed of three components. First, T lymphocytes 

are  responsible to establish,  maintain and regulate  cytotoxic  activities  against 

non-self  molecules.  Second,  B  lymphocytes,  which  after  activation  by T helper 

lymphocytes  transform  themselves into plasma  cells being responsible for antibody 

production and its blood release. Finally,  the antibodies,  also  known  as 
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immunoglobulins,  are  blood-circulating  proteins with the ability to detect,  neutralize 

and attach to non-self molecules. The attached antibodies  can  activate  immune 

system cells to destroy non-self molecules. 

Overall, the immune system has evolved to distinguish self and non-self thanks to a 

finely tuned network  composed of multiple  processes and cells. Within these 

processes, the immune system counts with negative control mechanisms that induce 

immune  tolerance by inhibiting the effect of autoreactive  immune cells (Jane H 

Buckner  2004) . Among  these  negative  mechanisms,  there  are  cells  such  as; 

regulatory T cells (Treg) or  molecules  such  as;  CTLA-4,  PD-1,  PD-L1,  LAG-3  or 

TIM3.  Failures in these  negative  control  mechanisms led to  the promotion of 

diseases such as; cancer, autoimmune or allergies. 

1.2.2 Cancer immunology 

The first  evidence of the relevance of the immune  system in cancer came in the 

1890s when Dr. William Coley observed improved clinical outcomes in patients with 

cancer that experienced  postsurgical  infections.  Years later, in  1909, the physician 

Paul  Ehrlich  postulated the idea that host  defense  was the cause that prevented 

neoplastic  cells  from  developing into cancer  cells (Ribatti 2017) . However,  the first 

clear  demonstration did not come until the early 1950s, when Gross and Foley 

demonstrated the capability of tumors to stimulate an immune response  (Ribatti 

2017) . 

Nowadays, the capability of the immune system to identify and destroy precancerous 

and cancer cells is highly  supported  by the scientific  evidence  (Jeremy  B.  Swann 

2007) . The importance of the immune  system in cancer  is so, that it is  currently 

considered as one of the hallmarks of cancer development (Hanahan and Weinberg 

2000,  2011) . This  is  also  clearly  evidenced  by  many  clinical and experimental 

observations, for instance, approximately 50%  of IFNG cytokine-deficient  and/or 

perforin-deficient  mice  develop T cell  lymphomas (Street et al. 2002) . Another 

example  is evidenced by  immunosuppressed  patients,  such  as  those  receiving 

transplants,  these  have a relative  risk up to 100-fold  higher  for  specific  cancers in 

comparison to the general population (Buell, Gross, and Woodle 2005) . Moreover, it 

has been observed that tumors  evade  immune surveillance by losing up to 90% of 
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the normal  expression of the major  histocompatibility  complex  molecules  (MHC), 

therefore d eveloping low immunogenic  phenotypes  as  this  alters  their antigen 

presentation functionalities (Aptsiauri, Garcia-Lora, and Garrido 2014) . Finally, many 

observations have  evidenced the correlation between the presence of specific 

immune cells with tumor progression and treatment response (Fig. 2) (Fridman et al. 

2017) . All these  observations, along  with many other  pieces of evidences, indicate 

that  the tumor immune microenvironment, understood  as the composition,  density 

and functional state of the immune infiltrates and related structures, has high clinical 

relevance in the course of the disease and its management. 

Figure  2  |  Prognostic  association  of  multiple  immune  cells  in  different  tumor  types. Positive 

prognostic  (green),  negative  prognostic  (red),  no  prognostic  (white).  25,000 patients were analyzed 

regarding the relevance presence of CD8+ T cells, tertiary lymphoid structures (TLS), T regulatory cell 

(Treg  cell), Macrophages (M, M1; type 1, M2; type 2). The size of the circle indicates the number of 

patients involved enrolled in each analysis. Adopted from Fridman et al., 2017. 

With this, the notion  of tumors  as a single  homogenous population  of cancer  cells 

disappears, thus, the current definition of cancer should integrate the perspective of 

its  dynamical  interplay with its  surroundings,  which  means  accounting  for  its 

microenvironment.  This  paradigm  evidences the existence of cells within the tumor 

microenvironment that broadly fall into two categories;  cells with tumor-promoting 

phenotype and others with tumor-suppressing  phenotype  (Balkwill, Capasso, and 

Hagemann  2012) . This  view  has  enlarged the set of  potential therapeutic 
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approaches  for cancer management by including non-cancer cells as potential drug 

target candidates. 

1.2.3 Cancer immunoediting 

Immunoediting  is the dynamic  process  by which the immune  system  can both 

constrain  and/or  enhance  tumor  progression  (O’Donnell,  Teng,  and Smyth  2018) . 

This dynamic  process,  governed  by  cytokine  crosstalk between tumor and the 

surrounding  cells  (Brukholder et al. 2014) , describes the mechanism acquired by 

cancer cells to restrict immunosurveillance and favor tumor progression by favoring a 

shift in the microenvironment  composition  (Fig.  3).  Immunoediting  is  classically 

described as a three-phase process (O’Donnell, Teng, and Smyth 2018) : elimination, 

equilibrium and escape. 

Figure  3  |  View  of  changes  in  tumor  microenvironment  across  immunoediting  phases. 

Tumor  microenvironment  composition  changes  as  tumors  evade  immune  surveillance.  Early 

stages  are  dominated  by  the  presence  of  cytokines  and  tumor-suppressing  cells,  as  the  tumor 

acquires  immune-evasive  capabilities  the  microenvironment  shifts  towards  a  tumor-supportive 

environment. Adopted from Burkholder et al., 2014. 

1) Elimination phase: during this phase, the innate and adaptive immune system 

cooperate to recognize and eradicate  cancer  cells that have  escaped tumor 

intrinsic  suppression  mechanisms.  This  phase  is  characterized  by the 

presence of tumor-suppressing  cells  such  as; CD8+ cytotoxic cells, type 1 T 

helper cells, type 1 Macrophages or NK cells and high levels of key cytokines 

such  as; IFNG,  TNFA,  IL-12, IL-1B  among  others  (Brukholder et  al. 2014) . 

Despite  this  immune  surveillance,  some  subclones with non-immunogenic 
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phenotypes  are  capable of escaping this elimination process and progress 

into the equilibrium phase. 

2) Equilibrium  phase:  during this  stage,  considered the longest  phase,  tumor 

cells  remain  under  constant  pressure  from the adaptive  immune  system. 

During  this  period of Darwinian  selection, new cancer  cell  variants with 

stronger  non-immunogenic and more  aggressive  phenotypes  can  emerge, 

increasing the overall resistance of the tumor to the immune system. 

3) Escape  phase:  immunoedited tumor  cells  enter the last  phase, in which the 

growth is no longer restricted by the immune system and the disease starts to 

manifest  clinically. As  a  consequence of the acquired  advantages  by the 

tumor,  the initial overall  tumor-suppressive  immune  microenvironment  shifts 

towards a tumor-supportive  environment.  This  phase  is characterized by the 

infiltration of cells  such  as;  Regulatory  T  cells,  type  2  Macrophages, 

Myeloid-derived suppressor cells (MDSC) or type 2 T helper cells and by high 

levels of key  cytokine  such  as;  TGFB,  IL-4,  IL-10,  VEGF, PGE2  or the 

expression of multiple inhibitory immune checkpoint molecules such as; PD-1, 

PD-L1, CTLA-4, LAG-3, TIM-3. 

Overall, tumors escape immune surveillance by acquiring capabilities that allow them 

to reduce the presence and cytotoxicity of tumor-suppressing cells and by favoring 

the presence of tumor-supporting cells. 

1.2.4 Tumor microenvironment classification 

The relevance of the immune system in cancer prognosis urges the need to describe 

and classify the key factors that define the tumor microenvironment, as consequence 

of this,  multiple  classifications  have been proposed (Teng et  al.  2015; O’Donnell, 

Teng,  and Smyth 2018; Thorsson et  al. 2018; Klempner et  al.  2020;  Duan 2020) . 

These  classifications  are of great interest as offer a framework on which 

immune-tailored therapeutic approaches can be based on. 

Broad  classifications  such  as the “hot and cold”  tumor classification broadly 

categorize  tumors on the basis of the  T cell  infiltration  levels; hot tumors  are 
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characterized  by high infiltration  levels in opposition to cold tumors that show low 

levels of infiltrates. This  classification  entails  relevant  clinical  consequences  as hot 

tumors  are  associated with higher  response  rates to immune  checkpoint  therapies 

(Duan  2020) . Other  dichotomous  classifications  categorize  tumors  based on the 

number of mutations  per  megabase known  as the tumor mutational burden (TMB). 

As with the “hot and cold”  classification, the TMB  implies  important  clinical 

associations, it has been observed that tumors with  high TMB  are  associated with 

better response rates to checkpoint blockade than those with low TMB (Vareki 2018) . 

Nonetheless, both classification  systems only partially  explain  response  rates to 

immunotherapeutic agents, for this reason, other classification systems are based on 

the combined  use of multiple  biomarkers.  As an example of this,  Teng  and 

colleagues  (Teng  et al. 2015) based  their  classification on the expression of the 

protein PD-L1 by the tumor and the degree of T cell infiltration (TILs) resulting in four 

groups with clinically  relevant  implications.  Group I was  characterized  by the 

presence of  both PD-L1  expression and TILs,  making  these  tumors  candidates to 

respond to PD-1/PD-L1 axis blockade. Group II was characterized by the absence of 

both PD-L1  expression and TILs.  These  tumors would most  likely not respond to 

checkpoint  blockade  given the absence of T cell infiltrates. Strategies to increase T 

cell  infiltration  as the infusion of type I  IFN or poly:IC therapies might yield positive 

results  (Bald et  al. 2014) . Group III was  characterized  by PD-L1  expression and 

absence of TILs  which  makes  them  unlikely to respond to checkpoint  blockade. In 

this  case,  similar  approaches to type II tumors  might be  adopted to increase  TILs 

proportions. Finally, group IV was characterized by the absence of PD-L1 expression 

but the presence of TILs, which might be an indicator that immunosuppressive forces 

other than PD-L1 are acting. Group IV tumors might be candidates for other immune 

checkpoint  blockers  therapies  or  therapies  targeting  immune  suppressive  cells. 

Similar to Teng, O’Donnell and colleagues (O’Donnell,  Teng,  and Smyth 2018) 

stratified tumors in four categories, but based on the combination of an inflammatory 

gene signature and the TMB,  yielding  similar  clinical  implications to those  derived 

from  Teng’s  classification.  At the time of diagnosis,  many  tumors  have  already 

evaded the immune  system control  (Fridman et  al. 2017) , frameworks like the 

previously presented can be used to guide treatment management. 
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1.2.5 Immunotherapeutic approaches 

Cancer  immunotherapy  has  revolutionized the field of oncology in such a manner 

that the development of immunological drugs for cancer treatment has risen in 2020 

a  22% respect to 2019 and a 233% compared to 2017 (Upadhaya, Hubbard-Lucey, 

and Yu 2020) . Nowadays,  many  immunotherapeutic  approaches  have been 

approved by the FDA as first-line treatment for many cancer indications (Vaddepally 

et  al. 2020) ; small  cell lung cancer  (atezolizumab),  non-small cell lung cancer 

(pembrolizumab,  atezolizumab  plus  bevacizumab),  melanoma  (ipilimumab, 

nivolumab  or  pembrolizumab),  renal  carcinoma  (nivolumab  plus  ipilimumab), 

triple-negative  breast  cancer  (atezolizumab)  among  other  indications. 

Immunotherapeutic  treatments  group a variety of approaches  aiming to promote a 

tumor-suppressing  microenvironment  including;  vaccines,  chimeric antigen receptor 

T cells (CAR-T), immune checkpoint inhibitors (ICIs) among others. 

The use of CAR-T  cells  requires a complex process, starting with the isolation of T 

cells  from donor’s blood, either  autologous  or  allogeneic,  its  purification and the 

posterior  viral  transduction of  a chimeric antigen. CAR-T  transduced  cells that 

recognize the patient's own tumor-associated  antigens  (TAA)  are  subsequently 

expanded in vitro and infused to patients to elicit immune effector functions against 

the tumor. Overall,  CAR-T  therapy  has  demonstrated  successful  results  for the 

treatment of B  cell  malignancies (Waldman,  Fritz, and Lenardo  2020) , as 

consequence  three  CAR-T therapies  have  already been approved  by the FDA: 

kymiriah, yescarta and breyanzi. 

Multiple vaccines exist to prevent human papillomavirus-induced tumors, however to 

date sipuleucel-T (Provenge)  is the only  FDA-approved  vaccine in the clinical, 

indicated to treat metastatic prostate cancer  (Kantoff et  al. 2010) . Vaccines  aim to 

elicit immune responses by stimulating T cells with the patient's own TAAs. Currently, 

multiple clinical trials are exploring the use of personalized vaccines to stimulate the 

immune  system  (Maeng,  Terabe, and Berzofsky 2018; Ishihara et  al. 2020) . For 

instance, Ott and colleagues  observed in a cohort of 6 patients  treated with 

neoantigen vaccine that 66%  of them had  no tumor  recurrence in the 15 months 

following  the vaccination  (Ott et al. 2017) . Other clinical trial showed that 77% (N = 
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49) of vaccinated patients had neoantigen-specific T cell expansion (Lopez et  al. 

2020) following neoantigen vaccination and thus indicating great initial engagement. 

Nonetheless, vaccines  as  monotherapy  still  show  limited  results  as  these  only 

stimulate effector T cells and long-lasting  responses  require the support of other 

immune types.  Is  for  this, that multiple  clinical  trials  study the combined  use of 

vaccines with adjuvant  therapies to promote global stimulation and long-lasting 

effects (Vermaelen 2019) . 

One of the most  successful therapies within the clinical are the  ICI monoclonal 

antibodies  (mAbs) that block  conserved  negative  regulators of T cell activation that 

finely tune immune response and regulate  hyperactivation  (Waldman,  Fritz, and 

Lenardo 2020) . Currently, the CTLA-4 and PD-L1/PD-1 axis are the two main targets 

of ICIs  therapies.  CTLA-4  is a surface  receptor highly  expressed on T cells upon 

antigen activation, acting as T cell activation and proliferation  inhibitor (Walunas et 

al. 1994) . CTLA-4  expressed  by activated T cells  binds to antigen-presenting  cells 

(APCs) B7 family molecules competing with the T cell costimulatory CD28 molecule. 

By reducing CD28 activation, CTLA-4 promotes T cell anergy and a decrease in the 

T  cell  activation  state. In mice,  CTLA-4  knockout  induces  T  cell-mediated 

lymphoproliferative  autoimmune  diseases  (Waterhouse et  al. 1995) . Furthermore, 

Tregs require CTLA-4 to express and release anti-inflammatory cytokines that inhibit 

T cell  proliferation. On  the other hand, PD-1  is also a transmembrane protein, with 

20% amino  acid similarity to CTLA-4 (Carreno and Collins  2002) . As with CTLA-4, 

PD-1  is found expressed on T cells upon antigen stimulation. PD-1 binds to the B7 

analogous, PDL-1 and PDL2 (Freeman et al. 2000; Latchman et al. 2001) , which are 

present in APCs and in non-hematopoietic tissues upon cytokine induction (S. Chen 

et al. 2019) . Cancer cells can express PDL-1, whose union to T cell PD-1 inhibits the 

costimulatory CD28 (O’Donnell,  Smyth, and Teng 2017) . Despite  their  similarity, 

CTLA-4 and PD-1 functions diverge temporally and spatially,  the first  exerts  its 

regulatory effect  predominantly within lymphoid  organs while the second  exerts  its 

effects  later in peripheral  tissues (Waldman,  Fritz, and Lenardo  2020) . As a 

demonstration of the effectiveness of ICIs therapies,  first-line pembrolizumab 

(anti-PD-1) treated patients showed a 3-year overall survival (OS) rate of 51% and a 

5-year  OS of  41% (Hamid et al. 2019;  C. Robert et  al. 2019) . Clinical  trials with 

nivolumab  (anti-PD-1)  demonstrated a durable response  rate of  32%  in untreated 
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patients and  40% in previously treated  melanoma  patients  (Weber et  al. 2015) . 

These  examples  demonstrate the impact of immunotherapeutic approaches, with 

high rates of success and durable responses. 

However, not  all patients respond to ICIs, this  is being explained in last  years  by 

other  immune-related  factors  such  as; the correlation between the MHC  protein 

levels and the differential sensitivity to anti-CTLA-4 and anti-PD-1  (Rodig et al. 

2018) , the loss of B2M  conferring resistance to immunotherapeutics  (Patel et  al. 

2017)  among  other  factors. Due to the success of these two checkpoints axes as 

drug targets, multiple molecules are being explored for their potential as checkpoints 

and their potential clinical  translation, for  instance;  LAG-3,  TIM-3, TIGIT or  VISTA 

(Vaddepally et al. 2020) . 

Finally, combinatorial  therapies between immunotherapeutics and conventional 

treatments are being explored as  these  might offer  additive effects to enhance the 

immune  system and promote a long-lasting effect. For instance, the combination of 

radiotherapy and ICIs  promotes a  double  effect,  firstly  enhancing antigen 

presentation and the recruitment of effector T cells and inhibiting the inhibitor effect 

of checkpoint  molecules (Ngwa et  al.  2018; Pitroda 2019) , Furthermore, the 

combination of anti-PD1 and anti-CTLA-4  has  also shown  enhanced efficacy 

compared to monotherapy and is  currently being used in the clinical  (Wei et  al. 

2019) . 

1.2.6 Autoimmunity 

Autoimmune  diseases  are  a  group of heterogeneous disorders that arise  as a 

consequence of genetic and/or  environmental  factors that dysregulate the balance 

between  effector and regulatory  immune  responses (Rosenblum,  Remedios, and 

Abbas  2015) . It's  estimated that more than 3% of the population suffers from 

autoimmune diseases (G. S. Cooper and Stroehla 2003) . Autoimmune diseases are 

dominated  by the lack of consistent markers and therapeutic approaches 

(Martorell-Marugán et al. 2020) . These  disorders develop  during  multiple years but 

are  only  evident  after  tissue  damage  manifests. The defective  regulation of the 

immune response led to tissue damage and dysfunction in several organs, requiring 

continued and in some cases life-long therapies. Although the heterogeneity of these 
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disorders  hinders  its  simplification, the underlying mechanism of autoimmune 

disorders relies on a poor control and/or elimination of self-reactive lymphocytes. For 

instance, an imbalance in M1/M2  type  macrophage  ratio  might be the cause of 

multiple  immune  disorders due to poor  activation of Treg  by  M2  macrophages 

(Benedetto  2019) . Moreover, poor  Treg functioning  is  known to be associated with 

some  autoimmune  disorders  (Zhang,  Olsen, and Zhen 2020) . Some  examples of 

autoimmune diseases are; systemic lupus erythematosus, systemic sclerosis, type 1 

diabetes or Sjögren’s syndrome. The discovery of new immunomodulators for cancer 

therapeutics might be of benefit for some autoimmune disorders. 

1.3 Computational biology applied to clinical immuno-oncology 

1.3.1 Definition 

Computational  biology  can be  defined as an interdisciplinary scientific field that 

captures,  solves,  interprets and represents  large-scale  biological  problems. 

Computational  biology  integrates  knowledge and tools  from  multiple  science fields; 

mathematics, statistics, physics, biology, computational, language and many others. 

Computational  biology  also  creates and maintains the infrastructure of many  daily 

used biological databases. 

1.3.2 Methodologies for gene expression analyses 

The processes that transform  normal cells into cancer cells  dysregulated gene 

expression  patterns leading to abnormal  phenotypes.  Because the expression of 

genes  form  complex and highly  interconnected  networks, there is no simple one to 

one relationship between the mutated  genes and phenotype (Sager 1997) . Gene 

expression profiling (GEP) enables studying the characteristics of the transcriptome, 

allowing: cancer  classification,  prediction,  diagnosis,  drug  discovery and  patient 

survival  studies  among  others  (Tarek 2017; Khan et  al. 2001) . Analyses based on 

the use of gene expression signatures have  yielded  multiple  classifications with 

biological and clinical implications (Sørlie et al. 2001; Thorsson et al. 2018; Wong et 

al. 2011; Mei, Zhao, and Fu 2020) . 

With time,  GEP technologies have  evolved  from the initial quantitative  polymerase 

chain reaction (qPCR) and the following RNA hybridization-based microarrays to the 
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current  next-generation  sequencing  RNA-seq  methods,  including  single-cell 

sequencing (scRNA-seq). In cancer research, one of the main utilities of GEP relies 

on the comparison of the expression patterns between two conditions of interest (i.e. 

cancer  vs healthy, non-responder  vs  responder) to decipher the mechanism  ruling 

the phenotype differences. Multiple differential expression analysis (DEA) tools have 

been developed, being Linear  Models  for  Microarray Data ( limma)  (Ritchie et  al. 

2015) , DESeq2 (Love, Huber, and Anders 2014) or seurat (Butler et al. 2018) some 

of the most  widely  used and considered by  some  as the gold-standard in DEA. 

These  tools  take gene expression  matrices and perform  statistical  tests to derive 

whether the abundance of a given gene in one condition is statistically different from 

the abundance in the other condition. Later, genes can be ranked according to their 

change in abundance between conditions and derive biological conclusions. 

A  common  practice to gain deeper  biological insight on DEA’s results is the use of 

functional analysis methodologies to test whether the abundance of groups of genes 

with  a common  functional  relationship  is  statistically associated with any of the two 

tested  conditions.  Two main  methodologies  exist to this  extent,  those  based on  a 

prior  selection of genes to test  (typically  those found differentially  expressed) and 

those that require no prior  selection of genes. The first  approximation  tests the 

existence of  a significant  overlap between the selected  genes and other gene sets 

employing the hypergeometric/Fisher’s exact test, this methodology is used by tools 

such  as FatiGO (Al-Shahrour, Díaz-Uriarte, and Dopazo  2004) . The second 

approach  is based on the Kolmogorov-Smirnov statistic to test  whether the 

abundance of  a predefined  group of genes  is  skewed/enriched in  one  of the  two 

tested  conditions. In this  last  group, the most  representative  methodology  is the 

Geneset Set Enrichment Analysis (GSEA) (Aravind Subramanian et al. 2005) , which 

arguably is the most widely used methodology. 

Dimensionality reduction  methods  can be applied to expression data to shrink the 

dimensionality and keep the latent factors  explaining the heterogeneity of the 

biological process  (Stein-O’Brian et  al. 2018).  Unsupervised  hierarchical and 

partitioning clustering methods are used to classify samples into groups of common 

significance  (Golub et  al. 1999),  moreover, gene network  reverse engineering from 
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expression data can be used to reconstruct regulatory networks (Lachmann et  al. 

2016) . 

1.3.3 Methodologies for immuno-oncology analyses 

The study of the immune  system within the context of cancer  makes use of 

non-specific  computational  methodologies but also  requires the development of 

specific tools. 

Deconvolution  methodologies  such  as cibersort (B. Chen  et  al. 2018) , xCell (Aran, 

Hu, and Butte 2017) or estimate (Yoshihara et al. 2013) allow deciphering the 

fraction of immune  infiltrates  present in a tumor  sample  from  expression data. 

Deconvolution  methodologies  deconstruct the tumor  expression  signal into multiple 

signals  corresponding to other  cells  present in the sample.  These  tools  use 

well-defined  immune  markers to assign the expression  signal to the corresponding 

immune  cells and infer the fractions of immune  cells  present in the sample. These 

tools  have allowed correlating the infiltration  levels of specific  immune  cells with 

cancer recurrence (Ghatalia et al. 2019) or with OS (Q.-Y. Zhong et al. 2019) among 

other relevant factors. 

Neoantigen presentation by cancer cells and its recognition by immune cells are key 

events that elicit  immune  responses. Neoantigen  affinity  prediction  tools  such  as 

pVACtools (Hundal et  al. 2020)  or OpenVax (Kodysh and Rubinsteyn 2020) aim to 

prioritized immunogenic neoantigen for personalized vaccine design.  These 

pipelines  take  DNA aligned sequences,  convert  TAAs to proteins and calculate an 

immunogenic  score  based on multiple factors such as; neoantigen predicted affinity 

to patients own HLA  (Kodysh and Rubinsteyn 2020; Reynisson et  al. 2020) , 

neoantigen predicted  stability to patients own HLA (Jørgensen et al. 2014) and 

neoantigen predicted cleavage site by  proteasome  (Keşmir et  al. 2002) . Mutations 

are then ranked  by the predicted  immunogenicity score, helping to understand the 

mechanisms of immunoediting and  in the design of  neoantigen vaccines.  As 

indicated in previous  sections,  multiple  clinical  trials  are demonstrating the utility of 

TAAs vaccination (Ott et al. 2017) (Hilf et al. 2019) . 
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The study of BCR and TCR repertoires  plays an important role in deciphering the 

functional responses of B and T cells to cancer  cells  as  these  molecules  are 

responsible  for  mediating the adaptive immune response (Lemke  2018) .  The  TCR 

repertoire  represents a still picture of the dynamical T cell functional state which is 

continuously  responding to  the multiple  challenges  occurring in the tumor 

microenvironment (Aversa et al. 2020) . For instance, CTLA-4 blockade induces the 

evolution and diversification of the TCR repertoire (Cha et al. 2014) . Due to  the 

extreme  variability in TCR/BCR sequences,  clonotype  repertoire  tools align 

sequences to specific  TCR/BCR  reference  genomes  (Teraguchi et  al., 2020) and 

downstream  statistical  analysis  are applied to analyze  changes in the repertoire 

composition.  Multiple  tools  have been developed  for  this  purpose,  such  as MiXCR 

(Bolotin et al. 2015) or TraCeR (Stubbington et al. 2016) . 

Other  computational  tools  aim to identify genes involved in the anti-cancer immune 

response to stratify  patients and predict  immune  checkpoint  blockade  response. 

Tumor  Immune  Dysfunction and Exclusion tool ( TIDE )  (Jiang et al. 2018) identified 

signatures of T cell  dysfunction from tumor  cohorts and factors  involved in T cell 

exclusion  using  expression  signatures  from  immunosuppressive  cells.  Based on 

these  factors, TIDE aims to predict the outcome of patients  treated with anti-PD-1 

and anti-CTLA-4. 

1.3.4 Sources for immuno-oncology data 

The Immunological  Genome  Project (ImmGen) (Heng and Painter  2008)  is a 

collaborative project  aiming to build a standardized gene expression  database to 

characterize immune cells in mice. ImmGen initially employed microarrays to dissect 

gene expression and reconstruct  genetic  regulatory  relationships  by  surveying 

multiple  immune  cells. Later, ImmGen expanded to microRNA, chromatin structure, 

nuclear  organization,  protein-RNA  relationships and scRNA-seq.  ImmGen currently 

contains ~250 stem, lymphoid and myeloid cell types, at baseline or under challenge 

(C. Benoist, L. Lanier, M. Merad, D. Mathis et al. 2020) . Other database such as The 

Cancer Immunome Atlas (TCIA) (Charoentong et al. 2017) provides comprehensive 

analyses  for the TCGA data to create the immunophenoscore,  a  predictor of 

response to checkpoint blockade  based on multiple factors such as: predefined set 

of genes,  levels of immune  infiltrates,  clonality  or  neoantigens.  Other  resources 
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explore the signaling mechanisms that regulate immune crosstalk,  for  instance, 

immuneXpresso (Kveler et al. 2018) mines PubMed to identify the relationships 

between cell types and hundreds of cytokines. Similarly, CellPhoneDB (Efremova et 

al. 2020) is a repository of ligands, receptors and their interactions aimed to help to 

infer cell–cell communication networks from single-cell RNA data. 

With  the popularization of scRNA-seq practices and the corresponding increase in 

data generation, multiple publications are likely to produce long-lasting and valuable 

information.  To facilitate the easy  reuse of immune  scRNA-seq data, repositories 

such  as JingleBells (Ner-Gaon et al. 2017) aim for the standardization, storage and 

distribution of the data. Recently, a single-cell  tumor  immune atlas with more than 

500,000 immune cells from 217 patients in 13 cancer aims to be used as a resource 

for stratification for prognosis and immunotherapy (Nieto et al. 2020) . 

The international ImMunoGeneTics information system (IMGT) (Lefranc et al. 2008) 

and the Immune  Epitope  Database (IEDB) (Vita  et  al. 2018) are resources 

specialized in the name  standardization of immunoglobulins, TCR and MHC of 

human and other  vertebrates. These  tools offer  descriptive  information of MHC 

polymorphism  frequencies  by population  and many  tools  for  clonotype  or  MHC 

neoantigen prediction. 

1.4 Computational drug repurposing 

1.4.1 Definition 

Computational  drug  repurposing  is the application of computational  strategies to 

identify new uses  for drugs  outside  their  original  indication  scope. The use of 

repurposed drugs offers advantages over newly developed drugs (Pushpakom et al. 

2018) ; lower risk of failure as drugs  have  already been found safe in preclinical 

models,  lower  manufacturing and developing  costs.  Repurposed drugs  account  for 

up to 30% of newly FDA-approved drugs (Pillaiyar et al. 2020) . Sildenafil (Viagra) is 

a classical example of a repurposed drug,  originally  designed  as an 

anti-hypertensive  drug  is now indicated  for  erectile  dysfunction and pulmonary 

arterial hypertension. As of 2012, sildenafil generated more than $2 billion worldwide 

(“Drug Repurposing and Repositioning: Workshop Summary” 2014) . 
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1.4.2 Signature reversion principle 

The signature reversion principle aims to identify  compounds  inducing an opposite 

transcriptional  response to that of a given disease  (Francesco  Iorio et  al. 2015) . 

Drugs with opposite  transcriptional  response are potential candidates to revert the 

transcriptional  program  induced  by the disease and hence  reverting the 

disease-induced  phenotype.  This  principle  has proven to work in multiple diseases; 

Chron (Dudley et al. 2011) or cancer (M. H. Chen et al. 2011; Jahchan et al. 2013) . 

Figure  4  |  Connectivity  map  (CMap)  approach. The  CMap  adopts  an  approach  based  on  the 

signature  reversion  principle.  First,  a  gene  expression  signature  comparing  two  biological  states of 

interest (i.e. disease vs normal) is generated as a query signature to be reverted. The query signature 

is compared to a set of drug-induced transcriptomic profiles (drug-treated vs drug-naïve) to calculate 

the  sign  and  degree  of  connection.  High  positive  connections  are  indicative  of  disease-mimicking 

drugs,  while  high  negative  connections  indicate  disease-reverting  drug  candidates  to  revert  the 

disease’s transcriptional profile. Adopted from Lamb et al. 2016. 

To this  extent, the CMap project is a resource developed with the aim of creating a 

systematic  framework  for the discovery of new drug candidate indications (Lamb et 

al. 2006)  based on the signature reversion principle (Fig. 4). To this extent, the first 

CMap  generation  consisted of 564 drug-induced reference expression  profiles, 

generated from 164 small-molecular perturbations with the MCF7 cell line at two time 

points (6 and 12 hours) and at a concentration of 10 μM (a small number of profiles 

were  also  generated with PC3, HL68  and SKMEL5  cell  lines) . Each  drug-induced 

profile was generated by comparing drug-treated cells to control vehicle-treated cells 

and genes  were  rank-ordered  according to  the differential  expression.  To date, the 

CMap  has  grown to contain  over 1.5 million  drug-induced  expression  profiles  from 

nearly 5,000 small-molecular compounds tested on multiple cell lines. This scalability 

has been possible thanks to the development of the L1000 platform (A. Subramanian 
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et  al. 2017) , which generates inexpensive drug-induced gene expression  profiles 

(more  details in section 3.2.1) that form part of The Library of Integrated 

Network-Based Cellular Signatures (LINCS). Finally, to integrate both the CMap and 

LINCS  a  cloud-based  structure  was  created,  CLUE  (CMap and LINCS Unified 

Environment)  (A. Subramanian et al. 2017) , a user-friendly platform to retrieve drug 

candidates from users own signatures to LINCS drug-induced expression profiles. 

1.4.3 Other pharmacogenomic resources 

Multiple  large-scale  pharmacogenomics  projects  have been carried out to 

characterize  cancer cell lines and drug  sensitivity with the aim of defining genomic 

markers  for  anti-cancer  treatment. The first  resource  created  for  this  purpose  was 

the NCI-60  (National  Cancer Institute)  (Chabner  2016) , a  panel  of initially 60 

molecular characterized human cancer cell lines. The NCI-60 platform is designed to 

screen up to 3,000 submitted  compounds  per  year.  The Cancer Cell  Line 

Encyclopedia  (CCLE)  (Barretina et  al. 2012) , has  comprehensively characterized 

more than 1,000 cancer  cell  lines at multiple levels:  mRNA,  methylation,  copy 

number  variants and drug  response. The CCLE  consortium  performed  a  drug 

perturbational  assay for 24 anti-cancer drugs on 504 cancer cell lines. Genomics of 

Drug Sensitivity in Cancer (GDSC) (F. Iorio et al. 2016) , have currently characterized 

988 cancer cell lines and measure its  drug response curve to derive the IC50 (half 

maximal inhibitory concentration) and the response curve (AUC) for 518 compounds. 

GDSC  also  performed a drug  perturbational  assay  by  measuring the expression 

profile induced by 256 different compounds. Contrary to CCLE and GDSC, the CMap 

project  profiled  cancer  cell  lines  before and after  treatments,  retrieving gene 

signatures  directly  associated with drug  administration  (Caroli, Dori, and Bicciato 

2020) . Nonetheless,  many  challenges  remain to be elucidated,  despite all these 

efforts, the data produced  by the different consortiums are heterogeneous and lack 

concordance in drug  responses (Safikhani et al. 2016) . Is for this reason, that tools 

such  as CellminerCDB  (Luna et  al. 2021)  integrate multiple  sources  for  testing 

reproducibility across databases. 
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2. Objectives 

The principal objective of this thesis is the creation of a computational framework to 

allow hypothesis  generation of compounds  capable of modulating  immune  cell 

activity from transcriptomics data. This project aims to explore potential strategies to 

exploit  immune  modulation in the context of cancer and other  immune-driven 

diseases. 

Hence, the following particular aims were established: 

1. To 	compile and curate a large  collection of immune gene expression 

signatures generated in-house or retrieved from publicly available databases. 

To manually annotate  and classify the immune  signatures with relevant 

information to facilitate downstream interpretations. 

2. To employ publicly available pharmacological drug perturbational experiments 

based on cancer  cell lines that characterize  drug-induced gene expression 

changes to generate  drug  hypotheses on the compiled  immune gene 

expression  signatures.  Moreover,  to manually annotate drug  relevant 

information to facilitate downstream interpretation. 

3. To 	generate,  based on computational methodologies, an immune 

signature-drug  perturbational  profile  ranked  database  derived  from the 

previously  compiled  information.  To explore the database to identify possible 

variables influencing drug hypothesis generation results. 

4. To develop  DREIMT, a user-friendly  web-based integrative  methodology to 

facilitate drug hypothesis generation from a user-provided immune signatures 

and to ease the access to  the immune  signatures-drug  profiles  ranked 

database. 

5. To 	propose  compounds to modulate immune gene expression  signatures 

derived  from  a  publicly  available  scRNA-seq  dataset of resistant  treated 

cancer patients. 

21 
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3. Material and methods 

3.1 Significance 

This  thesis  aims to apply  computational  strategies to exploit immune modulation in 

the context of cancer and other  immune-driven  diseases. The principal  aim of this 

project is the design of a computational framework to allow hypothesis generation of 

compounds  capable of modulating  immune  cell  activity  from gene expression 

signatures. To this extent, two inputs are required: a set of immune gene expression 

signatures and a set of drug transcriptomic profiles. Gene expression signatures are 

groups of genes with  a distinctive  pattern of expression that represent  changes of 

biological  pathway  activation between two conditions  (Itadani, Mizuarai, and Kotani 

2008) . The other input, the drug transcriptomic profiles, correspond to ranked lists of 

genes  ordered  by the magnitude of change in gene expression in response to drug 

perturbations compared to its respective negative control. These drug transcriptomic 

profiles  are  expected to represent the transcriptional  change  induced  by a drug 

(Francesco Iorio et al. 2013) . 

By  employing a GSEA-based methodology, the drug transcriptomic profiles and the 

immune gene expression signatures are pairwisely compared to obtain a measure of 

their  degree of positive  or  negative  connection. The strength and direction of the 

connection  can be employed  as an approximation  for  drug  reposition  based on 

transcriptomics data and on the reversion principle (Francesco Iorio et al. 2013) . 

3.2 Immune gene expression signatures 

3.2.1 Immune signatures collection 

A total of  2,687 immune gene expression  signatures were obtained from the 

following sources: MsigDB C7 collection (2,436) (Godec et al. 2016) , ImmGen (173) 

(Heng and Painter 2008) , ADEx (35 signatures) (Martorell-Marugán et al. 2020) and 

from  publicly  available gene expression datasets (43 signatures) (Online Supp. File 

1). 
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Molecular  Signatures  Database  (MsigDB ) (Liberzon et al. 2011; Aravind 

Subramanian et al. 2005) is a collection of more than 25,000 organized and 

annotated gene sets to be used with GSEA methodologies (Aravind Subramanian et 

al. 2005) . MsigDB gene sets are divided into 8 major  collections (H and C1 to C7) 

and several  sub-collections of common  significance such  as  oncogenic signatures, 

gene ontology gene sets  or  well-annotated  hallmark  pathways  among  others. The 

MsigDB C7 gene set collection (Godec et al. 2016) represents a large compendium 

of immune gene expression  signatures  generated by  manual  curation of  389 

immunological  published  studies in humans and mice. The C7 collection contains a 

large  variety of perturbational and biological  experiments  across  multiple  immune 

cell  types.  Immunological  Genome  Project  (ImmGen)  is  a  collaborative  project 

between immunologists and bioinformatics to dissect,  through  Affymetrix genechip, 

gene expression  analyses of the mouse  immune  system.  ImmGen  is  primarily 

centered in the study of the different lineage  and maturation  states of myeloid and 

lymphoid  lineages. Finally, Autoimmune  Disease  Explorer  (ADEx)  is  a  novel 

centralized  database with  82 manually  curated  transcriptomics and methylation 

studies of patients and cells for autoimmune diseases. 

Gene expression signatures from the MsigDB C7 collection were initially curated for 

observed  errors  such  as  duplicated gene presence in  both the upregulated and 

downregulated of a given signature. Gene expression signatures for ImmGen, ADEx 

and public  datasets  were obtained employing the R package limma (Ritchie et  al. 

2015) . Signatures of up- and down-regulated differentially expressed genes (DEG), 

were selected under the criteria of significance (FDR < 0.05) and ranked by log2FC. 

Top  200  and bottom DEG genes were selected as signature genes, signatures with 

less than 15 DEG were discarded. Genes were annotated following the HUGO Gene 

Nomenclature Committee format (Yates et al. 2017) . The minimum of 15 DEG genes 

criteria was based on the GSEA’s online manual recommendations for datasets with 

10,000 to 20,000 genes. 

3.2.2 DREIMT immune signatures annotation 

The DREIMT immune signature collection comprises a total of 1,667 Mus musculus 

signatures and  1,020 corresponding to Homo  sapiens .  DREIMT’s  collection  was 

manually annotated  with the objective to ease  DREIMT’s  results  interpretation. 
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Immune cells were annotated at two levels: cell types and subtypes. 

The “cell  type” level  includes 17 major immune cell  types while the “cell  subtype” 

encompasses  a  sub-classification of  70 immune  cell  subtypes  (Supp.  Table 1). 

Furthermore,  cell  types and subtypes  were annotated based on the EMBL-EBI 

Ontology annotation (Perez-Riverol et  al. 2017) , which provides high-quality 

functional  annotations of cell  types . Additionally, the immune  signatures  were 

manually annotated  with standardized  information of: experimental  conditions 

undergone  by the cells  (type of stimulation, gene knock-outs and disease models), 

experimental  design  (patient, in vivo, in vitro),  organism  (Homo  sapiens,  Mus 

musculus ) and PubMed ID source of the original  experiment and the immune 

comparison. 

The 2,687 immune  signatures that comprise the DREIMT’s immune  signature 

collection  represent a  wide spectrum of conditions due to  the large  variation in 

experimental and biological designs across signatures. Changes in lineage, immune 

cell activation, developmental status, perturbational effects at multiple time points are 

represented across multiple immune cell types. 

3.3 Drug transcriptomic profiles 

3.3.1 Drug transcriptomic profiles collection 

Drug  profiles  were obtained from The Library of Network-Based Cellular Signatures 

(LINCS) L1000 data set (Broad Institute, LINCS Center for Transcriptomics). LINCS 

provides a large-scale catalog of transcriptional profiles of pharmacological across a 

panel of cancer cell lines at multiple concentrations and time points (Subramanian et 

al. 2017). 

The Phase I of the CMap-L1000 dataset systematically measured the transcriptional 

signatures of cancer cell lines in response to a large set of perturbations, comprising 

a total of  1,328,097  different gene expression  profiles. This data was generated by 

the L1000 assay which directly measured the expression of 978 landmark genes of 

the HG-U133A genechip (Affymetrix). The expression of these landmark genes was 
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then used to infer the expression of 11,350 more genes, of these inferred genes 81% 

were  considered  as  best  inferred  based on correlation  analyses of 8,555 RNA-seq 

profiles of the GTEx  project.  This  approach, although does not infer all genes, 

allows  for  scalability while lowering the costs  compared to a  whole transcriptome 

expression array approach. 

3.3.2 Consensus drug transcriptomic profiles 

Consensus drug profiles  were  generated  from  LINCS L1000 level 3  data (quantile 

log2FC normalized gene expression  profiles)  using limma (v 3.24.15,  R package) 

(Ritchie et al. 2015) by comparing the differential gene expression between treated 

and untreated  control  experiments for a given perturbation (drug) using an additive 

linear  model to avoid  batch effects and individual  cell  lines  drug responses. These 

consensus  drug  profiles  represent the consensus  cellular-specific  perturbation  for 

12,434 genes ranked by expression fold change (t-statistic). Consensus drug profiles 

are  expected to represent the common  transcriptional  changes  induced  across 

different cell lines, replicates and drug concentrations (Perales-Patón et al. 2019) . A 

total of  4,690 consensus  drug profiles  were  included in DREIMT, of which 3,583 

correspond to unique drug compounds. 

Consensus  drug  profiles  were  generated to dilute cancer  cell line, time point  and 

concentration-specific drug  transcriptomic  bias.  By doing so,  drug  transcriptomic 

profiles  are  expected to summarize the common  transcriptional  changes across all 

tested cancer cell lines, time points and concentrations and be more generalizable in 

non-cancer cell line contexts. 

3.4 Drug expression profile-immune gene expression prioritization 

3.4.1 Drug transcriptomic profile-immune gene expression association 

The methodology employed for drug  transcriptomic  profile and immune gene 

expression  is  based on the weighted Kolmogorov-Smirnov of GSEA  (Aravind 

Subramanian et  al. 2005) , where a  gene set (immune gene sets) is compared to a 

ranked  list  (drug  profiles) to test for statistical evidence of  gene set  coordinated 

expression  towards  any of the extremes of the ranked  list.  GSEA  walks down the 

ranked  list of genes while increasing a running-sum statistic whenever a gene from 
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the gene set is encountered in the ranked list and decreasing it when the gene does 

not belong to the gene set. The degree of connection or association is measured by 

the enrichment  score  (ES),  which is the maximum deviation from zero encountered 

during that walk. The ES  takes  values  from 1 to -1,  indicating that  the genes 

belonging to  the gene set  are the topmost  or  bottommost  genes in the ranked  list 

respectively. ES values close to 0 are indicators of lack of gene coordination toward 

any of the extremes of the list. 

Statistical  relevance of the drug  profile-immune  expression signature  associations 

was  calculated  using the Kolmogorov-Smirnov  test  implementation  available in 

Bioconductor’s  fast gene set  enrichment  analysis  package  (FGSEA;  version  1.0.0) 

(Korotkevich,  Sukhov, and Sergushichev  2019) . FGSEA is a GSEA implementation 

based on  a novel  algorithm that allows for  empirical  enrichment  score null 

distribution  calculation  for all  gene sets  size.  This  approximation  speeds up  null 

distribution  calculation,  making  its  execution  faster than  the original  Broad Institute 

GSEA implementation. 

Two different procedures are followed to calculate the Enrichment Score (ES): 

i)  Single  ES  calculation  for  immune gene set.  Each immune gene set is 

treated independently of its respective upregulated or downregulated pair. 

ii)  Pairwise  ES  calculation  for  immune gene expression  signatures. Here 

GSEA ES  is  calculated  for  upregulated  (ES up) and downregulated  (ES down) 

genes  separately.  The ES up and ES down obtained are then used to generate a 

coordinated  enrichment  score  (CES). The CES  is created by subtracting the 

ESdown from the ES up and dividing this by two (i.e. CES= [ES up - ES down]/2). This 

CES  ranges  from 1 to -1  representing the enrichment  coordination  for the 

upregulated and downregulated genes across a given drug profile. 

Both ES and CES represent the association between a given consensus drug profile 

and an immune geneset/gene list or immune expression signature respectively. 
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For  statistical  significance, 1,000 random permutations were calculated.  P-value 

estimation is calculated using an adaptive multi-level split Monte-Carlo scheme (see 

fgsea package documentation for details). To account for multiple hypothesis testing, 

the estimated  p-values  are  adjusted  using  Benjamini  &  Hochberg  False  Discovery 

Rate (FDR)  correction (Benjamini and Hochberg  1995) . Drug  profile-immune 

signature associations showing FDR < 0.05 were considered statistically significant. 

3.4.2 Drug transcriptomic profile-immune gene expression prioritization score 

Drug prioritization score (τ, Tau ) is calculated following the approach adopted by the 

LINCS L1000 team  (A.  Subramanian et al. 2017) . The Tau score is a standardized 

measure  corresponding to the fraction of immune gene sets with  a greater 

connection to a drug than a given immune gene set. This Tau score ranges from 100 

to -100. 

The Tau score prioritizes ES based on two premises: 

i) How similar is a particular  drug-immune gene expression  association
	

compared to the rest of associations for a given drug.
	

ii) How similar  is  a  particular  drug-immune gene expression  association
	

compared to all the associations calculated for a given immune signature.
	

More  specifically, an ES  (or  CES) matrix  for all drug  profile-immune  signature 

associations  (i.e.  immune  signatures in rows and drug  profiles in columns)  is 

generated.  Drug  prioritization  score  calculation  is  performed  by  comparing a given 

ES  (or  CES)  by the rest of values of the drug  (column) and the values of the 

signature  (row) to which that particular  drug-immune gene expression  association 

belongs (only values with the same association score sign are used). These are then 

standardized as Tau values ranging from -100 to 100. 

DREIMT  results  are  prioritized  by Tau value.  A | Tau score| > 90 is considered  as 

strong hypotheses for the drug profile-immune signature associations. 
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3.5 Single-cell RNA-seq from patients 

3.5.1 Single cell significance 

DREIMT  methodology  was applied to two single-cell RNA sequencing (scRNA-seq) 

studies  as an example of use and  with the aim of proposing  modulatory  drug 

candidates to immune gene expression  signatures.  Drugs  proposed  by  DREIMT 

were  subjected to a downstream analysis for further interpretation of the coherence 

with reference to current known immune biological literature. 

scRNA-seq data has opened  new opportunities  for the discovery of yet unraveled 

biological  functions  thanks to  the possibility of sequencing  single  cells at  a time in 

contrast to  the averaged gene expression  across  multiple  cell  populations of bulk 

RNA  sequencing.  Despite  this and  due to  the novelty of scRNA-seq,  multiple 

challenges  remain  under  discussion.  These  challenges  principally  concern the 

definition  of best  practices  for the analysis of scRNA-seq data. This  is  clearly 

reflected  by the literature  as  multiple groups propose the need for scRNA-seq data 

specific  methodologies  (Hafemeister and Satija  2019),  (Bacher et  al. 2017) and 

(Risso et  al. 2018) while other  authors  indicate that scRNA-seq  specific 

methodologies do  not outperform  bulk  methodologies applied to scRNA-seq data 

(Soneson and Robinson 2018), (Calgaro et al. 2020) and (Jaakkola et al. 2016). This 

disparity of views  could be indicative of either  bias in the datasets  used to test 

methodologies or might be revealing the absence of a single universal methodology 

for all datasets.  This  discussion  is  supported by the nature of the scRNA-seq data, 

which  is  dominated  by a  high proportion of zeros. The large  number of dropouts 

observed  are due to Poisson  sampling,  only 10–20%  of transcripts  are  reversed 

transcripted  during the sequencing  processes, due to an  inefficient  mRNA  capture 

(Islam et al. 2013) . As a result of this, scRNA-seq data is highly sparse, causing data 

to be zero-inflated in contrast to bulk RNA, in which the proportion of genes with zero 

expression is low. 

Another important factor is the definition of good markers and signatures to allow for 

correct identification of the sequenced cells. Correct marker and signature definition 

becomes  more  important  as  finer  is the cell  identification,  for  instance at  a cell 

functional  status level. As demonstrated by Orecchioni and colleagues macrophage 
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signatures  (M1 and M2  type) highly differ between in vivo and in vitro experiments 

(Orecchioni et al. 2019) , this can be a confusion factor when used  for  scRNA  cell 

identification and its subsequent downstream analyses. 

3.5.2 Data visualization 

For  visualization  purposes,  scRNA-seq  was normalized following the SCTtransform 

normalization and variance stabilization methodology (Hafemeister and Satija 2019) 

to remove technical effects while preserving biological variation.  Normalization  is 

achieved  by the use of  a regularized  negative  binomial  regression that includes 

sequencing depth as a covariate for each gene. The Pearson residuals of this model 

are then used  as the normalized  values  for  downstream  visualization analyses. By 

following this  procedure  each gene is  normalized  by different factors of regularized 

negative binomial regression. 

To visualize  highly dimensional data, as is the case of scRNA-seq,  dimensional 

reduction  algorithms  are  employed with the objective of shrinking the original 

dimensionality into  a two or  three-dimensional  space that can be graphically 

represented.  For  this  purpose,  a  nonlinear  dimensionality  reduction  technique, 

uniform manifold approximation and projection (UMAP) (Islam et al. 2013; McInnes, 

Healy, and Melville  2018) is used to visualize  scRNA-Seq  high-dimensional data. 

Nonlinear  dimensionality  reduction  techniques  are able to avoid  overpopulation of 

the representation  (in comparison to linear  reduction  techniques  such  as  PCA), 

wherein  distinct  clusters  are  represented in highly dense areas (Becht et al. 2018) . 

For  computational efficiency  UMAPs  topmost 2 dimensions were  run  based on the 

top 50 components from the PCA analysis making  use of the Seurat  (Butler et  al. 

2018) implementation RunUMAP. 

3.5.3 scRNA-seq gene expression signature extraction 

scRNA-seq  immune gene expression signatures were generated  by  comparing 

immune  cell  subtypes.  Immune  cell subtypes were classified based on the average 

expression of predefined  immune gene sets. Raw counts  were  factor  scaled and 

TMM  normalized  using the edgeR function  calcNormFactors (McCarthy, Chen, and 

Smyth 2012) , differential expression analysis was  performed  using limma trend 
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(Ritchie et al. 2015) . The use of this specific methodology for differential expression 

analysis was based on two main factors: 

i) The good performance displayed by the limma trend methodology applied to 

scRNA-seq data (Soneson and Robinson  2018) . Sonenson and colleagues 

demonstrated that limma trend performed within the top 3 methodologies to a 

group of scRNA-seq datasets (Soneson and Robinson 2018) . 

ii) Limma trend  returned the results that seemed the most plausible, in 

agreement with the expected biology of the immune  cells, in comparison to 

other differential expression methodologies tested. 

Top and bottom 150 genes ranked by log2 fold change, independently of the p-value 

significance,  were  selected  as gene expression  signatures  for  downstream  drug 

association following DREIMT’s methodology. 
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4. Results 

4.1 DREIMT; a tool to prioritize drugs for immune transcriptomics 

4.1.1 Significance 

With  the aim of facilitating the use of DREIMT’s methodology to users with no prior 

computational  experience, we have  developed  DREIMT  as an user-friendly web 

application tool.  The web server tool offers  access to DREIMT’s  immune 

signature-drug  association  database in  addition to  two other  tools to allow; drug 

repositioning based on a user-provided immune signature and a module to calculate 

the similarity of  a user-provided  immune  signature to DREIMT’s  curated  immune 

signatures. The DREIMT’s web server tool is accessible through www.dreimt.org 

DREIMT  is a novel tool that exploits the notion of the signature reversion paradigm 

(Francesco  Iorio et  al. 2015) to prioritize drugs with the potential capability of 

modulating  immune gene expression  signatures. To that end, DREIMT  employs a 

two-step  methodology  (Fig.  5), as described in the material and methods section of 

this thesis. The first step, DREIMT calculates an enrichment score between a given 

drug  perturbational  profile and  an immune  signature, to calculate  this  enrichment 

score  DREIMT  employs a GSEA-based  methodology. By  using  this  methodology, 

DREIMT scores pairs of immune signatures and drug profiles based on their degree 

of correlation.  Positive  correlations  indicate that  the immune  signature  mimics the 

drug  profile, while anti-correlations  indicate that  the immune  signature  reverts the 

drug  profile.  By  exploiting the notion of the reversion paradigm, those drugs whose 

perturbation profiles are strongly mimicked by the immune signatures are candidates 

to boost the immune  phenotype  represented  by the immune  signature. On  the 

contrary, those drugs whose perturbation profiles are reverted (negatively mimicked) 

by the immune  signatures  are  candidates to revert the signature’s  immune 

phenotype. In  the second step, DREIMT compares each enrichment score to those 

scores  generated to  the same immune signature and also to the same drug profile. 

By doing so, DREIMT calculates the percentage of scores below a given enrichment 

score, this percentage results in the final prioritization score ( Tau ). 
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Figure  5  |  DREIMT’s  workflow. Description  of  DREIMT’s  workflow.  Initial  steps (1,2) required  the 

retrieval of drug consensus profiles and immune gene expression signatures. Drug consensus profiles 

were generated using NIH LINCS L1000 drug perturbation profiles. Immune signatures were retrieved 

from  multiple  sources  and  manually  annotated.  DREIMT  calculates  drug  profile-immune  signature 

association  based  on  GSEA  methodologies (3) to  posteriorly  prioritize  associations  (Tau score)  by 

comparing  them  to  a  large  collection  of drug-immune associations (4) DREIMT’s database includes 

prioritized  drug  associations  for  more  than  2,600  immune  signatures  to  a  collection  of  4,690  drug 

consensus  profiles  for  which  offers  the Tau score, DSS score and the FDR values from the GSEA. 

Finally,  DREIMT’s  web  application  tool  offers  the  drug  association  database (5) in  a  user  friendly 

interface. Moreover, the web application tool offers a drug prioritization tool (5) for the user provided 

immune signatures and a signature comparison tool (5) to calculate the similarity between the user's 

immune signature to those in DREIMT’s database. 
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4.1.2 DREIMT’s web application database description 

DREIMT’s  database offers more than 1.5 million precalculated drug profile-immune 

signature  associations  generated  from the analysis of the compiled  immune gene 

expression signatures and the drug consensus profiles. To facilitate the query of the 

database,  DREIMT  provides two filtering  levels: the basic and the advanced. The 

basic option allows  users to search  for  drug  associations  based on: immune  cell 

types  or  cell  subtypes of interest, the desired effect of the drug on the selected 

immune  cell  type/subtype  (boosting/inhibiting)  or to specify a drug of interest. The 

advanced  filtering, in  addition to  the basic  filters, allow to perform detailed queries, 

advanced  filters  are  grouped into three  categories  based on; 1)  statistics,  2)  drug 

filters and 3) immune signature filters. 

1) Statistics filters include: Tau score, FDR derived from GSEA and the specification 

of the input employed to calculate drug  associations  (i.e. gene set  up-regulated, 

gene set down-regulated or bidirectional signatures). 

2)  Drug-related  filters:  expected effect of the drug on the immune  signature 

(boosting/reverting), common drug name, MOA of the drug, drug approval status and 

DSS score. 

3)  Immune  signature  related  filters:  signature  name,  source  database of the 

signature,  PubMed ID source of the signature, experimental design type ( in vivo, in 

vitro, ex  vivo),  organism  source of the immune  signature  (mouse/human), 

perturbations  employed to generate the signature and  a set of filters to specify the 

exact cell types or cell subtypes involved in the immune signatures. 
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Following  the filter  application, DREIMT’s  database  displays results in a 12 column 

table (Fig. 6): 

●		Drug: drug  common name and link to PubChem. This field also  displays a 

tooltip with: drug's  BROAD's ID, gene targeted and  a warning  indicating 

whether the drug contains duplicated profiles. 

●		Summary: a summarized sentence that includes relevant manually annotated 

information to ease drug  association  interpretation.  Color  codes highlight 

relevant parts of the sentence. 

●		Case type: cell type/cell subtype used as case for gene expression signature 

generation. If cell  type and cell  subtype  names  match,  only  cell  subtype 

names are displayed. 

●		Reference  type: equivalent to  the case type filed but with the cell type used 

as reference. 

●		Signature  info: immune  signature source name and  a pop-up panel  with 

signature-related links to: signature source database, DREIMTdb summarized 

results and NCBI data-generation publication. 

●		Up genes FDR : adjusted p-value for the up-regulated gene set. 

●		Down genes FDR : adjusted p-value for the down-regulated gene set. 

●		Tau : drug prioritization score, range (-100, 100). 

●		DSS : drug specificity score, range (0, 1). 

●		Drug status:  current known  status of drug  (approved,  experimental  or 

withdrawn). 

●		Drug MOA: mode of action of the drug. 

●		More  info: drug iconized information for;  organism  source of the signature 

(Homo  sapiens or Mus  musculus ),  experimental  design  ( in vitro, in vivo,  ex 

vivo, patient, in silico) and signature treatment (a gene set, up-regulated gene 

set, down-regulated genes set or a bidirectional signature). 
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Figure  6 | Snapshot of DREIMT’s database. Drug-related fields (orange), immune signature fields 

(green), drug-signature association fields (blue) and fields with tooltips (red asterisk). 

In an attempt to simplify user experience, some information items have been either 

iconized  or  summarized  as tooltip information. Following this  attempt to ease the 

experience, a semi-supervised  sentence  is  generated  for  each  drug  association in 

the database. Different  parts of the sentence  are  depicted in multiple  color  codes, 

highlighting the different  bits of information to facilitate  a  straightforward 

interpretation of the association. The summary  sentence  colored  information 

includes:  name of the drug, perturbations employed on the cells or the effect of the 

drug on the immune  signature.  DREIMT’s  database  query  results  can be 

downloaded as a csv  formatted file, or  shared  through the static link generated for 

each individual query. 

For  computational efficiency, DREIMT’s web tool database offers  associations with 

an absolute Tau score > 95. The complete  database  is  available at DREIMT’s 

repository. 
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4.1.3 DREIMT’s web application drug prioritization module 

DREIMT’s web server tool includes a module designed to perform drug prioritizations 

based on user-provided immune gene expression signatures. As with the database, 

this  module  is  designed to facilitate the usage of the  tool by  users with  no prior 

computational  experience.  This  module  takes the input, either a  gene set  or the 

complete  bidirectional  signature,  by  copying it directly to  the web browser  or  as a 

column  formatted  csv/tsv file.  Optionally,  to facilitate downstream interpretation, the 

user  can  specify  a title for the query and  a brief  description  for the case and 

reference  cells. If a description of the cells  is  specified,  DREIMT will generate a 

sentence similar to that in the database to facilitate the interpretation of the results. 

This  module  displays  results in two manners  (Fig.  7): a drug summary plot  and  a 

database-like  summary table.  The drug  summary plot displays the results  as an 

interactive dot  plot where  drugs  are  depicted  according to  the Tau score  (x-axis) 

score and the -log10(FDR)  (y-axis). The  FDR values  employed in this plot derive 

from the minimum  GSEA FDR of any of the  two gene sets  employed  for the drug 

enrichment  GSEA.  To  highlight the top-most  relevant  drug  candidates the dot  plot 

depicts two areas; best candidates and good candidates. The best candidates area 

encompasses  compounds with  high absolute  score  (absolute( Tau) >  90) and  low 

FDR (FDR  <  0.05), while the good candidates  area  includes  compounds with high 

absolute score (absolute( Tau ) > 90) and high FDR (FDR > 0.05). In addition to this 

plot, two pie charts represent the approval status and MOA of the drugs depicted in 

the drug  summary plot. All these plots interact with the filterings applied to the drug 

association table and thus, if  a filter  is applied to  the  table,  the changes will  be 

reflected in the plots.  All  plots  include  tooltips  displaying  relevant  information.  This 

module displays drug associations with an absolute ( Tau) > 75. 

Both, the plots and the drug  summary table can be downloaded respectively as 

png/jpg or  csv file format.  Furthermore,  results  are  guaranteed to be stored in the 

server  for a minimum  period of  1 month and can be accessed  through the query 

history panel. Each analysis is generated with a static link to facilitate results sharing. 
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Figure  7  |  Snapshot  of  DREIMT’s  results  for  the  prioritization  module.  (1) Statistics  with  the 

number  of  genes  used  as  input and the number of genes matched to those in the drug profiles. (2) 

Dot plot displaying drug candidates based on the Tau score and FDR, the plot is divided into 2 areas 

to  denote the best and good drug candidates (3) pie chart with the status of the drugs, (4) pie chart 

with  the  MOA  of  the  compounds (5) drug  association  table  with  all  information,  this  table  can  be 

downloaded in csv format. 
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4.1.4 DREIMT’s web application signature comparison module 

DREIMT’s signature comparison module aims to compare the user-provided immune 

signature to those signatures in DREIMT’s  database.  To this  extent,  this  module 

performs pairwise gene set overlap comparisons between the user-provided immune 

signature and DREIMT’s database immune signature. 

To perform  these  comparisons, DREIMT  makes  use of two statistics; the Jaccard 

coefficient as a measure of similarity and Fisher's exact test to derive the odds ratio 

and assess the significance of the overlap. Pairwise comparisons between gene sets 

can either be based on all the genes present in the gene sets or taking into account 

only  those  genes that are  present in the drug  profiles,  this option can be specified 

before the execution of the analysis. Users can also narrow gene set comparison to 

a  specific  cell  type/subtype,  perturbation  or  organism  by  selecting it  in the 

corresponding filters. 

From these analyses, users can rank DREIMT’s immune signatures according to any 

of the calculated  statistics and access to  the drug associations  database  for the 

signatures of interest (Fig. 8). Furthermore, with the aim of identifying enrichment of 

immune  signatures  derived  from  specific  cell  types  or  subtypes, a second  Fisher’s 

exact  test  is  performed on those  signatures that have  yielded a significant  overlap 

with the user-provided  signature. In this  manner, DREIMT  identifies  cell  types and 

cell subtypes whose signatures statistically overlap with the user-provided signature. 

Results  from  this  second  Fisher’s exact test are displayed as bar plots, one for cell 

type and other  for the cell  subtype,  bar  plots height  and order  is  according to  the 

Fisher’s p-value. 

As with the other  modules, users can download the  table results  as a column 

formatted file and the plots  as png/jpg files, results can also be shared through the 

static link that will remain stored for a minimum of 1 month. 
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Figure  8  |  Snapshot  of  DREIMT’s  results  for  the  prioritization  module.  (1) Statistics  with  the 

number of genes used as input and the number of genes matched to those in the drug profiles (2) cell 

type and (3) cell subtype enrichment analysis for those signatures with significant overlap to the query 

signature. Bar plots displayed as -log10(FDR) of the Fisher’s exact test, in red displayed those found 

significant  with  the (4) raw  data  available  as  a  table. A signature comparison table (5) displays the 

relevant statistics and allows access to the database associations for signatures of interest. 
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4.1.5 Web application implementation 

The DREIMT  front-end  is implemented  using the Angular  v9  development 

framework, the Angular  Material  v9  library and the Material  Dashboard  Angular 5 

template. The DREIMT back-end is implemented using Java EE 7 and performs the 

different data analyses  (drug  prioritization and similar  signatures)  using  custom R 

scripts  through  a  docker  image.  Both, the R scripts and the docker  image  are 

publicly  available. The communication between front-end and back-end  is done 

using  AJAX and JSON. The back-end  runs in  a WildFly  v10.1.0  application  server 

and uses a MySQL  database to store the data. Finally, DREIMT  includes an API 

restful service to facilitate the programmatically use of the different modules. 

4.2 DREIMT’s database description 

4.2.1 DREIMT’s immune signatures 

DREIMT’s immune gene expression signatures were manually annotated to; curate, 

classify and complete  information of the compiled  immune gene expression 

signatures.  Moreover, this  manual annotation facilitates the posterior  usage of the 

database by the end-user. To minimize the number of categories in which cells could 

be classified, 17 major  immune  cell types were labeled. Whenever information was 

available in the original  source,  cell  types  were  subsequently  classified into cell 

subtypes, a total of 69 cell subtypes are annotated (Fig. 9). Detailed classification of 

cell types can be found in (Supp. Table 1). 

To generate the immune gene expression  signatures  many experiments  were 

subjected to perturbation  usage,  ~400 different  perturbations  were  manually 

annotated (Online  Supp. File 2).  Importantly, perturbations  are often found in 

combination with others  or applied  at  different  time  points  across  sets of immune 

signatures  derived  from the same  experiment.  Among the top-most  commonly 

applied perturbation/simulations, we encountered  agents  such  as: 

Lipopolysaccharide,  IL-4,  anti-CD3,  TGFB, lymphocytic  choriomeningitis 

mammarenavirus (LCMV) and IL-6. 
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Figure 9 | DREIMT’s immune cell classification. (A) Cell subtypes grouped by cell type. The height 

of the bar is proportional to the percentage of cell subtype signatures classified within each cell type. 

(B) Cell types table with their corresponding representative proportion and their total counts. 
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4.2.3 DREIMT’s drug profiles 

DREIMT employs 4,690 drug transcriptomic profiles corresponding to 3,580 unique 

compounds.  Compounds with duplicated  transcriptomic  profiles  correspond to 

molecules with different LINCS source ID (i.e. compounds from different commercial 

vendors, molecular weight, etc). These duplicated compounds contain a minimum of 

3  and a maximum of 9 duplicated drug transcriptomic profiles (mean: 3.38, median: 

3). On average the pairwise  Pearson’s  correlation between drug  profiles 

corresponding to the same compound is 0.490 (median; 0.475) (Supp. Fig. 1). Drug 

status and mode of action  (MOA)  were  retrieved  from the Drug  repurposing hub 

(version  20200324).  For  drugs with  no information  available, both status and MOA 

were annotated using either the PanDrugs drug annotation database (Piñeiro-Yáñez 

et  al. 2018) , drugbank  (Wishart et  al. 2018) , literature or  other  public  resources. 

Status of DREIMT compounds correspond to; approved (35,4%),  experimental 

(62,5%) and withdrawn (2%). A total of 563 MOAs are described in DREIMT (Table 1 

and Online Supp. File 3), 59,8% (n = 2,144) of compounds have at least one known 

MOA  described, the other 40.2%  of the compounds  remain unannotated. 

Furthermore, on average each MOA contains 4.41 drugs (median; 2), it is of note the 

existence of compounds that  fall in more than one MOA. Of all compounds, 49.4% 

contain information of the genes targeted, being; ADRA1A, CHRM1, MR3C1, ESR1 

and AR the 5 top-most targeted genes with a frequency < 4%. 

MOA Frequency MOA Frequency 

Cyclooxygenase inhibitor 1.68% (n = 88) Histamine receptor antagonist 1.29% (n = 68) 

Adrenergic receptor antagonist 1.62% (n = 85) Acetylcholine receptor antagonist 1.28% (n = 67) 

Dopamine receptor antagonist 1.62% (n = 85) Adrenergic receptor agonist 1.28% (n = 67) 

Glucocorticoid receptor antagonist 1.58% (n = 83) Bacterial cell wall synthesis inhibitor 1.22% (n = 64) 

Serotonin receptor antagonist 1.50% (n = 79) Calcium channel blocker 0.99% (n = 52) 

Table  1  |  Frequent  MOAs. Top  10  most  frequent  modes  of  action  as  annotated  in  DREIMT’s 

database. 
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Gene expression  response to a drug can either be highly cell-specific (due to drug 

target transcriptional changes) or induce similar expression changes across cells. To 

consider  this  issue,  DREIMT includes a Drug Specificity Score (DSS) adapted from 

Hodos  (Hodos et  al. 2018) , this  score summarises the cell-specificity of  a given 

compound  across  multiple  cancer  cell  lines.  To ease the interpretation, the original 

DSS  was  inverted and scaled employing the originally  reported  values,  for  this 

reason, the DSS theoretical values in DREIMT range between 0 and 1, with a mean 

of 0.60 and a median of 0.59 (Fig. 10). DSS is available in DREIMT for 37,8% of the 

compounds. A high DSS value indicates that the transcriptomic effect of the drug in 

LINCS  is  expected to be similar across all cancer cell lines in the LINCS database, 

on the other hand, a DSS close to 0 indicates that the drug effect is expected to be 

cancer cell line-specific. 

We assume that since  some  drugs induce  similar gene expression  across  cancer 

cell  lines  (high  DSS)  their effect  can be easier  extrapolated to immune  cells than 

those produced by drugs with very specific effects in cancer cell lines (low DSS). To 

corroborate  this  assumption, we reasoned that using  compounds with multiple 

transcriptomic profiles we might observe whether compounds with higher DSS would 

yield higher mean Pearson’s correlations across their drug profiles than compounds 

with lower  DSS. For each compound with multiple transcriptomic profiles, the mean 

Pearson’s  correlation between  all the drug  transcriptomic  profiles  was  calculated. 

The mean  Pearson’s  coefficient  was then employed  as a  dependent variable in  a 

linear  model with the DSS  as the independent variable.  A  significant  positive 

relationship (p-value < 2.2e-16) (Fig. 10) between the correlation coefficients and the 

DSS  was found. This  suggests that those  compounds with higher  DSS  have  drug 

profiles  yielding  similar  transcriptomic  profiles.  This  indicates the utility of the DSS 

score and underlines that although some drug profiles show noisy behaviors, others 

remain  useful  for  drug  repositioning on the immune gene expression  signature 

context. 
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Figure  10  |  DSS  analysis. DSS  density  plot (left) with  mean  0.6  and  median  0.59.  Correlation 

between Tau’s standard deviation and the drug’s DSS score (right), in red the regression line. As the 

DSS increases the similarities between profiles from the same compound inncrease. 

4.2.4 Drug-cell specific associations 

With DREIMT’s  database generated, we sought to investigate the existence of 

drug-immune  cell-specific  associations.  Firstly,  to remove the directional  nature of 

gene expression signatures, Tau scores were converted to absolute values. In other 

words, the order of the gene expression comparison (i.e A vs B or B vs A) yields the 

same  DEG but  with the opposite  sign,  consequently the Tau score  so it does.  For 

downstream  analyses  only  cell  types with  at least 20 signatures and generated 

exclusively  by  comparing the same cell types were considered. To assess drug-cell 

specificity,  the Tau scores of signatures  derived from immune cells that passed the 

filters  were  compared to  the Tau scores of the rest of signatures in the database 

employing the non-parametric Wilcoxon-signed rank test (FDR < 0.05) (Supp. Table 

2).  This  analysis  yielded  modules of drugs,  sets of drug  profiles,  significantly 

associated with many cell types (Fig. 11A). 

Drug  modules  were  subject to downstream  analyses with the aim of deciphering 

MOA enrichment within each module.  MOA annotation remains a challenging work 

(Iwata et  al. 2017) ; a great number of drugs remain unannotated and many MOAs 
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are formed by a reduced number of drugs and thus hindering downstream statistical 

analyses. With this  aim,  Fisher’s  exact  test  was applied to each  module to 

interrogate  for  MOAs  enrichment  (Fig.  11B).  MOAs with less than 5 compounds 

were  excluded  from the analyses,  statistical  significance  was  determined  visually 

(elbow method) with a cut-off odds-ratio value > 10. 

Figure  11  |  DREIMT’s  database  analysis.  (A) Diagram  displaying  drugs (gray nodes) by cell type 

(red nodes). The inner circle contains cell types and drugs with multiple statistical targets. The outer 

circle includes drugs specific to cell types. Only cells with significant compounds are displayed in the 

plot. (B) MOAs enriched in the drug modules for cell type are depicted in blue as the Fisher’s exact 

test log2(odds-ratio) for tests with odds-ratio > 10. 
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Out of the 17 cell types in which the immune signatures are classified in DREIMT, 11 

were found to be statistically associated with at least one compound, moreover, all of 

these  11 cell  types  associated  drug  modules  were found enriched in  at least one 

MOA.  To illustrate  some of the results we analyzed the results of: T cells,  B  cells, 

MDSC, Nk cells and monocytes. 

T cells  were found to be enriched in drugs related to MOAs with known  biological 

implications  such  as;  MTOR, IGF-1,  RAF and PI3K  inhibitors.  MTOR inhibitor’s 

effects  are  relatively well known in regard to  T cell biology, showing  disparated 

modulatory effects in function of the T cell subtype. For instance, the MTOR inhibitor 

rapamycin  can both, expand  naturally  occurring  Tregs and induce  adaptive  Tregs 

from  conventional CD4 T cells  (Stallone et  al. 2016; Monti et  al. 2008) . However, 

long-term inhibition  of MTORC1 is  associated with ablation  of Treg  suppressive 

functions  (Chapman and Chi 2014) . On the T cell CD8 compartment, the activation 

of MTORC1 promoted the production of a cluster of CD8 cells with retained effector 

phenotype, while  CD8  with reduced MTORC1 expression showed retained memory 

phenotype (Zou et al. 2020; Araki, Youngblood, and Ahmed 2010) . These examples 

indicate the potential of MTOR targeted therapies to modulate T cells. PI3K inhibitors 

were also found to be enriched within the T cell signatures drug module. AZD8835, a 

PI3K inhibitor, directly promotes CD8 T cell survival and activity in vitro by increasing 

the autocrine  IL-2 loop, and thus, promoting  anti-tumor  immunity  (Carnevalli et  al. 

2018) . PI3K inhibitors have also been shown to enhance the anti-tumor capabilities 

of adoptively transferred CD8 cells (Bowers et al. 2017) . Furthermore, PI3K inhibitors 

are  associated with the inhibition of Treg cell’s  immunosuppressive  capabilities 

(Abu-Eid et al. 2014; Chellappa et al. 2019) . Other of the MOA found associated with 

T cells are the RAF inhibitors, these compounds have been observed to modulate T 

cell function by potentiating T cell activation both in vitro and in vivo (Callahan et al. 

2014) . Importantly, in contrast to the previous observation, other reports indicate that 

the RAF inhibitor vemurafenib reduced the cytolytic capabilities of CAR-T (Dörrie et 

al. 2018; Gargett et al. 2015) . Finally, IGF-1 inhibitors can be of utility as insulin plays 

a role in balancing the differentiation of T helper 17  and Treg cells  (DiToro et  al. 

2020; Bilbao et al. 2014) . 
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B  cells  signatures  reported  enrichment of drugs  associated with antimalarial and 

opioid receptor modulation. Chloroquine and pyrimethamine, both antimalarial 

treatments, have demonstrated to suppress B cell responses at low doses (Joseph, 

Eriksson, and Schofield 2019) . Although the relationship between opioids and B cells 

has not  been deeply studied, some reports have observed effects of opioids on the 

proliferation of B  cells.  For  instance, low doses of naltrexone  (opioid  antagonist) 

reversed  B  cell  lymphoma in  a  patient (Berkson, Rubin,  and Berkson 2007) . 

Furthermore, morphine  has been observed to induce the suppression of MHC-II 

expression in B  cells (Nugent, Houghtling, and Bayer 2011) and reduce their 

immunosuppressive capabilities (Rahim et al. 2005) . 

MDSC  cells  are of great  interest due to their tumor-supporting capabilities  through 

the inhibition  of T cell  activation (Feng et  al. 2018)  which  occurs, in part,  through 

arginase  (ARG1)  production  (Munder et al. 2006; Modolell et al. 2009) .  Within  the 

MDSC  drug-specific  module we observed an enrichment of phosphodiesterase 

inhibitors (PDEi). Leukes and colleagues showed the potential of PDE5i, as through 

PDE5i-induced  cGMP  up-regulation  mediated the downregulation of ARG1 and 

NOS2, two key  immunosuppressive  genes, and consequently  reducing  their 

immune-suppressive  capabilities (Leukes,  Walzl, and  du Plessis  2020) . These 

observations regarding the immunosuppressive  capabilities of PD5i were in 

agreement with others  made  by Serafini and colleagues (Serafini et al. 2006) , thus 

indicating the relevance of these PDEi compounds to regulate MDSCs. 

NK cells signatures were found enriched in MTOR inhibitors compounds, accordingly 

with this  observation, the literature  denotes the importance of MTOR as a master 

regulator in the development and functional  properties of NK  cells (C.  Yang  et  al. 

2018) , furthermore, MTOR inhibition is associated with NK cells hyporesponsiveness 

(Marçais et al. 2017; Rostamzadeh et al. 2019) . Other MOA of drugs found enriched 

within the NK cell module are the HMGCR  inhibitors  (statins)  which  are  known to 

impair the formation of effector–target cell conjugates and thus promoting the loss of 

NK  cell  cytotoxicity  (Raemer, Kohl, and Watzl 2009; Crosbie et al. 2013) . However, 

other authors have observed increased expression levels of perforin and IFNG in NK 

cells treated with rosuvastatin (Janakiram et al. 2016) . 
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Monocyte-derived  signatures  showed  enrichment of compounds related to BCL 

inhibition. Interestingly, BCL2- expressing monocytes  have been observed to 

spontaneously  undergo  macrophage differentiation  (Lagasse and Weissman 1997) 

and to attenuate inflammation in a cardiopathy-induced model (Niu, Azfer, and 

Kolattukudy  2006) . Furthermore,  human  cytomegalovirus  has been observed to 

promote the survival of infected  monocytes  by regulating  BCL2  family  proteins 

(Collins-McMillen et al. 2015) and thus highlighting the relevance of this family of 

genes for monocytes. 

Added to these  observations, querying the database for  signatures of interest we 

were capable of retrieving hypotheses whose results were found to be in agreement 

with the literature (Online Supp. File 4). Overall, these results indicate the capability 

of DREIMT’s  database to recover immunomodulating mechanisms described in the 

literature and puts in value the utility of the DREIMT as a methodology to generate 

drug hypotheses for downstream validations. 

4.2.5 Drug candidates, a comparison between genesets and signatures 

Transcriptome-based  drug  repositioning  methodologies,  such  as  DREIMT, can be 

performed on the joint use of the up- and down-regulated  genes of the immune 

signature  (bidirectional signature)  or on its independent use. With this in mind, we 

sought to investigate the concordance of the top-ranked drugs (absolute Tau > 90) 

proposed in DREIMT’s  database  based on the joint use of the up- and 

down-regulated gene sets to those  proposed  based on its independent use.  This 

analysis is aimed to decipher the importance of gene set selection for drug candidate 

search. 

Firstly, we calculated the percentage of top candidate drugs with phenotype boosting 

potential ( Tau > 90) proposed to the complete signature that were also found as top 

candidates phenotype boosters for either the up- or down-regulated gene sets ( Tau > 

90  and Tau <  -90  respectively).  Conversely, the identical procedure was performed 

with the  top candidate  drugs with phenotype  reverting potential ( Tau <  90). On 

average, 62.09%  and  61.5% (median 63.25  and 62.76) of the drug  candidates 

proposed to, respectively, boost  or to revert the immune  phenotype when jointly 

using the gene sets  were  also found as top candidates in either the up-  or 
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down-regulated gene sets  (Fig. 12 A-B).  Moreover, we investigated the degree of 

contradictory  candidates, i.e. drugs  proposed to boost  or to revert the phenotype 

when using the signature that were  proposed with the opposite effect when using 

either the up- or the down-regulated geneset. Only 2.62 % and 2.69% (median 2.15 

and 2.17) of the proposed  drugs on the signature  were found proposed with the 

opposite effect in either of the gene sets (Fig. 12 C-D). 

Figure 12 | Drug concordance histograms. Histograms displaying the distribution of the percentage 

of  drugs  proposed  to  boost/revert  the  immune  phenotype  when  using  the  complete  signature  that 

were  also  found  in  either  the  up- or  the  down-regulated  gene  sets. (A) Concordance in phenotype 

boosting  drugs. (B) Concordance  in  phenotype  reverting  drugs. (C) Drugs  proposed  as  phenotype 

boosters  with  the  signature  found  as  phenotype  reverters  in  either  of  the  gene  sets. (D) Drugs 

proposed as phenotype reverters with the signature found as phenotype boosters in either of the gene 

sets. 

The process  previously  described  was  repeated but accounting  only  for  drugs 

proposed to one  of the gene sets at the time. Overall, nearly 36% of the top drugs 

proposed for the signatures were also found as top candidates when employing only 

one  of the gene sets  (Fig.  13A).  Moreover, less than 1.5%  of the drugs  proposed 
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using the signatures were top-ranked with the opposite effect when using each gene 

set individually. 

Figure  13  |  Drug  concordance  heatmaps. Heatmaps  displaying  the  percentage  of  shared  drugs 

proposed to the signatures and to those proposed to its corresponding pair of gene sets in DREIMT’s 

database. (A) Mean and median between parenthesis. (B) Mean and median between parenthesis 

Finally, we investigated the agreement between the drugs proposed to each pair of 

gene sets. On average, 9.62% (median 6.39%) of the drugs proposed as boosting or 

reverting  phenotype  are  shared between the pair of  gene sets  (Fig.  13B). 

Nonetheless, on average a  5.76% (median  3.96) of the drugs  proposed  for  either 

gene set is top-ranked with the opposite effect in the other gene set pair. 

These  analyses highlight the importance of  gene selection  for drug 

transcriptome-based repositioning. Approximately 36% of the drugs proposed to the 

immune  signatures  were  also found as  top-ranked when only one  of the immune 

gene sets of the pair  is  employed, the concordance  increased to 62%  when  both 

gene sets  are  used independently. Noticeable, the agreement between the pair of 

gene sets of a given signature when used independently is low, on average ~10% of 

the drugs are shared between gene sets. This likely indicates that on average, each 

gene set  contributes with complementary rather than overlapping information of the 

biological  phenotype.  Thus,  prior  knowledge  can be  of  benefit to select the most 

likely relevant gene sets for drug hypothesis generation. 
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4.2.6 DREIMT’s signature-drug associations analysis 

On average, each immune entry in DREIMT’s  database  contains 468 compounds 

(median  signatures: 438, median gene sets:  366)  associated with  an absolute Tau 

score  > 90 (Fig.  14).  These  results  are in agreement with the expected function of 

the prioritization  procedure  employed in DREIMT, as the expected number of drugs 

within this Tau cut-off value is 469 (10% of the 4,690 drug profiles). 

Figure 14 | Distribution of high-scoring drugs. Histograms displaying the distribution of the number 

of drugs (absolute Tau > 90) per signature (left) and gene set (right). 

Nonetheless, the distribution of compounds associated per immune entry evidenced, 

mainly with the gene sets, the presence of entries with large numbers of high scoring 

associations. We sought to investigate the causes underlying this observation. Gene 

set  entries with more than twice  drug associations than the mean were selected (a 

total of 534 gene sets). The gene composition of these gene sets was compared to 

the rest of gene sets in DREIMT’s database. Only genes present in DREIMT’s drug 

profiles were taken into account for this analysis. For statistical power purposes, only 

genes  represented in  a minimum of 10 gene sets were employed. 659 genes were 

found enriched (Fisher’s exact test FDR < 0.05) in the high scoring gene sets, only 4 

genes  were found  to be  depleted. In  the light  of these  results, we sought to 

investigate the functional  role of these 659 genes. Downstream analyses revealed 
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strong  significant  enrichment in  gene ontologies  terms  related to cell division, DNA 

replication, chromosomal segregation and translation regulator activity (Fig. 15). This 

procedure  was  repeated with the signatures entries, only 7 genes were found to be 

enriched  (Fisher’s  exact  test FDR < 0.05) in the high scoring signatures, moreover, 

downstream  analyses did  not yield  statistically  significant  enrichment in any gene 

ontology. 

Figure  15  |  Biological  processes  associated  with  the  genesets. Barplots  displaying  gene 

ontologies terms enrichment on the 659 overrepresented genes of the high-scoring gene set entries. 

Redundant gene ontologies categories were collapsed into father categories (similarity > 0.7). 

The presence of a high proportion of cell division function genes helps to explain the 

existence of immune  entries with large  numbers of high-scoring  drugs.  This 

phenomena, in part,  can be explained  by the fact that a large number of the drugs 

employed in DREIMT  target  cell  cycle-related  processes.  Thus, in the context of 
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immune gene expression,  signatures with a high proportion of cell  cycle-related 

genes would tend  to mimic  drug  profiles  better than those not expressing  them. 

Noticeably, this  phenomena  is not observed when the repositioning  is  based on 

signatures rather than on the individual gene sets. 

4.3 Computational drug prescription, a case study I 

4.3.1 Significance 

To demonstrate the potential of DREIMT as a drug hypothesis generator for immune 

transcriptome, we sought to apply  our  methodology on  patient’s data,  with this in 

mind, we took  advantage of  a  31 melanoma  patients  scRNA-seq  cohort 

(Jerby-Arnon et  al. 2018) . This cohort is composed of immune checkpoint resistant 

patients, untreated patients and a responder patient. This data was generated at two 

phases  named;  Tirosh’s  cohort and the new cohort. In this study, a handful number 

of immune  cells  were  sequenced  alongside  tumor cells and the immune cells were 

assigned with  a functional  cellular  state.  To assign  these  immune  cellular  states, 

Jerby-Arnon and colleagues  employed  “well-established”  markers of these  cellular 

states on CD8+ and CD4+  cells to resolve;  cytotoxic,  naive,  exhausted and 

regulatory  cellular  states.  These  cellular  states  resolved  by  Jerby-Arnon and 

colleagues  are of great  utility  as  these  are  expected to represent the underlying 

functional  factors that characterize the tumor  supporting  or  tumor-suppressive 

characteristics of each immune cell type. 

With this data available, we sought to apply  DREIMT to generate hypotheses of 

drugs with the capability of modulating the immune cells with resolved cellular states. 

By  modulating  these  immune  functional  states, one might  aim to promote  a 

tumor-suppressing  microenvironment;  either  by inhibiting pro-tumoral  immune  cells 

or by promoting anti-tumoral cells. 

4.3.2 Data overview 

An initial analysis  based on UMPAs dimensionality  reduction  technique  (Fig.  16) 

revealed 3 major  immune  enriched  clusters  associated with; macrophages,  B cells 

and  a third  cluster  composed of T cells and natural  killer  cells. Cancer (malignant) 

cells did  not form a single  homogenous  cluster but instead  scattered  groups of 
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clusters  associated with the patient's  source. The 3 major  immune  clusters did not 

reveal any evidence of grouping by batch of origin, patients or treatment response. 

Figure  16  |  Jerby-Arnon  UMAPs. UMAPs  displaying  cell  clustering  by: (A) patient’s  treatment 

response (resistant, untreated or overall responder (OR)), (B) cohort source (New or Tirosh’s cohort), 

(C) patient’s source and (D) by major cell assignment. 

Of the 2,615 cells with CD8A/CD8B or CD4 expression, 797 cells were resolved with 

a functional  cellular  state  (Fig.  17), the rest of cells  remained  as unresolved. In an 

effort to obtain  a more  diverse  group of immune  cells, we attempted to classify 

macrophages into M1 and M2  subtypes  making  use of  a set of signatures derived 

both from in vivo and in vitro experiments (Orecchioni et al. 2019) . Despite this effort, 

macrophages were not resolvable in either of the  two groups. Due to  the fact that 

many patients  lacked  immune  cells with resolved  cellular  state and that the overall 

amount of immune cells per patient was low, our initial strategy of applying DREIMT 

to each patient was not feasible. For this reason, immune cells were merged across 
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patients and grouped  by  treatment;  resistant and untreated. The overall  responder 

patient was not taken into account due to the low number of immune cells to perform 

a differential expression analysis. 

Figure  17  |  Jerby-Arnon  cell  counts. Table  with  counts  of  T  cell  CD8+/CD4+  cellular  state 

assignation per patient. Cells labeled as “other” correspond to those whose functional state could not 

be resolved. 

4.3.3 Immune cellular states gene expression profiling 

We performed differential  expression analyses between cells with resolved cellular 

state to generate gene expression  signatures, the R package limma (Ritchie et  al. 

2015)  was employed. Gene expression signatures were derived by comparing cells 

with functionally related cellular states. With this aim, 10 gene expression signatures 

were generated by comparing the following cellular states on resistant and untreated 

patients  separately:  1)  T-regulatory  vs  exhausted  T-regulatory. 2)  CD8+ and CD4+ 

cytotoxic exhausted vs cytotoxic. 3) CD8+ exhausted vs cytotoxic. 4) CD8+ naive vs 

cytotoxic. 

The rationale behind these  comparisons was threefold.  First, to identify  drugs with 

the potential  of promoting  functional exhaustion on T-regulatory cells. By promoting 

functional exhaustion on T-regulatory cells, one might expect to induce a reduction in 

their  immunosuppressive  capabilities (Rosenblum,  Remedios, and Abbas  2015) . 

Second, identify drugs with the potential of reverting and/or avoiding the exhaustion 

phenotype of cytotoxic T cells.  By  avoiding T cell  exhaustion, we  would expect to 
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sustain the cytotoxic capabilities of CD8+ cells against tumoral cells (Ma and Tangye 

2016) . Finally, identify drugs with the potential of decreasing the activation threshold 

required by naive T cells upon antigen presentation (Almeida et al. 2016) . 

Differential expression analysis yielded (Fig. 18F), except for naive vs cytotoxic, low 

numbers of DEG (FDR < 0.05). To assess the biological relevance of these results, 

despite the low number of DEG, we surveyed the immune  markers’  expression 

change and performed GSEA on the expression profiles. Immune markers (Fig. 18A) 

were in agreement with the expected  results. The naive  vs  cytotoxic  clearly 

evidenced an up-regulation of naive  markers and down-regulation of cytotoxic 

markers. The exhausted  vs  cytotoxic  profiles  indicated an up-regulation of 

exhaustion  markers and  a faint down-regulation of cytotoxic  markers. On the other 

hand, the cytotoxic  exhausted  vs  cytotoxic  only  showed  a  down-regulation of 

exhaustion-specific  markers. Finally,  the T-regulatory  vs  exhausted  T-regulatory 

profiles evidenced a moderate down-regulation of exhaustion markers but no change 

on T-regulatory specific markers. 
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Figure  18  |  Biological  processes  associated  with  the  signatures (A) Heatmap representing the 

log2FC  of  immune  gene  expression  markers  (rows)  between  the  cellular  states  comparisons 

(columns). Immune markers are grouped by common cellular state representation, some markers are 

representative  of  multiple  cellular  states.  Pre-ranked  GSEA  of  biological processes on (B) resistant 

patients  CD8  exhausted  vs  cytotoxic (C) resistant  CD8  naive  vs  cytotoxic (D) untreated  CD8 

exhausted  vs  cytotoxic (E) untreated  CD8  naive  vs  cytotoxic (F) Table  with  descriptive statistics of 

immune  differential expression analyses. Gene expression signatures were generated by comparing 

case  cells  to  control  cells.  Patients  columns  indicate  the  number  of  patients  whose  cells  could  be 

retrieved  for each comparison. Cells columns indicate the number of cells involved in the differential 

expression  analyses.  The  DEG  column  denotes the number of genes found differentially expressed 

(FDR < 0.05). 
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Downstream  analyses,  through  GSEA  methodologies,  were  performed to retrieve 

biological  insights of the signatures, for these  analyses a cut-off  FDR value of  0.1 

was  employed. GSEA analyses revealed an enrichment of classical CD8+ cytotoxic 

pathways when compared to naive and exhausted cells (Fig. 18B-E), thus indicating 

the biological  relevance of the expression  profiles.  Specifically, cytotoxic  cellular 

states  were  enriched in  antigen processing and presentation processes, consistent 

with the biological  function of cytotoxic  cells.  Cytotoxic  cells  were  also  enriched in 

genes  related to  the IFNG pathway (Bhat et  al. 2017)  such  as;  response to IL-1 

(Ben-Sasson et al. 2013) and IL-12 (C. J.  Henry et  al. 2008)  pathways,  which  are 

involved in the promotion of expansion and  effector  functions of cytotoxic cells. 

Furthermore, the exhausted cells from resistant patients showed enrichment of IL-6 

mediated  signaling  pathway  (FDR  < 10⁻⁴) when compared to cytotoxic  cells.  This 

goes in  line  with the immune-suppressive effects of IL-6  inducing  exhaustion 

(Tsukamoto et  al.  2018; W. Wu et  al. 2015) , it is of  note that only  treated  patients 

showed  this  enrichment.  Overall, the cytotoxic  cells when compared to naive and 

exhausted  showed higher  metabolic  activity, as  demonstrated  by the fact that in all 

four  analyses  cytotoxic  cells  were  enriched in OXPHOS,  NADH and glycolytic 

metabolism  (Supp.  Table 3).  Curiously,  the differential  expression  profiles  derived 

from the comparison of cytotoxic exhausted vs cytotoxic yielded a very low number 

of significantly  enriched  biological  processes.  Only the CD8 resistant  patient's 

signature  yielded an enrichment  for antigen presentation on cytotoxic  cells when 

compared to cytotoxic  exhausted  cells. The absence of significant results for these 

signatures  might be indicating that  the markers  employed to resolve  these  cellular 

states  are unable to separate  these two cellular  states  completely. T-regulatory  vs 

exhausted  T-regulatory did  not yield any significant enrichment of interest, although 

near the significance cut-off a negative enrichment of IL-12 and IL-6 production and 

negative  regulation of T cell differentiation on the signature from untreated patients 

was observed. 

4.3.4 Computational drug repositioning 

Due to  the lack of significant genes in most of the cellular state  comparisons, the 

selection of genes  for  drug  repositioning on DREIMT’s  methodology  was  based 

solely on the gene  log2FC. The top- and bottom-most 150  differentially  expressed 

genes from each comparison were selected as immune signatures and both, the up- 
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and the down-regulated gene sets were jointly taken into account for DREIMT’s drug 

repositioning. For each immune signature, DREIMT returned a vector of 4,690 drugs 

ranked  by the Tau score. On average,  DREIMT offered 788.7 (median  763.6) 

compounds with an absolute Tau score > 90. 

DREIMT’s  ranked  drug  lists  were  capable of separating  cells  by CD4+ and CD8+ 

markers and also  grouped  cells  by  cellular  state  comparison  (Fig.  19). On  the 

contrary,  the cellular  states  were not separable when using the log2FC values. 

Neither the Tau scores  or the log2FC values  were  capable of grouping  profiles  by 

patient’s  treatment.  This  likely  indicates that DREIMT  drug  ranks  are  capable of 

partially recuperating the underlying structure of the data as it is capable of grouping 

samples by cellular states. 

Figure  19  |  Analysis  of  drug  ranks. Principal component analysis (PCA) (A) of DREIMT’s ranked 

compounds and (B) of gene expression profiling. DREIMT’s ranked drugs separate CD4+ and CD8+ 

on  the  basis  of  the  second  component.  The  two  first  components  of  DREIMT’s  ranked  drugs  are 

capable of separating samples by cellular state comparisons. The samples are not separable on the 

basis of the patient’s treatment. The two first components of the DREIMT’s Tau score explain 61.5% 

of the variance compared to the 42.6% of the explained variance in the gene profiles. 
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DREIMT’s compound lists were compared across the cellular state signatures. Three 

significant  clusters  were  detected  (AU  >  0.95)  employing the bootstrapping-based 

hierarchical  clustering  methodology pvclust (Suzuki and Shimodaira  2006) . These 

clusters were in agreement with the cellular states (Fig. 20); a cluster formed by all 

exhausted  vs  cytotoxic  signatures,  other  by the naive  vs  cytotoxic and the third 

cluster  by  T-regulatory  vs  exhausted  T-regulatory. Pearson’s  correlation of drug 

ranks,  according to  the clustering,  revealed  positive  correlations between ranks 

derived  from the same  cellular  state  comparisons. It is of  note the high correlation 

between the pair of ranks  from the naive  vs  cytotoxic  cellular  states and the low 

correlation between the T-regulatory derived signatures. 

Figure  20  |  DREIMT’s  result  heatmaps. (A) Tau score  clustered  heatmap.  Rows  represent  the 

compounds  while  in  the  columns the cellular state derived signatures. Clustering was performed on 

the euclidean distance and complete agglomerative clustering (B) Pearson’s correlation between the 

DREIMT’s drug ranks. 

4.3.5 Common drug prescription 

Based on the observations made in the previous section, we proceeded to generate 

aggregated  drug  ranks within each of the three clusters to identify compounds with 

the potential  of modulating  multiple  signatures.  Ranks  were  aggregated  using the 

median Tau score  value of each  drug list and top reverting compounds ( Tau < -90) 

were  analyzed.  Mild  correlations between the aggregated  ranks  were found (Fig. 

21C), the highest  correlation  corresponded to  the drug  ranks of Treg vs exhausted 

Treg to exhausted  vs  cytotoxic  (Pearson,  -0.48).  This  moderate  anticorrelation  is 

consistent with the fact that both signatures were derived from comparing cells with 
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exhausted markers. Despite these mild correlations, we aimed to search for common 

drugs across the ranks (Supp. Table 4). 

Firstly, we searched for drugs that could potentially revert all three signatures ( Tau < 

-90). No common  compounds  were found  to satisfy the criteria  across all three 

ranks,  however,  two common  compounds  were found  to boost the cytotoxic 

phenotypes  (Fig.  21A).  Among  these two compounds we encountered the 

sulfamonomethoxine,  interestingly, a compound  derived from this antibiotic was the 

first  disclosed  inhibitor  targeting the PD1/PD-L1  axis (Guzik et al. 2019) . Moreover, 

this compound was found to inhibit the PD1 expression in transgenic mouse T cells 

(J. Li  et  al. 2019) and rescuing the PD1-mediated IFNG inhibition (T. Wang  et  al. 

2019) . 

On the other hand, a total of  14 compounds were found  to commonly  revert the 

T-regulatory  vs  exhausted  T-regulatory and the CD8 naive  vs CD8 cytotoxic 

signatures  (Fig.  21B).  These  compounds  potentially  might  act  as double swords 

drugs  by inhibiting Tregs and promoting  cytotoxic CD8 cells.  Among  these 

compounds, we observed the CMPD1,  a  p38-mediated  MK2  phosphorylation 

inhibitor. This  compound  is of interest  as  other p38 MAPK  inhibitors,  such  as 

SB203580,  abrogated  TNF-induced  expansion of Tregs in vitro and the expression 

TNFR2 and FOXP3  (T. He  et al.  2018; M.  Wu  et  al. 2016) . Furthermore, the 

blockade of PD1 and  p38 has been observed to enhance  senescent CD8 cell 

proliferation (Henson et al. 2015) . 

We also investigated the  top shared reverting  drugs  by  signatures  derived  from 

exhausted  cells. The intersection of these two sets  was  selected  as  common 

exhaustion promoting or inhibiting potential candidates (Fig. 21B).  A total of 7 drugs 

were found under the specified  criteria as exhaustion inhibitors and 20 as common 

exhaustion  promoters.  Among the compounds with exhaustion-reverting potential, 

we observed the meropenem, a β-lactam  antibiotic.  These  antibiotics  can  act  as 

modulators of T  cell  behaviour and have  shown to up-  or  down-regulate 

proinflammatory  T  cell  phenotypes (Mor and  Cohen 2013) , moreover, these 

compounds are known for their side-effects inducing allergic reactions (Luque et al. 

2001; Jenkins et al. 2013) . Within the overlapping compounds with 
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exhaustion-promoting potential, we observed the phospholipase inhibitor (PLD1 and 

PLD2) CAY-10594.  This compound is of interest as multiple reports have highlighted 

the role of PLD in the effector and expansive capabilities of T cells. PDL1 deficiency 

has been found  to impair the TCR-mediated  signaling,  expansion and  effector 

functions of T cells in response to Listeria  (Zhu et  al. 2018) . Furthermore, using a 

PDL2-knockout  mice  model,  researchers found  that PDL2  regulates CD8 cytotoxic 

proliferation through the activation of the Ras/Erk  signalling  pathway  resulting in  a 

depletion of cytotoxic T cells (Bich et al. 2018) . Thus, PDL inhibitor compounds might 

be of interest within the scope of autoimmune diseases. 

Figure 21 | Shared compounds across signatures. Results from the aggregated rank analyses. (A) 

Common  drugs  found  to  inhibit  all  three  meta  drug  ranks (B) Drugs  found  shared  for  signatures 

generated  from  exhausted  cells (C) Correlation  between  the drug aggregated ranks. (D) Significant 

MOA  overlapping  (Fisher’s  exact  test  FDR  <  0.05)  on  the  signature reverting drugs (Tau < -90) for 

each drug aggregated rank 
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4.3.6 Computational drug prescription for resistant patients 

With  the aim of  obtaining  a deeper insight on DREIMT’s  generated  hypotheses, 

three  signatures  derived  from the resistant  patients  were  selected. The signatures 

derived  from the comparison of cytotoxic exhausted labeled cells were not included 

in this analysis, exclusion was based due to the absence of significant enrichment in 

biological  processes  (GSEA  analysis of section  4.3.4). The main  interest  was 

focused on drug  candidates  capable of promoting  a  tumor-suppressing 

microenvironment,  thus  reverting the immune  signatures  (Fig. 22, Supp.  Tables 

5-10).  Firstly, an enrichment  analysis on each of the drug  lists  was  performed to 

search for drug MOAs significantly associated (FDR < 0.25) with the reversion of the 

signatures, only MOAs with more than 5 compounds were taken into account for this 

analysis.  Secondly,  top 20 negative scoring drugs based on Tau score and on DSS 

were  selected  as top candidates. Finally, a  second  set of  20 negative  scoring 

candidates  were  selected  based on the Tau score and DSS  ordering, in this case, 

drugs  whose  MOA  was not found  to be statistically  enriched  were not taken into 

account. 

All three drug lists yielded enrichment in at least 4 different MOAs and only one MOA 

(dopamine  receptor  agonists)  was found  to be enriched  across two of the lists. 

Within the top 20 ranked compounds, at least 30% were annotated as approved, this 

increase in the case of compounds filtered whose MOA was found enriched with at 

least 40% of drugs annotated with approval status. 

In the next pages, a selection of some of the most relevant candidates based on the 

previous  filters  is  presented with  a brief  description  based on the literature that 

supports their potential to modulate the signature. 
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Figure 22 | DREIMT’s proposed compounds to revert signatures (A) resistant Treg vs exhausted 

Treg (B) resistant  naive  vs  cytotoxic (C) resistant  exhausted  vs  cytotoxic.  MOAs  enriched  in  the 

negative  extreme  of  the  compound  lists  (FDR  <  0.25)  (left column). Top 20 compounds ordered by 

Tau score  and DSS score (central column). Top compounds whose MOA was found enriched in the 

negative portion of the drug list ordered by Tau score and DSS (right column). 

T-regulatory vs exhausted T-regulatory reverting compounds 

Within  the  top candidates proposed to revert the T-regulatory vs  exhausted 

T-regulatory signature we encountered; NU-7026, IKK16, tyrphostin-51, triamterene, 

isorotenone,  sorafenib,  sunitinib,  cyclosporin-a and tacrolimus. 1) NU-7026  is a 

DNA-PK inhibitor, interestingly other DNA-PK inhibitors have proved to reduce Tregs 

maintenance  by  blocking the phosphorylation of Nr4a (Jeon et al. 2018) . Moreover, 

NU-7026 has been found  to block  Nr4a phosphorylation in mouse  embryonic 

fibroblasts (Malewicz et  al.  2011) . This compound  is of interest  as  Nr4a is 

responsible  for  controlling  FOXP3  expression,  a  T-regulatory  master  regulator 

(Bandukwala and Rao 2013; Sekiya et al. 2018) . 2) Another candidate of interest is 

IKK-16 (IKKb inhibitor), it has been observed that IKKb inhibition reduced circulating 

Treg and downregulated  FOXP3 and STAT5 phosphorylation without  affecting the 

activated  cytotoxic CD8 cells (Heuser et  al. 2017) . Furthermore, constitutive 

66 

https://paperpile.com/c/m4v5OW/GTPuW
https://paperpile.com/c/m4v5OW/98xfC
https://paperpile.com/c/m4v5OW/senCS+aRwyS
https://paperpile.com/c/m4v5OW/YVo8D


      

  

                                                             

                                                                     

                                              

                                                          

                                              

                                                           

                                                     

                                                      

                                                          

                                                      

                                                               

                                                    

                                          

                                                                  

                                                            

                                                     

                                                      

                                                                      

                                        

                                                           

                                        

                                                                         

                                       

                                              

                    

  

                   

                                                          

                                       

                                                            

                                                                      

                                             

                                                    

                                                

        

Results | 

activation of IKKb in Treg cells partially  rescues  Treg population  in TAK1  Treg-KO 

mice  (Chang, Hu, and Sun 2015) . Finally, Treg  cells  were  almost  absent in two 

IKK-deficient  patients (Prescott and Cook 2018) . 3) The EGFR  inhibitor 

Tyrphostin-51 is of interest due to the evidence that Tregs are directly dependent on 

EGFR-mediated  signaling  for  their in vivo functioning (MacDonald and Zaiss 2017) . 

A demonstration of the potential of EGFR inhibitors on Tregs is the case of gefitinib, 

whose  use  restored the activity of GSK-3β  which  consequently  reduced  FOXP3 

expression (Sihua Wang et al. 2016) . 4) Triamterene, a sodium channel blocker, was 

found as the third-highest ranked  compound by DREIMT. This drug was one of the 

compounds found in  a drug screening to inhibit FOXP3+ zebrafish regulatory T cell 

recruitment  (Zwi et  al. 2019) . 5) The pesticide isorotenone was also among the top 

candidates,  this  compound  despite  inducing  oxidative  stress and  high toxicity  was 

found to impair, at low concentrations, Treg suppressive properties without affecting 

conventional T cells  as  these were  still  capable of proliferating  freely  (Beier et  al. 

2015) . 6) Sorafenib and sunitinib  are  also described to decrease the frequency  as 

well as to induce apoptosis of T-regulatory cells. Although some reports indicate that 

this effect might be tumor-independent, more studies should be carried to clarify this 

relationship (Desar et al. 2011; Kalathil et al. 2016; M.-L. Chen et al. 2014; D. Liu et 

al. 2017) . Interestingly, vatalanib and amuvatinib, two compounds with shared MOAs 

with sorafenib and sunitinib,  were  also proposed  by  DREIMT and thus  supporting 

their potential modulatory  capabilities on T-regulatory cells. 7) Although not present 

within any of the  two  top 20 candidates  rank, but  with  a Tau score below -96, we 

encountered  cyclosporin-a and tacrolimus.  Both  substances  have been found 

capable of decreasing  Treg  proliferation, moreover, cyclosporin-a at low doses also 

reduced their activity (Miroux et al. 2012) . 

CD8 naive vs CD8 cytotoxic reverting compounds 

Multiple  compounds of interest were found to revert the naive vs  cytotoxic CD8 

derived  signature:  gingerol,  R-59022,  PSB-06126,  BMY-7378 and phorbol 

12-myristate  13-acetate. 1) The naive  vs  cytotoxic  revealed  gingerol  as one  of the 

top 20 candidates, this result is in line with the results derived from the report of Ju 

and colleagues  which  revealed that gingerol  treatment on tumor-bearing  mice 

caused  infiltration of  CD8 cells  (Ju et al. 2012) . Furthermore, gingerol-treated mice 

CD8 cells  strongly  expressed  markers  associated with cytotoxicity  such as; IFNG 
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and  CD107a. However, another  study indicated that gingerols inhibited DNA T cell 

and IFNG synthesis (Bernard et al. 2015) . 2) R-59022, a diacylglycerol kinase 

inhibitor (DGK), was also found within the top 20 candidates. Reduced DGK activity 

is  associated with enhanced  primary  response  against  viruses,  moreover, DGK  is 

highly  expressed in naive T cells  prior to its  down-regulation upon naive activation 

(Krishna and Zhong 2013) . High DGK expression disables MAPK pathways, causing 

dysfunction of infiltrating CD8, this effect has been observed to be reversible with 

pharmacological intervention (Prinz et  al. 2012) . Moreover, in  a tumor  implanted 

experiment, DGK-deficient  CAR-T  cells  were found more effective in limiting tumor 

growth  (Riese et  al. 2013) and with a higher  proliferation  response to IL-2 (Moroni 

2013) . With these  results,  besides the likely augment in cytotoxic  capacities 

promoted  by  DGK  inhibitors, we wonder  whether  these  compounds  might  also be 

suitable to facilitate naive T cells activation by lowering the activation thresholds. 3) 

The NTPDase 3 inhibitor  PSB-06126  is  another of the  top interesting  candidates 

proposed by DREIMT to revert the signature. CD39 (ENTPD1), a gene belonging to 

the NTPDase family, identifies terminally exhausted CD8 T cells (Gupta et al. 2015) 

and its up-regulation  is  associated with acute infection and inflammation sites 

dampening  responses to bacterial  infection  (Raczkowski et al. 2018) . This  result, 

although interesting, is curious as cells involved in this signature were not classified 

on the basis of exhaustion  markers. 4) Finally, BMY-7378 and serotonin  are 

respectively partial and complete serotonin receptor agonists. Serotonin might act as 

an autocrine factor to enhance early T cell activation and function in naive cells, and 

furthermore is associated with IFNG, IL2 and IL16 release in lymphocytes (Franco et 

al.  2007; León-Ponte, Ahern, and O’Connell 2007; Herr, Bode, and Duerschmied 

2017) . 5) The phorbol  12-myristate 13-acetate (PMA)  despite not  being present 

within any of the top 20 candidates ranks it was found below threshold Tau -90. PMA 

is a diacylglycerol analog, which is of interest due to the properties shown by other 

diacylglycerol  analogs  as it is the ingenol mebutate. Ingenol was found  to revert 

hypofunctional  states and promote effector  functions in  CD8 cells in the screening 

platform ReFRAME (Marro et al. 2019) . 

CD8 exhausted vs CD8 cytotoxic reverting compounds 

Finally, the CD8 exhausted vs cytotoxic signature, as the other signatures, revealed 

potential candidates within the top-ranked  compounds to revert the signature; 
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Lamivudine,  indirubin,  GGTI-297,  SIB-1893,  SIB-1757 and orantinib. 1) Lamivudine 

is an antiretroviral medication used to prevent and treat HIV and employed in chronic 

hepatitis B. Interestingly, lamivudine has been associated with an early enhance of T 

cell  frequency and intensity of responses  against  hepatitis  B  viral  proteins and 

peptides and thus overcoming cytotoxic T cell hyporesponsiveness (Boni et al. 2003; 

Kondo et  al. 2004) 2) Indirubin  is  also of interest as it inhibits glycogen synthase 3 

(GSK3).  This inhibition is  associated with TBX21  (Tbet) and  a subsequent 

suppression of PD1 and an enhancement of cytolytic capabilities (Taylor et al. 2016; 

Blažević et al. 2015; Rudd, Chanthong, and Taylor 2020) . However, indirubin is also 

an aryl  hydrocarbon  (Ahr)  agonist.  Ahr  impairs  some  cytotoxic  functions of T cells 

(Kerkvliet,  Shepherd, and Baecher-Steppan 2002) , for  instance, Ahr  is  linked to 

aberrant  response  during  influenza  (Winans et al. 2015) and is associated with the 

immunosuppressive kynurenine  pathway  (Campesato et  al. 2018) . 3) GGTI-297, a 

geranylgeranyltransferase  (GGTase-I) inhibitor, is another of the compounds within 

the  top 20 rank.  A  mice  model with  CD4 T cell-specific  Pggt1b  loss, one  of the 

GGTase  subunits,  developed  spontaneous  colitis with increased  expression of 

inflammatory  cytokines  (17A, IL17F,  IL22 and TNF) (Lopez-Posadas et  al. 2019) . 

Another  report  indicated the  GGTase inhibition decreased the differentiation of T 

helper 17 cells and enhanced the differentiation of Foxp3+ CD4+ T cells (Kagami et 

al. 2009) , importantly these  studies were  performed on  CD4  and  not  in  CD8. 4) 

DREIMT  top-ranked  drugs were  highly  enriched in glutamate  receptor  modulators. 

For  instance  SIB-1893 and SIB-1757, both found within the  top 20 candidates of 

MOA  enriched  drugs,  are  antagonists of glutamate  receptor  5  (mGLUR5). 

Importantly, mGLUR5 mediates inhibitory effects on T cell proliferation in opposition 

to mGLUR1, which enhances the secretion of multiple chemokines such as: IL2, IL6, 

Il10, TNFa and IFNg (Pacheco et al. 2007) . 5) Outside the top 20 ranked compounds 

but  with a  high Tau score we encountered the oratinib, a VEGFR2 inhibitor. This 

compound  is of interest  as  VEGFA  directly  enhances the expression of inhibitory 

receptors  involved in T  cell  exhaustion,  furthermore  anti-VEGFR2 but  not 

anti-VEGFR1  was able to block  VEGFA  induced  up-regulation of some  inhibitory 

receptors (Voron et  al.  2015; Gavalas et al. 2012) . Moreover, targeting the 

VEGF/VEGFR  axis  can both promote cytotoxic infiltration and Treg inhibition (J. 

Yang, Yan, and Baorui 2018; Tada et al. 2018) . 
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4.4 Computational drug prescription, a case study II 

4.4.1 Significance 

As with the previous case of study and with the aim of demonstrating the potential of 

DREIMT as a drug hypothesis generator for immune transcriptome data, we sought 

to apply our methodology to other patient’s datasets. In contrast to the previous case 

of study, which  was  aimed with the purpose of proposing  drugs to potentiate the 

tumor-suppressing capabilities, this case of study is aimed to propose compounds to 

ameliorate immunotherapy-induced bowel overreacting immune cells. To this extent, 

we took advantage of a recently published scRNA-seq study (Luoma et al. 2020) of 

16 patients  composed  by; 6  melanoma  patients  treated with anti-CTLA-4  or 

anti-CTLA-4  combined with anti-PD1 that resulted in colitis  (CPI+  colitis),  5 

melanoma  patients  treated  as the previous but that did  not result in colitis and  5 

control  patients (Fig. 23). With this in mind, we took advantage of the characterized 

immune  cells of this  study and selected  those  immune cells, that based on current 

knowledge,  more  likely  associated with the course of colitis  as  therapeutic 

candidates. 

Immune  checkpoint  inhibitors  have  proven to be  effective  therapies enhancing the 

immune  system  against  multiple  tumor  types  (Hargadon,  Johnson, and Williams 

2018) . However, over 40% of treated patients suffer from serious irAEs (Perez-Ruiz 

et  al. 2019) , which in turn results in high rates of treatment termination. One of the 

most frequent irAES is colitis, a colonic inflammation, resembling inflammatory bowel 

disease (IBD). Colitis is associated with ~2% of patients treated with anti-PD1, 9% of 

patients treated with anti-CTLA-4 and ~13% of patients treated with the combination 

of  both (Kennedy and Grivas 2020; Bellaguarda and Hanauer  2020) . Colitis 

management  includes the withhold of checkpoint therapy and treatment with 

corticosteroids  or  anti-TNF  therapy to those  patients  refractory to corticosteroids 

(Som et al. 2019) . 

Although multiple factors have been found to be associated with colitis, the ultimate 

causes  remain to be elucidated. Hyperactivation of effector T cells and lymphocytic 

infiltration in the intestinal  mucosa  is one  of the factors  associated with 

checkpoint-derived colitis. According to this, some authors have observed increased 
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infiltration of CD4+  cells  associated with T helper 1  and  17  effector  responses 

upregulation in the lamina propria (Siakavellas and Bamias 2018) . Furthermore, 

T-regulatory  cells constitutively  express CTLA-4, this makes them susceptible to be 

targeted  by  anti-CTLA-4  treatments and thus  diminishing  their  suppressive 

capabilities  which in turn led to an uncontrolled  overactivation of cytotoxic immune 

cells  (Som et  al. 2019; Bellaguarda and Hanauer 2020) . Myeloid  cells  have been 

also  associated with colitis by failing to control the inflammation and instead 

promoting effector T cell expansion and innate lymphoid cells (ILC) (Yungang Wang 

et al. 2020) . Finally, the composition of the gut microbiota has been also associated 

with checkpoint-derived colitis, in this regard, the presence of specific bacterial phyla 

have been associated with colitis (Som et al. 2019; Bellaguarda and Hanauer 2020) . 

Despite the still limited knowledge of checkpoint-induced colitis,  current  insights 

denote the importance of controlling  these  irAEs to minimize  treatment 

abandonment. Following  the literature and the characterization of the sequenced 

cells, we aimed to propose  candidate  drugs with the potential to modulate immune 

cells to ameliorate checkpoint-induced colitis. 

Figure 23 | Luoma UMAPs (A) Main cell types (B) Cells subtypes with interest in the development of 

colitis. T resident memory (Trm), Innate lymphoid cell (ILC), Intraepithelial lymphocyte (IEL),  Lamina 

proia (LP) (C) Cells depicted by cohort source. Importantly, clusters were defined following the marker 

selection employed in the original publication. 
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4.4.2 Data overview 

We selected from the dataset immune cells described in the literature with potential 

implications in the course of colitis to derive signatures. Signatures were generated 

by  comparing  immune  cells of CPI+  colitis  patients to those  cells  from  colitis-free 

patients.  Cells  from  CPI+  colitis-free  patients and control  patients  were pooled 

together due to the high similarity of their signatures when compared to CPI+ colitis 

patients separately (Fig. 24A). Two of the immune cells of interest, cytotoxic effector 

and Th1 effector cells, showed mild correlations between control samples and CPI+ 

colitis-free samples compared to CPI+ colitis samples. This discrepancy is likely due 

to  the low number of cells  present in the colitis-free  cohorts and thus  yielding 

unstable results (Fig. 24B). 

The signatures  yielded results consistent with the known  etiology of the disease, 

overall, an up-regulation of key  cytotoxic effector  genes  such  as  granzymes and 

perforin  was  observed in the CPI+  colitis  cells  compared to those of colitis  free 

patients  (Fig. 24C). LAG3 up-regulation has been observed in the inflamed mucosa 

of ulcerative  colitis  patients (Slevin et al. 2020) , according to this, our analysis also 

reported an up-regulation of LAG3 in those  cells with cytotoxic  functions. A global 

up-regulation of IRF1 was also observed, consistent with observations in IBD (Tang 

et al. 2014) and in agreement with the use of anti-TNF therapies as TNF is known to 

induce IRF1 (Yarilina et  al. 2008; Venkatesh et  al. 2013) .  In  the same  manner, as 

IRF1, STAT1 was found up-regulated in all CPI+ colitis patients cells, which is also 

consistent with the use of anti-TNF  agents  as  STAT1 mediates  multiple  processes 

induced  by TNF (Y. Wang et al. 2000) . Treg cells in CPI+ colitis patients denoted a 

down-regulation of IL10, this observation is congruous with poor functional Tregs as 

IL10-producing  Treg  cells  are  known to mediate in the suppression of inflammation 

(Chaudhry et al. 2011; Shimin Wang et al. 2016; Schmitt et al. 2012) , moreover, mice 

with Treg IL10 knockout  develop spontaneous colitis (Ng et al. 2013) . Furthermore, 

Treg  cells denoted  a down-regulation of LAG3,  concordant with observations 

indicating that LAG3 deficient Tregs  have  reduced  regulatory  activity (Thaker et al. 

2018; Huang et al. 2004) . Finally, myeloid cells from CPI+ colitis patients showed an 

up-regulation of CXCL9 and CXCL10, these chemokines act  as  ligands to recruit 

CXCR3+ T cells (Kuo et al. 2018; Luoma et al. 2020) . Moreover, CPI+ colitis myeloid 

72 

https://paperpile.com/c/m4v5OW/kT5Mq
https://paperpile.com/c/m4v5OW/OzxCI
https://paperpile.com/c/m4v5OW/OzxCI
https://paperpile.com/c/m4v5OW/Pij9T+doHuX
https://paperpile.com/c/m4v5OW/7Vev8
https://paperpile.com/c/m4v5OW/Ct3MN+bM6NY+c4dcs
https://paperpile.com/c/m4v5OW/v0ryV
https://paperpile.com/c/m4v5OW/YlGIY+8Yv8r
https://paperpile.com/c/m4v5OW/YlGIY+8Yv8r
https://paperpile.com/c/m4v5OW/gzwYj+LUC4v


      

  

                                                     

                                                          

                                                               

                                                          

                                                  

            

  

                                                                       

                                                                                      

                                                                                

                                                                                       

                                                

  

                                                       

                                                    

                                                  

                                        

                                               

        

Results | 

cells  were found  to be up-regulated in other inflammatory factors, such as S100A8 

and S100A9, with known immune cell recruitment  functions  (Siwen  Wang  et  al. 

2018) . These  results  are  likely  indicating  three  main  points that are in agreement 

with the current knowledge of the disease; an overall up-regulation of T cell cytotoxic 

functions, poor regulatory activity of Tregs and a high of pro-inflammatory cells such 

as the myeloid cells. 

Figure  24  |  Overview  of  scRNA-seq  colitis  data.  (A) Pearson’s  correlation  coefficient  between 

profiles  generated  from  the  comparison  of  CPI+  colitis  vs  CPI+  colitis-free  to  those  generated  by 

comparing  CPI+  colitis  vs  control. (B) Proportion  of  cells  per  patient  cohort. (C) Selection  of 

differentially  expressed  genes  (FDR  <  0.05)  of  CPI+  colitis  vs  colitis-free  samples,  colored  by  the 

log2FC. (D) Number of compounds (Tau < -90) shared across cell types. 

With these observations in mind, for each of the 8 gene expression comparisons, we 

selected the  top up and down differentially expressed genes (FDR < 0.05, between 

15  and  200 genes).  These  signatures  were then employed, following DREIMT’s 

methodology,  to generate  hypotheses of compounds with the potential capability of 

reverting  signatures  involved in CPI+ colitis. Compounds ( Tau < -90) shared across 
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signatures  (Fig.  24D)  were then analyzed to search  for potential therapeutic 

candidates. 

4.4.3 Computational drug prescription for CPI+ colitis patients 

With the aim of selecting compound candidates with potential therapeutic utility in the 

context of CPI-induced  colitis, we explored the  top 15 compounds with reverting 

potential ( Tau <  -90)  shared  across the maximum  number of signatures  (Fig. 25, 

Supp.  Table 11).  Among  these  candidates, 7 compounds  were found of interest 

based on current  literature  knowledge;  ivachtin,  guggulsterone,  finasteride, 

artesunate, alprazolam, CAY-10578 and L-701252. 

Figure  25  |  Top  shared  compounds  with  colitis  reverting  potential. Top  15 shared compounds 

across the immune gene expression signatures with reverting potential (Tau < -90). Blue Tau > 90, red 

Tau < -90, white associations compressed between Tau 80 and -80. 

Ivachtin, a caspase 3  inhibitor, was one  of the  two compounds found below the 

specified Tau threshold  across all the signatures.  Ivanchtin  is of interest  as  some 

authors  have  observed that caspase 3 activation  participates  during antigen-driven 

expansion of  CD8 cells  (McComb, Mulligan, and Sad 2010; Alam et  al. 1999) and 

enhances T cell cytotoxicity (J. Liu et al. 2019) . Importantly, this caspase 3 mediated 
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activation  is  produced without cell death in proliferating CD8 cells. Moreover, some 

studies have  already  demonstrated that caspase 3  inhibition results in defective T 

cell  proliferation following stimulation of naïve T cells (Sabbagh et  al. 2004) . The 

other compound  shared  across all signatures was the plant sterol guggulsterone. 

Guggulsterone has  demonstrated to ameliorate  DSS-induced murine colitis (Cheon 

et  al. 2006)  through the inhibition  of NF-KB signaling in intestinal epithelial cells. 

Mechanistic in vitro studies using CD4 cells from intestinal  lamina  propria  have 

denoted that guggulsterone  also  regulates the function of  effector T cells including 

the attenuating IL2, IL4, IFNG and T cell proliferation (Mencarelli et al. 2009) . 

Multiple compounds of interest were found below the specified threshold for 75% of 

the signatures. 1) Among  these we encountered the finasteride, a 5α-reductase 

inhibitor, which  has  shown to reduce the plasmatic  levels of multiple  cytokines, 

including TNFA, of mice treated prior trauma-hemorrhage (Frink et al. 2007; Zeckey 

et  al.  2011) . Furthermore, finasteride also decreased TNFA levels and inflammatory 

cell  counts in the prostate of mice with  benign prostatic  hyperplasia 

(Vásquez-Velásquez et al. 2020) . 2) Artesunate,  as finasteride, was found 

associated with 6 of the signatures, this compound has been observed to ameliorate 

mice  dextran  sulfate  sodium  (DSS) and 2,4,6-trinitrobenzene  sulfonic  acid  (TNBS) 

induced colitis (Z. Yang et al. 2012) . Furthermore, artesunate suppresses in vitro and 

in vivo TNFA  production  by macrophages  expression  as well as T helper 1  and T 

helper 17 responses. 3) Benzodiazepines  such  as  alprazolam  have been also 

associated with inhibitory effects on the proliferative  response of B and T cells and 

TNF reduction  by peritoneal macrophages (Schlumpf, Ramseier, and Lichtensteiger 

1989) . Furthermore,  alprazolam  was  associated with increased  cortisol and total 

glucocorticoid  levels in rat models (Arvat et  al. 1999) , these  last are  known to 

regulate  immunity  by inhibiting lymphocyte activation (Cain and Cidlowski 2017) . 4) 

Another compound of interest found among the top-most shared is the CAY-10578, a 

potent casein kinase 2 (CK2) inhibitor. Interestingly, CK2 is required by CD4 cells to 

induce colitis and controls the proliferation and differentiation into T helper 1 and 17 

(W. Yang  et  al. 2020) . According to this,  CK2 deficient CD4 cells failed to induce 

colon  inflammation,  furthermore,  this  deficiency  promotes the differentiation of Treg 

FOXP3  cells  (W. Yang et al. 2020; Gibson and Benveniste 2018) which might favor 

the control of colitis. 5) The L-701252, a NMDA antagonist, can be of interest  as 
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NMDA  antagonist  therapy  reduced  signs of inflammatory  activation in a 

TNBS-induced colitis  model  (Érces et al. 2012) . Furthermore, NMDA antagonists 

enhanced the expression of FOXP3 in splenic  T  cells attenuating arthritis 

development and shifted the balance of T helper towards the immunosuppressive T 

helper 2 phenotype (Orihara et al. 2018) . 

The compounds analyzed and proposed  by DREIMT to revert gene expression 

signatures  derived  from  CPI-induced  colitis  are in line with current pharmacological 

strategies, the use of corticoids or the inhibition of the TNF axis. Furthermore, some 

of the proposed  candidates  and/or the mechanism  targeted  by  these  have already 

been described in the literature, denoting the utility of DREIMT as a tool to propose 

therapeutic candidates. 
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5. Discussion 

5.1 Present and future of immuno oncological treatments 

The immunological  perspective on cancer  biology  has  provided a large  body of 

knowledge that as  consequence  has widened the spectrum of therapeutic 

approaches applied  in the clinical. In  the period 2011-2018, the percentage of US 

cancer patients eligible for checkpoint inhibitors rose from 1.54% to 43.63% (Haslam 

and Prasad  2019) . Nonetheless, the response to immunotherapeutic  approaches 

varies  greatly between tumor types,  which in part,  is  a  consequence of other 

underlying  factors  such  as the tumor mutational load (Samstein et al. 2019) or the 

quantity and quality of the immune infiltrates in the tumor (Duan 2020) among others. 

Furthermore, the use of immune checkpoint inhibitors does not come at free-cost, a 

broad  spectrum of immune-related  adverse  events  (IrAEs)  have  already been 

described  (Martins et  al. 2019) , these can on many occasions  force treatment 

abandonment and thus  hinder the potential  of immunotherapy. Currently,  the 

combinatorial  use of checkpoint  therapies  has been approved  for  some  cancers 

(Rotte  2019) due to  the improvement in 5-year overall survival  compared to  the 

single-agent  therapy  (54%  nivolumab-plus-ipilimumab  vs 44% nivolumab  or 26% 

ipilimumab) (Larkin et al. 2019) . With more than 3,000 active clinical trials evaluating 

T  cell  modulators (Caroline  Robert  2020) , which  represents 2/3  of  all current 

oncological trials, the interest and potential of these immunomodulatory treatments is 

evident. 

To facilitate and accelerate the development of new immunomodulators, the adoption 

of drug  repositioning  methodologies  can be  of great utility. Drug  repositioning  has 

multiple  advantages  compared to de novo development  such  as;  reduced 

development  costs and shorter  development timelines (Pushpakom et  al. 2018) . 

Repositioning  strategies  have  already been employed in the immune  context,  for 

instance, employing the ReFrame platform, Marro and colleagues identified multiple 

compounds  candidate to revert T cell  exhaustion  phenotype, of these  candidates, 

ingenol mebutate  induced a transcriptional  signature in CD8+ T cells that shared 

similarities with memory T cells  (Marro et  al. 2019) . I n silico approaches have also 

proven to be valid methodologies in the search of immunomodulators, for instance, 
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Zhoug and colleagues employed docking-based strategies and discovered that 

liothyronine,  a  drug  used in the treatment of hypothyroidism,  was a  potential 

candidate  for  cancer  immunotherapy due to its  blocking effect on the immune 

checkpoint TIGIT (X. Zhou et al. 2020) . 

Metabolic  rewiring of immune  cells  is an emerging strategy, as the metabolic 

requirements of immune  cells in the tumor  microenvironment  greatly  influence the 

success of checkpoint  inhibitors (Guerra, Bonetti, and Brenner 2020; Shi and  Chi 

2019) . In this context, the repositioning of compounds to modulate relevant 

metabolic pathways  can be  of great utility, for  instance, the use of metformin 

combined with nivolumab  is  undergoing  clinical  trials due to its  metabolic  rewiring 

potential on MDSCs (Clinicaltrials.gov: NCT03048500). 

The advent of nanoparticles (Liang et al. 2020) adds a new window of opportunities 

as it offers a threefold advantage; allowing higher treatment doses, reducing the side 

effects of systemic  drugs  by  delivering  them in specific  locations and also allowing 

multidrug delivery. For instance, systemic effects of drugs can be reduced thanks to 

the use of nanocarriers  delivering the optimum  drug  concentration in the proper 

localization (Goldberg  2019) . By  reducing the systemic effect of the drugs, the 

number of drug  candidates to be reused within the immune  context increases 

drastically, as  drugs  whose  side effects  are  considered  intolerable  might be 

repurposed  thanks to  the use of nanoparticles.  Furthermore,  multidrug  delivery 

nanoparticles  can be used to both attack the tumor and boost the immune system 

(Da  Silva et  al. 2019) . The advantages offered  by  nanoparticles will likely help to 

raise the rate of success of repurposed drugs in the context of immune modulation. 

Due to  the high relevance of the immune system in the onset and development of 

multiple diseases, we aimed to develop  DREIMT, an in silico drug  repositioning 

transcriptome-based  strategy. To this  extent, we collected and generated a large 

collection of immune gene expression  signatures and  a catalog of drug consensus 

profiles. As part of this effort, gene expression signatures were manually curated and 

annotated. By  comparing  each  pair of immune  signature and drug  profile  through 

GSEA-based  methodologies we establish  their  degree of correlation to posteriorly 

rank  these  associations. With this  methodology and by following  the signature 
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reversion  paradigm  (Francesco  Iorio et  al. 2015) , we can generate hypotheses of 

drugs with immune gene expression modulating potential. Making use of the 

signatures and drug profiles  collected, we aimed to generate a public  database of 

prioritized  drugs to serve  as  a  hypothesis  generator tool of compounds with 

immunomodulating  capabilities.  To our knowledge, DREIMT is the only tool to offer, 

both  a tool and database, to systematically  generate  hypotheses of drugs to 

modulate the immune system. In comparison to other published methodologies with 

similar  aims to ours  (Patrick et  al. 2019; Y.  Zhou et  al.  2020; Kidd et  al. 2016) , 

DREIMT  approach is not focused on a single disease. Moreover, DREIMT is meant 

to be used by any user without prior computational experience, for this reason, part 

of our efforts  have been employed in the development of a  user-friendly web 

interface. 

5.2 DREIMT, the web tool 

DREIMT was conceptualized with two main aims; the design of a tool to facilitate the 

generation of hypotheses of compounds with potential immunomodulatory functions 

and its  integration within the scope of use of non-computational  scientists.  As a 

consequence,  many efforts  were  employed in the design of DREIMT  as an 

user-friendly web service tool, intended as a parameter-free computational resource 

as users do not have to specify any parameter, which facilitates its use. By doing so, 

we expect to promote  its  use  as a drug  hypothesis  generation tool for  immune 

signatures within the scope of any wet laboratory.  With this in mind, we designed 

DREIMT to offer three modules; a database, a user-provided signature prioritization 

tool and a user-provided signature comparison tool. 

DREIMT’s  database offers  more than 1.5 million precalculated immune 

signature-drug  ranked  associations  ( Tau >  95).  Both  signatures and drug  profiles 

have been manually  curated and  annotated, by doing so, we have contributed with 

what to our knowledge is the largest collection of manually annotated immune gene 

expression  signatures  publicly  available.  DREIMT’s  database  entries  can be easily 

queried  by  employing the comprehensive filtering panel, queries are then displayed 

with multiple information items to facilitate its interpretability. Moreover, as part of the 

integrative effort to design  DREIMT  as an user-friendly  server,  the results  are also 
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displayed  as  interactive and downloadable plots. To allow for  drug  hypothesis 

generation from custom-derived signatures, DREIMT offers a prioritization tool based 

on the same  principles  employed to generate the database.  By doing so, DREIMT 

can be used to propose  drugs to any  immune  signatures and serve  as a tool 

integrated within the scope of any lab employing  immune gene expression 

signatures. Finally, DREIMT  includes  a  signature  comparison tool  to allow the 

comparison of  a user-provided  signature to those signatures employed to generate 

DREIMT’s  database and derive  meaningful  information  or  query  their  drug 

associations. 

DREIMT  can be also  queried  programmatically for  those  users with computational 

knowledge.  Importantly, DREIMT’s  database  can be easily updated  with newer 

immune signatures or drug profiles, by doing so, we intend the tool to be of utility in 

the forthcoming years. 

5.3 Challenges in immune computational drug repositioning for 

transcriptome-based methodologies 

5.3.1 Immune functional cellular state characterization 

The immune system is a  highly  complex  network,  consisting of multiple 

interconnected  compartments  such  as;  organs,  tissues,  cells and molecules. The 

elements of each  compartment  rather than static  display  plastic  characteristics.  A 

key factor in the study of the immune system relies on the ability to discern each of 

the compartments and their different possible states. In this regard, deciphering the 

multiple cellular states adopted by immune cells that are associated with the disease 

is of critical  importance,  as  these  drive  downstream conclusions and open the way 

for new clinical approaches. 

This  urges the need for the establishment of  good immune expression markers to 

properly  characterize  immune  cells  based on their  functional  states.  Nonetheless, 

this  is not  a trivial  task,  currently  many  functional  states  have not  been yet  fully 

characterized  or  remain  under  discussion  whether  these  states  are  functionally 

discretizable  from  each  other  or on the contrary represent a phenotypic continuum. 

This  can be the case of the paradigmatic  M1/M2  macrophage  polarization 
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phenotype,  introduced  by  Charlie  Mills in  2000 (Mills et al. 2000) inspired  by the 

T-helper1 vs T-helper2 concept. Currently, some authors challenge the notion of the 

M1/M2  model  (Nahrendorf and Swirski  2016) , delving into the often simplistic and 

uncompleted  view of the immune system. Similar observations  have been  done 

regarding the characterization of the dysfunctional  state of T cells  (van der Leun, 

Thommen, and Schumacher 2020) . Furthermore, adding an extra layer of confusion, 

different studies define cellular states based on different sets of markers (Clarke et 

al.  2019; Savas et  al. 2018) , in some  cases, these differences  partially  arise  as a 

consequence of the experimental differences in the designs employed to derive the 

expression markers i.e. in vitro or in vivo (Orecchioni et al. 2019) . 

The current state of immuno-oncology and new technologies such as the scRNA-seq 

are still in the dawn of their expected potential, with time, better immune markers will 

be  defined  and thus allowing us to gain  a better  understanding of many of the 

processes that still  remain  obscure.  This would likely  favor  a  more  precise 

understanding of many  diseases and  would increase the utility of in silico drug 

prescription for tools such as DREIMT. 

5.3.2 Drug consensus perturbational profiles 

DREIMT’s  methodology  is  based on the reversion  paradigm (Francesco Iorio et al. 

2015) and employs the drug  transcriptomic  profiles generated  by The Library of 

Integrated  Network-Based  Cellular  Signatures  (LINCS).  This  methodology  has 

successfully identified drug candidates to revert disease phenotypes (T.-P. Liu et al. 

2018; S. M. Lim, Lim, and Cho 2014) , nonetheless, some limitations arise regarding 

the replicability of the drug profiles. 

LINCS  drug  perturbational  profiles  are  generated  by using genechips that measure 

the expression of 978 landmark genes, from these landmark genes the expression of 

~12,000 is inferred. This characteristic of the L1000 offers two important advantages, 

efficient  scalability and  low profiling  costs.  Thanks to this,  DREIMT’s  drug  profile 

collection can be easily updated with newer profiles generated by the LINCS project. 

It might also be possible, using proper normalization methodologies, to include future 

drug  profiles  from  other  sources than those  generated  by the LINCS. Due to  the 

number of genes  inferred  by the L1000 platform,  some  genes  involved in relevant 
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immune  processes  are not present in the drug profiles, this is the case of HAVCR2 

(TIM3), a gene associated with T cell exhaustion processes and used as a marker of 

this  state.  Nonetheless,  other  genes  involved in similar  processes such as PDCD1 

(PD1)  or  LAG3  are  inferred in the drug  profiles.  This  might  justify the  thought of 

wondering  whether  some  immune-related  processes  could be underrepresented in 

the drug  profiles and thus  hinder the repositioning potential  of DREIMT within the 

immune  context.  However, this  is  likely not  a problem,  as  DREIMT  is  based on 

GSEA  methodologies  which  rely on the expression of groups of genes with 

biologically related processes and thus reliable to the existence of missing genes. 

It is of  note that some  authors denote that the L1000 drug  perturbational  profiles 

show  limited  reproducibility and that  the concentrations  employed might not induce 

transcriptional  changes  for  some  compounds  (N.  Lim and Pavlidis  2019) . These 

claims go in agreement with some observations made in this work. Out of the 2,029 

pairwise Pearson comparisons made between drug consensus profiles belonging to 

the same compound, 11,8%, 53,1% and 72,7% result in a Pearson correlation lower 

than 0,  0.5  and  0.75 respectively (Supp. Fig. 1). This phenomenon explains results 

where  compounds with duplicated  profiles  yield  inconsistent and even  antagonic 

results for a given immune signature, which is in agreement with the claims made by 

Lim and colleagues. To address this issue we adopted the DSS (Hodos et al. 2018) , 

by doing so we  offer a measure of the specificity of the transcriptomic response of 

compounds in the LINCS dataset and thus  its  utility in the immune context. During 

this  work, we have  shown that as the specificity of  a compound  increases the 

similarity between drug  profiles  from the same  compound  tends to be higher than 

those from compounds with high specificity. Therefore, it is reasonable to think that a 

fraction of drug profiles is not reliable, thus identifying these compounds might be a 

good strategy to improve DREIMT in the future. 

Finally, deriving results from drug perturbational data is limited due to the incomplete 

drug annotation, which in part  is due to  the absence of the requirement to indicate 

the drug MOA to approve its use by part of the regulatory agencies such as the FDA 

(“Mechanism  Matters”  2010) . In DREIMT 59,8%  of the drugs are classified in  563 

different MOAs (Table 1), the rest of the drug’s MOA remain unknown. Furthermore, 

MOAs  are  sparsely populated,  on average  each  MOA  contains 4.41 drugs. With 
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these  numbers, it is  expected that any statistical analysis  derived  from the MOA 

annotations would lack of sufficient power, yielding weak results and thus hindering 

the interpretation of the results.  Repositioning  strategies that are  MOA-based  are 

greatly affected by this lack of annotation, as consequence of this lack of knowledge 

some efforts  are being  applied to improve  MOAs  classification  through  prediction 

algorithms.  As  evidence of this, the 4th CMap  contest  was  focused on the 

improvement of the algorithms  employed to predict the MOAs of the L1000 

compounds. 

5.3.3 Gene selection for transcriptome-based drug repositioning 

One of the major advantages of DREIMT  repositioning methodology  is that it is 

transcriptome-based,  this  characteristic  facilitates  its  use,  as  transcriptome data is: 

widely  used,  can be generated  economically and  it is  easily  interpretable  by 

non-computational scientists. However, because transcriptomic repositioning can be 

based on the joint use of the up- and down-regulated  immune gene sets of  a 

bidirectional  signature  or on its independent use, differences in drug  hypotheses 

might  arise.  During  this  work we explored the differences in top prioritized  drugs 

(absolute Tau > 90) for each immune signature on the basis of the different possible 

inputs;  up-,  down-regulated gene set  or the complete  bidirectional  signature.  To 

assess the importance of this variable, we evaluated the agreement between the top 

prioritized  drugs  retrieved  for  each of the input types  making  use of DREIMT’s 

precalculated database. 

We observed that on average ~62% of top compounds proposed with the signatures 

were  also  proposed  for  either the up-  or the down-regulated  (Fig.  12).  This 

agreement was reduced to ~36% when only one of the gene sets was queried (Fig. 

13).  We then analyzed the agreement between the pair of gene sets corresponding 

to  the same  immune  signature, in this case, we observed that on average the drug 

agreement between  gene set  pairs  was  ~9.5%  (Fig.  13). These observations likely 

indicate that when using the complete  signature both  gene sets  contribute  equally 

but  with complementary  information to  the drug  prioritization. With this in mind, it's 

rational to think about the importance of  gene selection when performing a drug 

prioritization analysis. Prior knowledge of the biology of the immune signature can be 

of great  utility  as it can  indicate  which  processes  are of greater  interest to either 

83 



     

  

                                                         

                                                              

                                                            

                                                   

                                                           

                                                   

                                         

                                              

              

            

                                                    

                                                         

                                                                

                                                    

                                                

                                                  

                                                            

                                              

                                                  

                                                             

                                                 

                        

  

                                                    

                                               

                                                

                               

                                       

                                                   

                                                     

                                                          

                                     

                                                

        

Discussion | 

revert or promote. For instance, employing as example a signature derived from the 

comparison of tumoral vs healthy  tissue, a logical  decision would  be selecting the 

up-regulated  genes  or the complete  signature to search  for  drugs to revert the 

malignant  program.  Searching  for  drugs on the basis of the down-regulated genes 

would seem a less  reasonable option as the logic would indicate to search  for 

compounds that revert the malignant phenotype rather than boosting the healthy. A 

conservative procedure might imply using all three approaches (up-, down-regulated 

gene sets and the complete  bidirectional  signature) and select the overlapping 

compounds as relevant candidates. 

5.3.4 Drug hypotheses validations 

Thanks to DREIMT’s  database we have been able to assess  some  top-ranked 

candidates  proposed  for  a  group of relevant  signatures  (online  Supp.  Table 3). 

Furthermore, as we have shown in this work, we have been able to observe modules 

of drugs  enriched in MOAs  described in the literature  (Fig.  11)  systematically 

associated with immune cell types signatures and thus demonstrating the potential of 

the  tool. Nonetheless, one  of the principal challenges of this work is demonstrating 

that  the top-ranked  drug  associations  proposed  by  DREIMT  are of interest to be 

evaluated  as potential candidates.  To our  knowledge, no other tool has 

systematically  compiled and proposed  drugs  for a collection of immune  signatures 

and made it freely available to the scientific community. This single fact adds by itself 

an intrinsic value to the tool we propose, furthermore, the lack of immunotherapeutic 

approaches for many diseases adds even more value. 

A paradigmatic example of the difficulty of assessing drugs proposed by DREIMT is 

the case of MTOR on T-regulatory cells. Short-term exposure to MTORC1 inhibitors 

supports  T-regulatory cell induction (Becker et al. 2019) , but its complete deficiency 

induces ablation of T-regulatory suppressive  characteristics and thus  inducing 

autoimmune  diseases  (Chapman and  Chi 2014) . Furthermore,  MTORC2 inhibitors 

partially restore the in vivo suppressive effect of MTORC1 impairment (Chapman 

and Chi 2014) . This  example  demonstrates the importance of the context in which 

the compound is being applied, in this case, MTORC1 inhibition can either expand or 

reduce T-regulatory suppressive characteristics. Therefore, it is expected that MTOR 

inhibitors  can both  be proposed  as  promoters and inhibitors of T-regulatory  by 
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repositioning  tools.  This  example  indicates the still  insufficient knowledge and 

complexity  regarding the modulatory effects of drugs on immune  cells and the 

difficulty to assess the results obtained by  DREIMT  based on current  scientific 

literature. On  the other hand, this  lack of knowledge remarks the necessity of tools 

like  DREIMT to generate initial hypotheses in which downstream validations can be 

performed in the search of new immunomodulators. 

5.4 In silico drug prescription, two scRNA-seq cases of study 

5.4.1 Significance 

To demonstrate the potential utility of our tool we applied DREIMT to two publicly 

available scRNA-seq  datasets. With this  aim, we selected two datasets  where 

DREIMT in silico drug prescription might be of interest; a cancer dataset to propose 

drugs to induce a tumor-suppressive  microenvironment (Jerby-Arnon et al. 2018) 

and  an irAEs  dataset to propose  compounds to counteract the colitis induced  by 

immune  checkpoint  inhibitors  (Luoma et al. 2020) . For both datasets, DREIMT was 

capable of proposing  compounds that based on current  knowledge target  critical 

pathways to modulate the immune gene expression signatures, thus demonstrating 

the potential of the tool we propose in this work. 

5.4.2 In silico prescription for a tumor-suppressive microenvironment 

For the first case of study we took advantage of a dataset generated by Jerby-Arnon 

and colleagues (Jerby-Arnon et al. 2018) , this included immune cells defined by their 

cellular  state  from  checkpoint  resistant  patients and untreated patients. The aim of 

this dataset was to employ DREIMT and propose drugs to modulate immune cells to 

promote a tumor-suppressing microenvironment. Compounds proposed by DREIMT 

might be employed in combination with CDK4/6  inhibitors  targeting the immune 

exclusion  program  induced  by  cancer  cells  as  proposed  by  Jerby-Arnon and 

colleagues.  As  remarked  previously, one  of the key  points on the study of the 

immune system relies on the proper definition of the cellular states. In this study, the 

authors defined the exhaustion  phenotype on the basis of  5 immune  markers. 

Authors  such  as  Ton  N. Schumacher would indicate that based on these  markers 

cells should be termed as dysfunctional or divergent rather than exhausted (Blank et 

al. 2019) . On  the other hand, exhaustion markers such  as  TOX  (Mann and Kaech 
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2019; Bordon 2019) were not taken into account to resolve the exhausted cellular 

state.  Discrepancy  such  as  these  show  current  limitations that might potentially 

hinder downstream interpretations. 

However, despite the arguable improvement in immune cell marker selection, some 

of the differential  expression  analyses  yielded  results  consistent with the expected 

biology. Cytotoxic CD8 cells displayed enrichment of antigen processing processes, 

cytolytic  functions and activation of pathways  related to  IFNG response and its 

production when compared to naive and exhausted CD8 cells (Fig. 18) (Bhat et al. 

2017) . Moreover, cytotoxic cells were enriched in metabolic processes that revealed 

the activation of oxidative  pathways  (Supp. Table 3) . This  likely  indicates that 

immune  markers  employed to resolve  these  cellular  states  are  capable of 

recapitulating  some of the expected  biological  processes  characteristics of these 

cells. The signatures  derived  from  cytotoxic  exhausted CD8 vs cytotoxic CD8 cells 

hardly  yielded  biological  processes of interest  significantly  enriched to evaluate the 

biological  relevance of the signature.  Similarly,  the signatures  derived  from 

T-regulatory  cells did  not yield  enrichment on biological  processes of interest to 

assess the biological relevance of the signature. 

With  the aim of proposing  compounds to promote  a tumor-suppressing 

microenvironment we followed  two approaches; analyze drugs commonly proposed 

across  signatures and analyze the top-ranked  compounds  derived from checkpoint 

resistant patients. 

For the first approach we merged drug ranks according to clustering results (Fig. 20), 

ranks  were  merged  using the median of the Tau score across ranks. No compound 

was found associated with the reversion of  all three metaranks. However, we were 

capable of finding common  compounds to promote the cytotoxic phenotype across 

all cytotoxic derived signatures and also compounds to promote exhaustion of Tregs 

while promoting  cytotoxicity of  one  of the cytotoxic  derived  signatures.  Among the 

two compounds with the potential capability of boosting the cytotoxic phenotypes we 

encountered the sulfamonomethoxine.  Interestingly  this  compound  was the first 

disclosed  compound to inhibit the PDL1/PD1  axis (Guzik et al. 2019) , which is the 

major  regulator of T cell exhaustion (Lee et al. 2015) . DREIMT  also  yielded 14 
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common  compounds with the dual  potential of promoting the exhaustion of 

T-regulatory  cells and the cytotoxicity of CD8 T cells.  Among these compounds we 

observed the CAY-10594, a phospholipase inhibitor, which  is of interest  as 

phospholipase deficiency in CD8 cytotoxic has been observed to be associated with 

impairment on TCR-mediated signaling and CD8 T cell depletion (Bich et al. 2018) . 

Furthermore,  exocytosis of CTLA-4  by  T-regulatory  cells  is  promoted  by the 

activation of the phospholipase D (Mead et al. 2005) . 

For the second approach, we comprehensively analyzed the top candidates of three 

immune  signatures  derived  from checkpoint resistant patients reported by DREIMT. 

To  do so, we inspected the top 20 candidates ordered by Tau score and the top 20 

candidates  ordered  by  Tau score  whose  MOA was found to be associated with the 

reversion of the signature. Following these approaches we were capable of selecting 

compounds  targeting  relevant  biological  immune  processes,  as an example of this 

we encountered;  NU-7026,  R-59022 and the indurbin. The NU-7026 was proposed 

to revert the T-regulatory  signature  towards an exhausted  T-regulatory  phenotype, 

this compound is known to inhibit Nr4a in mouse embryonic fibroblasts (Malewicz et 

al. 2011) which  is of interest  as  Nr4a inhibition breaks Treg-mediated  immune 

tolerance  (Hibino et al. 2018) . Moreover, Nr4a factors form a reinforcing loop  with 

FOXP3 that promotes  Treg development  (Sekiya et  al. 2018) . The R-59022  was 

proposed to revert the CD8 naïve  vs CD8 cytotoxic signature.  This  diacylglycerol 

kinase  inhibitor  (DGK)  can be  of interest  as  DGKs  are  negative  regulators of TCR 

signaling  (Arumugam et  al. 2015) , DGK-deficient  mice  models  have  proved to 

enhance effector CD8 T cell expansion  (X. P.  Zhong et al. 2003; Shin et al. 2012) . 

For this reason, DGKs inhibitors might be of great utility to modulate T cell activation 

as  DGK  regulates the threshold  for T cell  activation (Riese et  al. 2016) . Finally, 

indirubin, a GSK3 inhibitor, was  proposed to revert the CD8 exhausted  vs CD8 

cytotoxic signature.  GSK3  inhibitors  have  demonstrated to reduce  PD1 abundance 

and enhance  cytolytic  responses in CD8 cells (Foley 2016; Taylor and Rudd 2017) . 

This process is likely mediated by the activation of Tbet, which is inhibited by GSK3 

(Taylor et  al. 2016) .  It is important to denote that indirubin  is  also  known to be  an 

agonist of the aryl hydrocarbon receptor (AhR)  whose  activation  promotes  PD1 

activation i n T cells  (Y. Liu et  al. 2018) . Due to its agonistic effect on the AhR, this 

compound  might not be an ideal candidate to revert the exhaustion  phenotype of 
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CD8 T cells, but from this result, we can infer that other  GSK3-specific  inhibitors 

might be better suitable. 

DREIMT  proposed  some  compounds  whose  interpretation  conflicts with the 

literature.  As an example of these  cases, we remark the case of the prednisolone, 

which DREIMT  proposed to revert the T-regulatory  vs  exhausted  T-regulatory 

signature. The use of prednisolone  is  associated with  an improved  suppressive 

function in T-regulatory  cells of myasthenia  gravis  patients  compared with those 

untreated (Luther et al. 2009) , fur thermore, prednisolone prolonged the stability and 

induced  fully  active  T-regulatory  cells in  a functional  assay (Janyst et  al. 2020) . 

Finally, high doses of methylprednisolone  leads to a rapid,  marked and transient 

increase in circulating effector T-regulatory cells in most patients with active systemic 

lupus  erythematosus (Mathian et  al. 2015) . These observations indicate that 

prednisolone might be used to boost T-regulatory cells, however, DREIMT proposes 

this compound to reduce T-regulatory suppressive characteristics. This contradictory 

result can be explained thanks to prednisolone being one of the compounds with the 

highest  number of drug  profiles, a total of  6 profiles. Out of the 6 profiles,  only 1 

achieves a Tau score below -90, the rest of prednisolone  profiles  scores  range 

between -46 and 19. Furthermore, the mean pairwise Spearman correlation between 

all six compounds is 0.16 (median 0.085), finally, prednisolone has a DSS below the 

mean  DSS  score  (0.56).  These  observations  indicate that  the presence of this 

prednisolone within the top-ranked compounds is likely due to chance, as only 1 out 

of the 6 profiles achieve a high score and the reproducibility of the profiles based on 

their  correlation  is  extremely low. This  example  explains  some  incongruous results 

yielded by DREIMT and delves into the importance of filtering drug profiles in future 

upgrades. 

5.4.3 In silico prescription to ameliorate checkpoint induced colitis 

For the immune-related adverse events case of study, we took  advantage of  a 

dataset  generated  by  Luoma and colleagues (Luoma et al. 2020) . For this dataset, 

our  aim  was  focused on the search of compounds to modulate  immune  cells 

associated with checkpoint-induced colitis.  This  dataset  is of high interest as colitis 

patients currently have only two approved therapeutic options before treatment halt; 

corticosteroids  or  anti-TNF  treatment. With  the aim of exploring  newer  therapeutic 
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options, we generated a set of signatures  derived from the comparison of immune 

cells from  colitis  patients to those  from  colitis-free  patients.  Those  cells with 

described  implications in the course of colitis and whose  biology  was found  to be 

consistent with the disease were employed for DREIMT’s drug repositioning. Cells of 

interest  showed an overall  up-regulation of proinflammatory  processes in colitis 

patients  compared to colitis-free  patients  characterized  by  highly;  cytotoxic T cells, 

poor suppressive T-regulatory and pro-inflammatory myeloid cells (Fig. 24). 

DREIMT  was  capable of proposing  reverting  compounds commonly  shared  across 

most of the colitis-derived  signatures, furthermore, some of these compounds have 

either  proven to revert bowel inflammation in mouse  models  or to modulate 

pathways  targeted  by  current  therapeutic  options.  This  was the case of the 

artesunate, an antimalarial compound that DREIMT proposed to revert 6 out of the 8 

signatures of interest.  Artesunate  has  demonstrated to ameliorate  TNBS- and 

DSS-induced colitis in mice (Z. Yang et al. 2012) , furthermore, artesunate inhibited in 

vitro TNF-production by LPS-stimulated macrophages and T helper 1/17 responses. 

Another  compound  highly  relevant  proposed  by  DREIMT to ameliorate 

checkpoint-induced  colitis  is the CK2  inhibitor CAY-10578.  CK2  deficient CD4 cells 

have  shown to  fail in the induction of colon inflammation, moreover, this deficiency 

promotes the differentiation of Treg  FOXP3 cells  (W. Yang et al. 2020; Gibson and 

Benveniste  2018) which  can  play a relevant  role in suppressing  cytotoxic cells. 

Guggulsterone  was  also  proposed to 6 out of the 8 signatures, this plant sterol has 

demonstrated to ameliorate DSS-induced murine colitis (Cheon et al. 2006) through 

the inhibition of NF-KB signaling in intestinal epithelial cells. Furthermore, in vitro 

studies  using CD4 cells  from  intestinal  lamina  propria  have  demonstrated that 

guggulsterone also regulates the function of effector T cells including the attenuating 

IL2, IL4, IFNG and T cell proliferation (Mencarelli et al. 2009) . 

5.5 Future perspectives 

5.5.1 Clinical perspectives 

The advances  empowered  during the last decade  by  immunomodulatory 

compounds,  greatly  exemplified in the case of the immune  checkpoint  inhibitors, 

make it easy to envision a future where these therapeutic approaches take a bigger 
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share in the clinical. However, the still insufficient  knowledge and the intrincated 

complexity of the immune system limits the discovery and use of newer compounds 

with immunomodulatory  capabilities. Is for this, that tools such as DREIMT that aim 

to generate hypotheses of drug candidates to modulate immune cells, can be of help 

to accelerate the discovery of drugs with immunomodulatory potential. As remarked 

during  this  work, the development and implantation in the clinical of nanocarrier 

delivering  drugs will likely  promote the repurposing of drugs within the immune 

context;  reducing  side effects,  precising  localization  delivery and optimizing 

concentrations. The use of these  nanocarrier  delivery  drugs will  not only be 

beneficial within the immunomodulator’s  scope, but  due to their  multidrug  carrying 

capabilities can aim to target multiple targets at once. 

In  the same  manner that current clinical treatment  decisions  are  based on sets of 

genomic  markers, we envision a future  where  tumor  immune  contexture  is  directly 

taken into account  for  clinical  decisions.  For  instance,  simple  approaches  such  as 

those  based on  gene expression  or  methylation  immune  computational 

deconvolution  might guide immunomodulatory  treatment  selection  by  indicating the 

proportions of the different  immune  cells  present within  a tumor  sample.  These 

methodologies  can  indicate the presence  or  absence of specific  tumor-supporting 

cells  candidate to be targeted  by  immunomodulatory  compounds to promote a 

tumor-suppressive  microenvironment.  Although not yet  available in the clinical, in 

part due to  the absence of  good manufacturing practices  (Cossarizza et  al. 2019) , 

flow cytometry  (FACS) based  methodologies  could be  of great  utility due to its 

capacity to disaggregate  cells  for  downstream  analyses. When performing  sample 

biopsies to identify  molecular  markers to guide treatment  selection  (i.e.  exome 

panels), a fraction of the sample  might be saved to perform  FACS and derive the 

composition and cellular functional state of the immune cells of interest to guide and 

assess the evolution of clinical  treatments.  Similar  protocols  are  starting to be 

developed and applied to monitor the successful expansion and response of CAR-T 

treatments (Jozwik et  al. 2020; Bajgain et al. 2018) . Multi-localization  biopsies 

sampling  can be  of benefit to determine the quantity and quality of the immune 

infiltrates (Pagès et  al. 2010; Galon et al.  2006; Baxevanis et  al. 2019) while 

assessing the degree of tumor clonality. 
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5.5.2 DREIMT’s futures perspectives 

Regarding future improvements of DREIMT some approaches can be adopted with 

the aim of upgrading and improving the  tool. DREIMT’s  database  can  easily be 

enlarged with the addition  of newer  immune gene expression signatures. This is of 

great  interest,  principally  for  those  immune  cells that might be currently 

underrepresented with regards to its importance in the course of some diseases, for 

instance,  MDSC  cells,  or in the search of compounds  mimicking  specific gene 

deletions.  Furthermore, the NIH LINCS L1000 consortium  is  continuously updating 

and  adding newer  cancer  cell  lines and drug-induced gene expression  profiles. As 

with the signatures,  DREIMT  can be easily updated  with newer  drug  profiles. 

Updating DREIMT with more  drug-induced gene expression  profiles  can be  an 

opportunity not only to enlarge the total number of drug profiles but to rule out those 

profiles with limited reproducibility and hence with limited repurposing utility. 

To facilitate and improve the selection of compounds proposed by DREIMT it might 

be  of  benefit to add extra  layers of information.  For  instance,  drug  set  enrichment 

analyses  (DSEA)  (Napolitano et  al. 2016) where compounds belonging to MOAs 

found  to be statistically  enriched at the extreme of the ranked  list proposed  by 

DREIMT are identified. Furthermore, drugs represented by multiple drug profiles and 

yielding similar Tau scores might be taken into account and outweighed. This would 

make  emphasis on compounds with higher  probabilities of inducing an 

immunomodulating effect on the immune  cells of interest.  Moreover, for  those 

compounds with known gene target,  making  use of sources  such  as  KEGG 

(Kanehisa and Goto 2000) , the pathway targeted by the compound might be added 

to  the database to offer more information and to derive more  ranking  metrics  as 

those previously proposed using the MOA and DSEA. 

Finally,  the work  presented in this work is  aimed to provide a tool  to  the scientific 

community with the intention  of easing the search of  new immunomodulatory 

compounds that might  ameliorate  immune-associated  diseases.  Based on the 

current  state of immunology and the crescent  interests within contexts  such  as 

cancer  or  autoimmune  diseases we believe that  the efforts  employed to develop 

DREIMT might add value and benefit the scientific community. 
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6. Conclusions 

The following conclusions can be extracted from this work: 

1. This work has compiled, manually annotated and integrated within DREIMT’s 

database the largest collection of immune gene expression signatures publicly 

available to generate a database  for  useful initial hypotheses of compounds 

with modulatory potential for further experimental validation and to gain insight 

in the biological processes governing immune biology. 

2. DREIMT’s 	database  revealed known associations between sets of drugs 

targeting  relevant  MOAs and immune  signatures  derived  from  specific 

immune cell types, thus indicating that DREIMT can be a valid tool to retrieve 

potential immunomodulatory compounds. 

3. For  each of the cases of study  employed in this  work, DREIMT  has been 

capable of proposing  compounds  targeting  relevant  pathways that modulate 

important immune-associated functions described by the scientific literature. 

4. Gene selection  for immune signature  (up-,  down-regulated  or the complete 

signature)  can  greatly affect drug hypothesis generation, thus prior biological 

knowledge is of help to maximize the potential of the compounds proposed by 

the methodology presented in this work. 

5. Despite the large  heterogeneity  observed, the drug profiles derived from the 

NIH LINCS L1000 project  are of utility to infer modulatory compounds within 

the immune contexture. 

6. DREIMT		is offered  as an user-friendly web application  accessible by 

researchers with  no prior  computational  experience and thus  facilitating  its 

usage. 
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7. DREIMT web application  integrates the database and two tools for in silico 

drug prescription and to derive  meaningful  information  from  user-derived 

signatures that can be integrated within the scope of use of any wet lab. 
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6. Conclusiones 

Las siguientes conclusiones pueden ser extraídas de este trabajo: 

1. En  este  trabajo  hemos  compilado,  curado  manualmente e integrado en  la 

base de datos de DREIMT la mayor colección de firmas inmunes disponibles 

públicamente  para la creación de  una base de datos  cuyo  objetivo  es la 

generación de hipótesis sobre compuestos con capacidad inmunomoduladora 

para  su  posterior  validación.  DREIMT  pretende  ser de  utilidad  en el avance 

del conocimiento sobre los procesos que gobiernan el sistema inmune. 

2. Haciendo  uso de  la base de datos de DREIMT, hemos sido capaces de 

encontrar  compuestos  asociados a modos de acción con actividad conocida 

para  ciertos  tipos  inmunes. De esta  forma  se  demuestra la  utilidad  de 

DREIMT como generador de hipótesis. 

3. Para cada uno de los casos de estudios empleados en este trabajo, DREIMT 

fue capaz  proponer  compuestos  asociados a rutas  biológicas  fuertemente 

implicadas en funciones ya descritas en la literatura. 

4. El tipo de datos  empleado  para el reposicionamiento de compuestos (firma 

completa  o  cualesquiera de sus  partes) puede influir  fuertemente en los 

resultados  obtenidos.  Por tanto, conocimientos  previos pueden ser de gran 

utilidad a la hora de maximizar los resultados obtenidos en DREIMT. 

5. Pese		a  la gran  heterogeneidad observada,  los  perfiles de las  drogas 

derivadas del proyecto NIH LINCS L1000 son de utilidad para la inferencia de 

compuestos con capacidad modulatoria en el contexto inmune. 

6. DREIMT  está  disponible  mediante una aplicación web accesible de forma 

amigable  para toda la comunidad científica. Esta  herramienta puede ser 

usada por individuos sin experiencia computacional previa. 
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7. La 	aplicación web  de DREIMT integra la base de datos además de dos 

herramientas in silico para  firmas  inmunes  propias  para la priorización de 

compuestos  así  como  su  comparación  contra  las  firmas  usadas  para la 

generación de la base de datos. 
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Annex I: Supplementary material 

Supplementary  figure 1 | Histogram of the mean  pearson’s  correlation between 

drug  profiles  corresponding to  the same  compound (left) , on average, all profiles 

within  a compound  have a positive  correlation.  All  pairwise  correlations between 

drug profiles corresponding to the same compound (right) . Some drug profiles from 

the same compound anti-correlate. 
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Supplementary table 1 | Cell types (left) and cell subtypes (right) in which immune 

gene expression signatures were manually classified. 

Type Subtype 

B cell -

B cell B cell memory 

B cell B cell naïve 

B cell Plasma cell 

Basophil -

Dendritic cell -

Eosinophil -

Erythroblast -

Granulocyte -

Hematopoietic stem and progenitor cells -

Hematopoietic stem and progenitor cells Thymocyte 

Macrophage -

Macrophage Macrophage M1 

Macrophage Macrophage M2 

Macrophage Macrophage naïve 

Mast cell -

MDSC -

MDSC MDSC 

Megakaryocyte -

Monocyte -

Neutrophil -

NK cell -

NK cell NK naïve 

Other -

Other CD80+ cell 

Other Cell line 

Other Centroblast 

Other Centrocyte 

Other Consensus signature 

Other Endothelial 

Other Epithelial 

Other Fibroblast 

Other Liver 

Other Lung 

Other Melanoma 

Other Microglial 

Other Multiple 

Other Nuocyte 
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Other Plasmablast 

Other Plasmacytoid 

Other Skin 

Other Spleen 

Other Splenocyte 

Other T2M cell 

Other Thymic 

Other Thymic stroma 

PBMC -

PBMC Myeloid 

T cell -

T cell T CD4+ 

T cell T CD4+ effector 

T cell T CD4+ memory 

T cell T CD4+ naïve 

T cell T CD8-

T cell T CD8+ 

T cell T CD8+ effector 

T cell T CD8+ memory 

T cell T CD8+ naïve 

T cell T cell gamma/delta 

T cell T follicular helper 

T cell T helper 

T cell T helper 0 

T cell T helper 1 

T cell T helper 1 naïve 

T cell T helper 17 

T cell T helper 17 naïve 

T cell T helper 2 

T cell T naïve 

T cell T regulatory 

T cell Thymus 
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Supplementary table 2 | Compounds associated with DREIMT's cell type derived 

immune signatures non-parametric wilcoxon-signed rank test. 

Cell type Compound Odds Cell type Compound Odds Cell type Compound Odds 

B cell aloisine 1.158 Monocyte L-741742 1.23 T cell BG-STK33-59 1.08 

B cell amcinonide 1.164 Monocyte lypressin 1.252 T cell bisindolylmaleimide
-ix 

1.079 

B cell apigenin 1.137 Monocyte methylergometrine 1.233 T cell BML-ST330 1.081 

B cell clofibric-acid 1.142 Monocyte montelukast 1.254 T cell BMS-182874 1.114 

B cell CPCCOEt 1.172 Monocyte orteronel 1.233 T cell BMS-536924 1.084 

B cell cyanoquinoline-11 1.153 Monocyte penitrem-a 1.283 T cell BMS-754807 1.08 

B cell dehydroisoandosteron
e 

1.144 Monocyte pinocembrin 1.259 T cell camptothecin 1.094 

B cell doxepin 1.135 Monocyte robustic-acid 1.231 T cell canertinib 1.086 

B cell etodolac 1.144 Monocyte rosiglitazone 1.28 T cell cefatrizine 1.083 

B cell etomoxir 1.145 Monocyte spiramycin 1.255 T cell chloramphenicol 1.088 

B cell flecainide 1.133 Monocyte tetracaine 1.266 T cell chlorotrianisene 1.094 

B cell hydroxychloroquine 1.14 Monocyte thiorphan 1.237 T cell chromomycin-a3 1.079 

B cell I-070754 1.163 Monocyte tosufloxacin 1.231 T cell ciclacillin 1.111 

B cell JL-7-128 1.15 Monocyte triamterene 1.26 T cell clofibrate 1.093 

B cell KU-C104131 1.151 Monocyte troglitazone 1.231 T cell cortisol 1.092 

B cell KUC103424N 1.153 Monocyte urapidil 1.253 T cell cyclopenthiazide 1.078 

B cell leu-enkephalin 1.146 Monocyte VU-0413807-2 1.282 T cell CYT387 1.087 

B cell ML-4054 1.147 Monocyte z-prolyl-prolinal 1.233 T cell cytarabine 1.087 

B cell nalbuphine 1.137 Monocyte ZG-10 1.23 T cell cytochalasin-b 1.093 

B cell naloxone 1.17 Neutrophil 5-nonyloxytryptamine 1.345 T cell dactinomycin 1.088 

B cell phensuximide 1.14 Neutrophil acadesine 1.317 T cell danusertib 1.108 

B cell retinol 1.164 Neutrophil azacitidine 1.331 T cell dasatinib 1.094 

B cell SD-6-035-B2 1.139 Neutrophil BW-B70C 1.319 T cell daunorubicin 1.091 

B cell STK-111867 1.143 Neutrophil calcipotriol 1.304 T cell deferiprone 1.103 

B cell vindesine 1.13 Neutrophil carteolol 1.337 T cell deguelin 1.085 

B cell VU-0413238-1 1.165 Neutrophil CAY-10618 1.362 T cell dequalinium 1.11 
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Dendritic cell 15-delta-prostaglandin-j2 1.108 Neutrophil dirithromycin 1.416 T cell dexamethasone 1.088 

Dendritic cell 6-nitronorepinephrine 1.16 Neutrophil FR-122047 1.343 T cell dichlorobenzamil 1.082 

Dendritic cell ABT-751 1.108 Neutrophil GW-5074 1.377 T cell diphenoxylate 1.085 

Dendritic cell acarbose 1.103 Neutrophil heraclenol 1.358 T cell dovitinib 1.08 

Dendritic cell anisomycin 1.151 Neutrophil labetalol 1.365 T cell doxorubicin 1.108 

Dendritic cell AR-A014418 1.15 Neutrophil lamivudine 1.308 T cell DY-131 1.097 

Dendritic cell arachidonyl-trifluoro-m ethane 1.138 Neutrophil methenamine 1.323 T cell EMF-sumo1-8 1.12 

Dendritic cell avicin-d 1.107 Neutrophil MG-132 1.336 T cell EMF-sumo1-9 1.119 

Dendritic cell avrainvillamide-analog-6 1.119 Neutrophil nefazodone 1.321 T cell epothilone 1.079 

Dendritic cell BG-FA-0953 1.103 Neutrophil nitazoxanide 1.313 T cell erythromycin 1.099 

Dendritic cell BIX-01294 1.109 Neutrophil QS-11 1.343 T cell erythrosine 1.094 

Dendritic cell BMS-191011 1.136 Neutrophil remoxipride 1.365 T cell eseroline 1.09 

Dendritic cell bortezomib 1.125 Neutrophil rufloxacin 1.347 T cell esmolol 1.087 

Dendritic cell bufalin 1.141 Neutrophil SDZ-NKT-343 1.353 T cell estradiol 1.111 

Dendritic cell cadmium-chloride 1.101 Neutrophil ST-4062971 1.328 T cell etomoxir 1.171 

Dendritic cell calcipotriol 1.16 Neutrophil tubocurarine 1.323 T cell etoposide 1.086 

Dendritic cell calmidazolium 1.124 Neutrophil tyrphostin-AG-126 1.318 T cell everolimus 1.083 

Dendritic cell cantharidin 1.112 Neutrophil VU-0418947-2 1.306 T cell felbamate 1.085 

Dendritic cell cefotaxime 1.11 Neutrophil withaferin-a 1.31 T cell fludarabine 1.087 

Dendritic 
cell 

cephaeline 1.118 Neutrophil zaldaride 1.329 T cell fluticasone 1.098 

Dendritic cell cercosporin 1.104 Neutrophil zaprinast 1.314 T cell fulvestrant 1.097 

Dendritic cell cerulenin 1.12 NK cell 7b-cis 1.307 T cell gabazine 1.09 

Dendritic cell CHEMBL-399379 1.107 NK cell atorvastatin 1.312 T cell GANT-61 1.093 

Dendritic cell chloroxine 1.129 NK cell atovaquone 1.321 T cell GDC-0879 1.082 
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Dendritic cell chrysenequinone 1.124 NK cell avrainvillamide-analog-2 1.319 T cell GDC-0941 1.097 

Dendritic cell CI-976 1.104 NK cell BIIB021 1.292 T cell geldanamycin 1.097 

Dendritic cell cimetidine 1.108 NK cell BML-ST330 1.353 T cell GSK-1059615 1.112 

Dendritic cell cinobufagin 1.21 NK cell BMS-182874 1.329 T cell GSK-2126458 1.093 

Dendritic cell CT-200783 1.154 NK cell BW-B70C 1.314 T cell GTP-14564 1.106 

Dendritic cell cycloheximide 1.125 NK cell candesartan 1.313 T cell guanabenz 1.102 

Dendritic cell cymarin 1.103 NK cell cefatrizine 1.304 T cell GW-441756 1.112 

Dendritic cell cyproheptadine 1.107 NK cell CHIR-99021 1.322 T cell HG-5-113-01 1.096 

Dendritic cell CYT-997 1.153 NK cell clofibrate 1.294 T cell HG-5-88-01 1.1 

Dendritic cell digitoxigenin 1.173 NK cell deferiprone 1.369 T cell hycanthone 1.094 

Dendritic cell digitoxin 1.162 NK cell demeclocycline 1.329 T cell ibrutinib 1.111 

Dendritic cell digoxigenin 1.174 NK cell diphenyleneiodonium 1.3 T cell idarubicin 1.079 

Dendritic cell digoxin 1.189 NK cell EMF-BCA1-64 1.298 T cell iopamidol 1.098 

Dendritic cell dihydrodeoxygedunin 1.112 NK cell esmolol 1.373 T cell IQ1 1.092 

Dendritic cell dimethylnitrosamine 1.101 NK cell ethisterone 1.316 T cell irilin-a 1.122 

Dendritic cell diprotin-a 1.103 NK cell felbamate 1.326 T cell isoreserpine 1.084 

Dendritic cell elesclomol 1.159 NK cell fenoterol 1.317 T cell isosorbide 1.084 

Dendritic 
cell 

emetine 1.151 NK cell GR-127935 1.305 T cell JNJ-26854165 1.094 

Dendritic cell EMF-sumo1-39 1.121 NK cell GSK-1904529A 1.306 T cell JZL-184 1.112 

Dendritic cell estrone 1.108 NK cell H-7 1.297 T cell K1448 1.09 

Dendritic cell F-1566-0341 1.111 NK cell homosalate 1.342 T cell ketorolac 1.151 

Dendritic cell fenretinide 1.104 NK cell indolophenanthridine 1.315 T cell KIN001-127 1.12 

Dendritic cell GP-42 1.116 NK cell JW-7-24-1 1.334 T cell KIN001-244 1.082 

Dendritic cell haloprogin 1.111 NK cell JZL-184 1.289 T cell KM-03472SC 1.082 
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Dendritic cell helveticoside 1.211 NK cell KB-R7943 1.292 T cell KM-03949SC 1.081 

Dendritic cell homoharringtonine 1.144 NK cell KU-0063794 1.347 T cell KU-0063794 1.133 

Dendritic cell I-606051 1.118 NK cell KU-C103874 1.324 T cell L-690330 1.094 

Dendritic cell iodoacetic-acid 1.121 NK cell latrepirdine 1.313 T cell lestaurtinib 1.128 

Dendritic cell JAS07-004 1.102 NK cell lovastatin 1.311 T cell levisoprenaline 1.09 

Dendritic cell JLK-6 1.117 NK cell LY-294002 1.291 T cell lovastatin 1.092 

Dendritic cell JTC-801 1.161 NK cell methantheline 1.314 T cell LY-294002 1.083 

Dendritic cell K784-3131 1.103 NK cell metrizamide 1.302 T cell maraviroc 1.083 

Dendritic cell kepone 1.127 NK cell MK-2206 1.321 T cell masitinib 1.118 

Dendritic cell KM-00799 1.107 NK cell mycophenolic-acid 1.314 T cell mephenytoin 1.101 

Dendritic cell KUC107191N 1.133 NK cell niguldipine 1.347 T cell mercaptopurine 1.084 

Dendritic cell lanatoside-c 1.111 NK cell OSI-027 1.291 T cell mestinon 1.094 

Dendritic cell LDN-193189 1.129 NK cell oxybenzone 1.3 T cell methimazole 1.082 

Dendritic cell LY-2183240 1.117 NK cell piceid 1.329 T cell methotrexate 1.113 

Dendritic cell manumycin-a 1.139 NK cell PQ-401 1.306 T cell metoprolol 1.081 

Dendritic cell MD-041 1.11 NK cell QL-X-138 1.404 T cell mevastatin 1.091 

Dendritic cell MD-049 1.105 NK cell RS-67506 1.312 T cell mifepristone 1.101 

Dendritic cell MD-II-051 1.13 NK cell SB-218795 1.296 T cell mitoxantrone 1.087 

Dendritic cell meprylcaine 1.103 NK cell scopolamine 1.352 T cell mocetinostat 1.087 

Dendritic cell mirin 1.106 NK cell simvastatin 1.32 T cell mosapride 1.08 

Dendritic cell MK-5108 1.114 NK cell sirolimus 1.325 T cell motesanib 1.112 

Dendritic cell MLN-2238 1.155 NK cell torin-1 1.309 T cell MW-SHH-151 1.09 

Dendritic cell MW-A1-12 1.124 NK cell torin-2 1.325 T cell mycophenolate-mofetil 1.125 

Dendritic cell narciclasine 1.179 NK cell tubastatin-a 1.448 T cell nalbuphine 1.093 
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Dendritic cell NSC-3852 1.133 NK cell WZ-4-145 1.316 T cell nitrofural 1.093 

Dendritic cell NSC-632839 1.12 NK cell XMD-1185H 1.307 T cell norepinephrine 1.09 

Dendritic cell oligomycin-a 1.111 NK cell ZSTK-474 1.336 T cell nornicotine 1.114 

Dendritic cell orlistat 1.118 Other beta-CCP 1.151 T cell NVP-BEZ235 1.148 

Dendritic cell ouabain 1.155 Other estriol 1.172 T cell NVP-TAE684 1.087 

Dendritic cell oxibendazole 1.146 Other JL-7-128 1.156 T cell olanzapine 1.092 

Dendritic cell parthenolide 1.146 Other piperacillin 1.157 T cell olaparib 1.125 

Dendritic cell pentamidine 1.105 Other tienilic-acid 1.175 T cell oleoylethanolamide 1.099 

Dendritic cell periplocymarin 1.149 Other vanillyl-glycol 1.172 T cell oligomycin-a 1.092 

Dendritic cell PETCM 1.136 Other W-13 1.156 T cell olvanil 1.093 

Dendritic cell phenazone 1.104 PBMC alpha-methylserotonin 1.26 T cell OSI-027 1.111 

Dendritic cell phorbol-myristate-acetate 1.132 PBMC articaine 1.222 T cell oxybenzone 1.078 

Dendritic cell picotamide 1.104 PBMC benperidol 1.281 T cell palbociclib 1.139 

Dendritic cell pifithrin-mu 1.135 PBMC benzohydroxamic-acid 1.231 T cell papaverine 1.12 

Dendritic cell piperlongumine 1.121 PBMC beta-alanine 1.244 T cell PD-102807 1.093 

Dendritic cell pirlindole 1.125 PBMC BMS-777607 1.234 T cell PD-198306 1.091 

Dendritic cell podophyllotoxin 1.133 PBMC bongkrek-acid 1.239 T cell perospirone 1.082 

Dendritic 
cell 

proscillaridin 1.182 PBMC calcitriol 1.352 T cell phenanthridone 1.094 

Dendritic cell proscillaridin-a 1.142 PBMC canrenoic-acid 1.232 T cell phenprobamate 1.079 

Dendritic cell PSB-06126 1.113 PBMC cefotetan 1.286 T cell physostigmine 1.08 

Dendritic cell puromycin 1.109 PBMC cefuroxime 1.244 T cell PI-103 1.105 

Dendritic cell PX-12 1.151 PBMC chlortetracycline 1.244 T cell PI-828 1.108 

Dendritic cell QL-XII-47 1.148 PBMC deflazacort 1.414 T cell piceid 1.134 

Dendritic cell RS-I-002-6 1.131 PBMC dehydroisoandosterone 1.257 T cell pidorubicine 1.088 
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Dendritic cell salermide 1.153 PBMC diethylstilbestrol 1.227 T cell PIK-75 1.098 

Dendritic cell sarmentogenin 1.146 PBMC digoxin 1.237 T cell PIK-90 1.107 

Dendritic cell SCH-79797 1.136 PBMC dihydroobliquin 1.239 T cell pioglitazone 1.115 

Dendritic cell securinine 1.15 PBMC etilefrine 1.285 T cell pirarubicin 1.088 

Dendritic cell SIB-1757 1.112 PBMC fluocinonide 1.251 T cell PLX-4720 1.096 

Dendritic cell strophanthidin 1.145 PBMC flurbiprofen 1.234 T cell ponatinib 1.089 

Dendritic cell SU-11652 1.11 PBMC furosemide 1.254 T cell PP-110 1.094 

Dendritic cell tacrine 1.127 PBMC galantamine 1.249 T cell PQ-401 1.08 

Dendritic cell testosterone 1.128 PBMC gamma-homolinolenic-acid 1.226 T cell prednisolone 1.093 

Dendritic cell tetrabenazine 1.126 PBMC gavestinel 1.247 T cell proguanil 1.084 

Dendritic cell thiomersal 1.106 PBMC GW-583340 1.252 T cell pseudoephedrine 1.079 

Dendritic cell thioperamide 1.131 PBMC H-9 1.274 T cell PSH-013 1.079 

Dendritic cell tofacitinib 1.151 PBMC HG-6-64-01 1.225 T cell PTB1 1.082 

Dendritic cell tosedostat 1.118 PBMC I-OMe-AG-538 1.268 T cell PU-H71 1.12 

Dendritic cell trequinsin 1.118 PBMC KUC104235N 1.249 T cell purvalanol-a 1.089 

Dendritic cell triamcinolone 1.101 PBMC L-745870 1.25 T cell pyrazolanthrone 1.112 

Dendritic cell TWS-119 1.136 PBMC lofexidine 1.227 T cell QL-XI-92 1.1 

Dendritic cell UNC-0321 1.128 PBMC lomatin 1.25 T cell RAN-07 1.095 

Dendritic cell ursolic-acid 1.119 PBMC LY-2140023 1.228 T cell razoxane 1.111 

Dendritic 
cell 

vincristine 1.138 PBMC meglumine 1.223 T cell retinol 1.087 

Dendritic cell vinorelbine 1.107 PBMC mestranol 1.235 T cell reversine 1.115 

Dendritic cell VU-0365118-1 1.114 PBMC naringin 1.351 T cell rhamnetin 1.085 

Dendritic cell WH-4023 1.132 PBMC norketamine 1.223 T cell rhapontin 1.1 

Dendritic 
cell 

withaferin-a 1.129 PBMC OSI-930 1.225 T cell rifabutin 1.134 
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Dendritic cell xanthohumol 1.12 PBMC ouabain 1.228 T cell RLM-2-12 1.1 

Dendritic cell YL-54 1.113 PBMC oxandrolone 1.308 T cell RWJ-21757 1.116 

Dendritic cell YM-155 1.168 PBMC oxytetracycline 1.279 T cell saquinavir 1.093 

Dendritic cell z-leu3-VS 1.138 PBMC pepstatin 1.271 T cell simvastatin 1.1 

HSPC etoricoxib 1.188 PBMC piribedil 1.237 T cell sirolimus 1.093 

HSPC lofexidine 1.197 PBMC propidium 1.222 T cell ST-4029487 1.094 

HSPC NNC-711 1.222 PBMC proscillaridin-a 1.226 T cell ST-91 1.092 

HSPC pirfenidone 1.204 PBMC prostratin 1.238 T cell staurosporine 1.113 

Macrophage flucloxacillin 1.128 PBMC purpurogallin 1.241 T cell STK-661558 1.085 

Macrophage hydroxycholesterol 1.165 PBMC RAN-30 1.275 T cell STK-674938 1.088 

Macrophage KU-C104132 1.139 PBMC SC-9 1.266 T cell SU-11274 1.091 

Macrophage RK-682 1.16 PBMC sertraline 1.266 T cell succinylsulfathiazole 1.081 

Macrophage sotalol 1.159 PBMC siguazodan 1.246 T cell sunitinib 1.098 

Macrophage ST-014075 1.129 PBMC SKF-83566 1.262 T cell SYK-inhibitor 1.079 

Macrophage toltrazuril 1.134 PBMC skimmianine 1.231 T cell syrosingopine 1.078 

Macrophage triflusal 1.154 PBMC strychnine 1.261 T cell tadalafil 1.098 

Macrophage WH-4025 1.13 PBMC sulmazole 1.229 T cell temsirolimus 1.079 

Macrophage YL-54 1.136 PBMC telmisartan 1.245 T cell TG-101348 1.092 

MDSC amifostine 1.423 PBMC terbinafine 1.291 T cell TGX-115 1.131 

MDSC CCMQ 1.438 PBMC tetramethyl-haematoxylone 1.238 T cell TGX-221 1.138 

MDSC demeclocycline 1.446 PBMC timosaponin 1.247 T cell thalidomide 1.085 

MDSC deoxyrhapontin 1.409 PBMC tizanidine 1.347 T cell tigecycline 1.079 

MDSC esculin 1.418 PBMC tridihexethyl 1.306 T cell tiletamine 1.116 

MDSC etanidazole 1.464 PBMC veliparib 1.23 T cell tivozanib 1.131 

MDSC KU-C104123 1.442 PBMC VU-0366968 1.23 T cell torin-1 1.124 

MDSC L-750667 1.47 PBMC VU-0447127-2 1.236 T cell torin-2 1.102 

MDSC propentofylline 1.466 PBMC XMD-1527 1.243 T cell tribenoside 1.097 

Monocyte 4-(2-Amino-ethyl)-benzenesulfonamide 1.23 PBMC YO-2 1.238 T cell trimidox 1.081 
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Monocyte ABT-737 1.236 T cell 2-aminobenzenesulfonamide 1.081 T cell tripelennamine 1.103 

Monocyte amperozide 1.244 T cell A-443644 1.102 T cell UGISS-451 1.079 

Monocyte APEC 1.231 T cell acarbose 1.087 T cell UTMB-00530 1.092 

Monocyte assinex_D328 1.269 T cell acetyl-geranyl-cysteine 1.081 T cell VAMA-37 1.089 

Monocyte AZD-7545 1.252 T cell AKT-inhibitor-1-2 1.095 T cell vanoxerine 1.086 

Monocyte benzofuran 1.232 T cell AM-580 1.088 T cell VEGF-receptor-2-kinase-inhibitor-IV 1.096 

Monocyte CA-074-Me 1.253 T cell aminopurvalanol-a 1.124 T cell vemurafenib 1.105 

Monocyte carteolol 1.287 T cell amodiaquine 1.081 T cell VER-155008 1.078 

Monocyte EMF-sumo1-3 1.26 T cell aprepitant 1.081 T cell verteporfin 1.087 

Monocyte epitestosterone 1.231 T cell aristolochic-acid 1.091 T cell vinburnine 1.085 

Monocyte galantamine 1.232 T cell AS-601245 1.084 T cell WAY-629 1.098 

Monocyte gitoxigenin 1.289 T cell AZ-628 1.079 T cell wortmannin 1.103 

Monocyte glycerol 1.309 T cell azathioprine 1.118 T cell WYE-125132 1.104 

Monocyte isoflupredone 1.231 T cell AZD-6482 1.108 T cell WYE-354 1.122 

Monocyte itdac-1 1.265 T cell AZD-8055 1.13 T cell WZ-3105 1.092 

Monocyte ketocholesterol 1.234 T cell baclofen 1.094 T cell WZ-3146 1.091 

Monocyte KU-C103654 1.234 T cell barasertib 1.126 T cell WZ-4-145 1.118 

Monocyte KU-C103871 1.25 T cell benfluorex 1.116 T cell xamoterol 1.134 

Monocyte KU-C104142 1.25 T cell benzamil 1.079 T cell zaleplon 1.104 

T cell betamethasone 1.095 T cell ZSTK-474 1.115 

Supplementary table 3 | Metabolic processes enriched in cytotoxic cells compared 

to naive and exhausted cells. 

Signature Biological Process NES FDR 

Untreated naive vs cytotoxic GO_GLYCOLYTIC_PROCESS_THROUGH_FRUCTOSE_6_PHOSPHATE -1,78 0,008 

Untreated naive vs cytotoxic GO_NADH_METABOLIC_PROCESS -1,82 0,002 

Untreated naive vs cytotoxic GO_GLUCOSE_CATABOLIC_PROCESS -1,81 0,005 

Untreated naive vs cytotoxic GO_OXIDATIVE_PHOSPHORYLATION -1,74 0,01 

Resistant naive vs cytotoxic GO_GLYCOLYTIC_PROCESS_THROUGH_FRUCTOSE_6_PHOSPHATE -1,93 < 10-4 

Resistant naive vs cytotoxic GO_NADH_METABOLIC_PROCESS -1,96 < 10-4 
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Resistant naive vs cytotoxic GO_GLUCOSE_CATABOLIC_PROCESS -1,9 < 10-4 

Resistant naive vs cytotoxic GO_OXIDATIVE_PHOSPHORYLATION -1,76 0,01 

Resistant exhausted vs cytotoxic GO_GLYCOLYTIC_PROCESS_THROUGH_FRUCTOSE_6_PHOSPHATE -1,78 0,03 

Resistant exhausted vs cytotoxic GO_NADH_METABOLIC_PROCESS -1,63 0,09 

Resistant exhausted vs cytotoxic GO_GLUCOSE_CATABOLIC_PROCESS -1,77 0,03 

Resistant exhausted vs cytotoxic GO_OXIDATIVE_PHOSPHORYLATION -2,29 < 10-4 

Untreated exhausted vs cytotoxic GO_GLYCOLYTIC_PROCESS_THROUGH_FRUCTOSE_6_PHOSPHATE -1,54 0,08 

Untreated exhausted vs cytotoxic GO_NADH_METABOLIC_PROCESS -1,61 0,05 

Untreated exhausted vs cytotoxic GO_GLUCOSE_CATABOLIC_PROCESS -1,52 0,1 

Untreated exhausted vs cytotoxic GO_OXIDATIVE_PHOSPHORYLATION -1,71 0,02 

Supplementary table 4 | Common compounds across metaranks  

Compound 

Median Tau 
exhausted 
vs 

cytotoxic 

Median Tau 
Treg 
vs 

exhausted Treg 

Median Tau 
Naive 
vs 

cytotoxic Meaning Staus DSS 

bupropion -95.83 65.93 -98.71 Promote cytotoxic Approved NA 

sulfamonomethoxine -90.08 68.58 -97.67 Promote cytotoxic Approved NA 

tetramethyl-haematoxylon 
e 78.60 -97.72 -98.41 

Revet Treg and promote 
cytotoxic Experimental NA 

benzyl-quinazolin-4-yl-amin 
e 39.22 -94.36 -99.01 

Revet Treg and promote 
cytotoxic Experimental 0.57 

tacrolimus 59.51 -92.34 -95.76 
Revet Treg and promote 

cytotoxic Approved 0.61 

STF-62247 7.32 -96.88 -96.53 
Revet Treg and promote 

cytotoxic Experimental NA 

mebhydrolin 48.13 -90.87 -98.86 
Revet Treg and promote 

cytotoxic Approved NA 

mepireserpate -34.55 -91.65 -97.80 
Revet Treg and promote 

cytotoxic Experimental 0.62 

PHCCC 17.07 -97.42 -98.06 
Revet Treg and promote 

cytotoxic Experimental NA 

CMPD-1 -27.03 -94.23 -96.30 
Revet Treg and promote 

cytotoxic Experimental 0.61 

heliotrine 56.41 -92.36 -98.58 
Revet Treg and promote 

cytotoxic Experimental 0.58 

nitazoxanide 91.61 -96.32 -99.36 
Revet Treg and promote 

cytotoxic Approved NA 

brucine 62.78 -96.28 -91.50 
Revet Treg and promote 

cytotoxic Experimental NA 

etomidate 63.71 -90.34 -95.59 
Revet Treg and promote 

cytotoxic Approved NA 

bromhexine 94.23 -93.84 -99.94 
Revet Treg and promote 

cytotoxic Approved 0.51 
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fendiline 61.64 -92.42 -96.66 
Revet Treg and promote 

cytotoxic Experimental NA 

glycopyrrolate -91.43 95.11 38.23 Revert exhaustion Approved NA 

meropenem -91.69 97.44 33.26 Revert exhaustion Approved NA 

I-212148 -98.06 96.40 -89.97 Revert exhaustion Experimental NA 

terazosin -96.68 97.44 98.45 Revert exhaustion Approved NA 

argatroban -94.49 95.39 53.01 Revert exhaustion Approved NA 

VU-0420364-1 -96.66 96.97 -32.37 Revert exhaustion Experimental 0.74 

DM-161 -92.27 93.35 31.53 Revert exhaustion Experimental NA 

Supplementary table 5 | Jerby-Arnon’s selected immune signatures. Treg vs 

exhausted Treg (MOA) 

UP FDR UP ES UP NES DN FDR DN ES DN NES tau common name Status DSS 

0.027 -0.299 -1.406 0.163 0.261 1.171 -99.963 vatalanib Experimental NA 

0.574 -0.208 -0.96 0.009 0.341 1.546 -99.963 diloxanide Approved 0.54 

0.635 -0.2 -0.921 0.007 0.331 1.55 -99.963 carmoxirole Experimental NA 

0.002 -0.336 -1.596 0.539 0.217 0.955 -99.963 GR-159897 Experimental NA 

0.606 -0.197 -0.933 0.002 0.373 1.718 -99.925 amuvatinib Experimental NA 

0.096 -0.279 -1.231 0.002 0.369 1.609 -99.888 dovitinib Experimental 0.539 

0.028 -0.323 -1.38 0.199 0.248 1.136 -99.851 sunitinib Approved 0.641 

0.697 -0.199 -0.91 0.002 0.392 1.69 -99.776 sorafenib Approved 0.584 

0.131 -0.27 -1.191 0.04 0.306 1.368 -99.776 sirolimus Approved 0.631 

0.026 -0.299 -1.407 0.821 0.186 0.833 -99.776 PRE-084 Experimental NA 

0.02 -0.324 -1.42 0.395 0.222 1.029 -99.664 simvastatin Approved 0.569 

0.023 -0.285 -1.353 0.358 0.233 1.049 -99.552 NU-7026 Experimental 0.613 

0.016 -0.343 -1.488 0.42 0.236 1.017 -99.552 oligomycin-a Experimental 0.636 

0.031 -0.271 -1.328 0.837 0.191 0.816 -99.514 thalidomide Approved 0.587 

0.004 -0.35 -1.501 0.321 0.233 1.061 -99.253 IKK-16 Experimental 0.664 

0.28 -0.248 -1.09 0.042 0.289 1.319 -99.029 atorvastatin Approved NA 

0.012 -0.326 -1.445 0.892 0.179 0.799 -98.767 cyclopiazonic-acid Experimental 0.662 

0.488 -0.216 -0.976 0.027 0.322 1.422 -97.422 thiostrepton Approved 0.677 

0.206 -0.262 -1.129 0.035 0.304 1.347 -97.348 WYE-354 Experimental 0.612 
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0.031 -0.279 -1.284 0.71 0.221 0.874 -94.77 emetine Experimental 0.677 

Supplementary table 6 | Jerby-Arnon’s selected immune signatures. exhausted vs 

cytotoxic (MOA) 

UP FDR UP ES UP NES DN FDR DN ES DN NES tau common name Status DSS 

0.392 -0.216 -1.029 0.002 0.503 2.353 -99.739 physostigmine Approved NA 

0.422 -0.204 -1.006 0.002 0.444 2.03 -99.664 CO-101244 Experimental NA 

0.016 -0.3 -1.414 0.002 0.432 2 -99.589 topiramate Approved NA 

0.017 -0.307 -1.472 0.096 0.275 1.266 -99.216 diclofenamide Approved NA 

0.116 -0.259 -1.222 0.021 0.316 1.422 -98.244 flupirtine Approved NA 

0.005 -0.335 -1.599 0.557 0.209 0.959 -97.759 SIB-1757 Experimental NA 

0.387 -0.218 -1.03 0.002 0.42 1.981 -95.331 latrepirdine Experimental NA 

0.62 -0.203 -0.922 0.008 0.325 1.552 -94.994 eseroline Experimental 0.712 

0.161 -0.242 -1.167 0.013 0.315 1.445 -94.621 desoxypeganine Experimental NA 

0.242 -0.23 -1.106 0.019 0.312 1.408 -94.583 huperzine-a Experimental 0.615 

0.252 -0.241 -1.108 0.003 0.36 1.584 -94.023 SIB-1893 Experimental 0.613 

0.313 -0.229 -1.071 0.033 0.296 1.352 -93.313 tacrine Approved NA 

0.002 -0.363 -1.733 0.657 0.201 0.916 -93.276 metrizamide Approved NA 

0.947 -0.16 -0.758 0.002 0.386 1.779 -92.417 felbamate Approved NA 

0.502 -0.211 -0.969 0.043 0.288 1.311 -92.267 YM-298198 Experimental NA 

Supplementary table 7 | Jerby-Arnon’s selected immune signatures. naive vs 

cytotoxic (MOA) 

UP FDR UP ES UP NES DN FDR DN ES DN NES tau common name Status DSS 

0.002 -0.529 -2.49 0.131 0.258 1.193 -99.402 vincristine Approved 0.57 

0.002 -0.54 -2.438 0.352 0.217 1.029 -99.216 bromocriptine Approved 0.584 

0.002 -0.565 -2.665 0.731 0.194 0.89 -99.178 oxfendazole Approved NA 

0.002 -0.396 -1.852 0.002 0.38 1.767 -99.103 pramipexole Approved NA 

0.002 -0.444 -2.096 0.124 0.267 1.218 -99.066 metergoline Approved 0.597 

0.002 -0.531 -2.438 0.095 0.262 1.226 -98.244 CYT-997 Experimental 0.6 

0.002 -0.468 -2.155 0.193 0.232 1.134 -98.058 epirubicin Approved 0.739 
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0.002 -0.513 -2.242 0.027 0.318 1.42 -97.945 ABT-751 Experimental 0.579 

0.002 -0.44 -1.944 0.068 0.26 1.254 -97.833 mesulergine Experimental NA 

0.002 -0.52 -2.348 0.097 0.269 1.231 -97.647 vinblastine Approved 0.588 

0.002 -0.389 -1.766 0.002 0.329 1.579 -97.012 camptothecin Experimental 0.681 

0.001 -0.414 -1.875 0.241 0.219 1.098 -96.451 doxorubicin Approved 0.696 

0.004 -0.343 -1.616 0.074 0.272 1.273 -95.592 daunorubicin Approved 0.713 

0.002 -0.395 -1.837 0.058 0.267 1.278 -94.733 topotecan Approved 0.653 

0.003 -0.406 -1.973 0.765 0.189 0.861 -94.471 oxantel Experimental NA 

0.002 -0.456 -2.08 1 0.136 0.669 -93.575 idarubicin Approved 0.612 

0.413 -0.222 -1.029 0.002 0.374 1.731 -92.604 licochalcone-a Experimental 0.533 

0.002 -0.486 -2.189 0.372 0.227 1.023 -91.558 podophyllotoxin Approved 0.601 

0.002 -0.337 -1.555 0.046 0.295 1.335 -91.446 albendazole Approved 0.585 

0.038 -0.295 -1.352 0.005 0.313 1.508 -91.334 lobendazole Experimental 0.538 

Supplementary table 8 | Jerby-Arnon’s selected immune signatures. Treg vs 

exhausted Treg (Top 20) 

UP FDR UP ES UP NES DN FDR DN ES DN NES tau common name Status DSS 

0.013 -0.311 -1.432 0.027 0.306 1.357 -99.963 podophyllotoxin Approved 0.601 

0.007 -0.338 -1.503 0.026 0.302 1.369 -99.963 benzyl-quinazolin-4-yl-amine Experimental 0.576 

0.231 -0.241 -1.107 0.002 0.379 1.709 -99.963 triamterene Approved 0.566 

0.075 -0.263 -1.239 0.037 0.312 1.373 -99.963 SDM25N Experimental 0.558 

0.574 -0.208 -0.96 0.009 0.341 1.546 -99.963 diloxanide Approved 0.54 

0.005 -0.336 -1.606 0.043 0.299 1.331 -99.963 isorotenone Experimental 0.51 

0.021 -0.299 -1.419 0.414 0.231 1.016 -99.963 CB7950998 Experimental NA 

0.719 -0.187 -0.893 0.006 0.323 1.48 -99.963 ST-4070169 Experimental NA 

0.002 -0.377 -1.707 0.776 0.182 0.867 -99.963 rimantadine Approved NA 

0.008 -0.294 -1.467 0.378 0.234 1.041 -99.963 alprenolol Approved NA 

0.004 -0.348 -1.592 0.92 0.164 0.774 -99.963 tyrphostin-51 Experimental NA 

0.002 -0.343 -1.608 0.24 0.246 1.135 -99.963 OMDM-2 Experimental NA 

0.002 -0.336 -1.596 0.539 0.217 0.955 -99.963 GR-159897 Experimental NA 

0.635 -0.2 -0.921 0.007 0.331 1.55 -99.963 carmoxirole Experimental NA 

0.014 -0.312 -1.452 0.127 0.26 1.186 -99.963 saquinavir Approved NA 
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0.027 -0.299 -1.406 0.163 0.261 1.171 -99.963 vatalanib Experimental NA 

0.712 -0.194 -0.895 0.01 0.326 1.49 -99.963 PNU-22394 Experimental NA 

0.003 -0.385 -1.843 0.488 0.224 0.985 -99.963 methimazole Approved NA 

0.049 -0.293 -1.332 0.204 0.242 1.124 -99.963 salsolidine Experimental NA 

0.006 -0.302 -1.495 0.379 0.234 1.044 -99.925 prednisolone Approved 0.569 

Supplementary table 9 | Jerby-Arnon’s selected immune signatures. exhausted vs 

cytotoxic (Top 20) 

UP FDR UP ES UP NES DN FDR DN ES DN NES tau common name Status DSS 

0.002 -0.381 -1.795 0.002 0.495 2.25 -99.963 epigallocatechin Experimental 0.611 

0.019 -0.304 -1.437 0.002 0.49 2.234 -99.963 pregnenolone Approved 0.527 

0.055 -0.279 -1.312 0.002 0.413 1.946 -99.963 evoxine Experimental NA 

0.004 -0.34 -1.578 0.002 0.469 2.175 -99.963 atomoxetine Approved NA 

0.559 -0.203 -0.945 0.002 0.545 2.54 -99.925 indirubin Experimental 0.581 

0.002 -0.362 -1.686 0.004 0.351 1.593 -99.925 tyrphostin-AG-538 Experimental NA 

0.011 -0.32 -1.497 0.002 0.394 1.849 -99.925 lamivudine Approved NA 

0.167 -0.245 -1.163 0.002 0.503 2.301 -99.888 RO-19-4605 Experimental NA 

0.017 -0.295 -1.394 0.002 0.424 1.922 -99.888 carbofuran Experimental NA 

0.003 -0.429 -2.083 0.158 0.266 1.169 -99.851 mocimycin Experimental 0.56 

0.13 -0.256 -1.201 0.002 0.428 2.062 -99.851 pentetic-acid Experimental NA 

0.005 -0.334 -1.571 0.002 0.413 1.887 -99.813 zolpidem Approved NA 

0.143 -0.252 -1.179 0.002 0.47 2.226 -99.813 KU-C104126N Experimental NA 

0.022 -0.291 -1.404 0.002 0.437 2.014 -99.813 KU-C103874 Experimental NA 

0.116 -0.26 -1.203 0.004 0.385 1.828 -99.813 thioperamide Experimental NA 

0.013 -0.292 -1.426 0.002 0.409 1.846 -99.813 argatroban Approved NA 

0.16 -0.234 -1.149 0.001 0.419 1.814 -99.776 GGTI-297 Experimental NA 

0.021 -0.298 -1.408 0.018 0.325 1.48 -99.776 n-arachidonyl-GABA Experimental NA 

0.015 -0.308 -1.481 0.002 0.397 1.84 -99.776 KU-C104253 Experimental NA 

0.01 -0.316 -1.483 0.002 0.394 1.81 -99.776 cimetidine Approved NA 
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Supplementary table 10 | Jerby-Arnon’s selected immune signatures.  naive vs 

cytotoxic (Top 20) 

UP FDR UP ES UP NES DN FDR DN ES DN NES tau common name Status DSS 

0.002 -0.547 -2.608 0.086 0.272 1.252 -99.963 rhizocarpic-acid Experimental 0.651 

0.002 -0.621 -2.904 0.02 0.302 1.397 -99.963 mevastatin Experimental 0.607 

0.002 -0.567 -2.699 0.487 0.214 0.992 -99.963 PSB-06126 Experimental 0.542 

0.002 -0.547 -2.441 0.003 0.409 1.953 -99.963 marmesin Experimental NA 

0.002 -0.49 -2.198 0.002 0.493 2.334 -99.963 siguazodan Experimental NA 

0.002 -0.546 -2.589 0.002 0.473 2.159 -99.963 BU-224 Experimental NA 

0.003 -0.5 -2.505 0.032 0.305 1.394 -99.963 serotonin Approved NA 

0.002 -0.564 -2.672 0.13 0.262 1.201 -99.963 rolipram Experimental NA 

0.002 -0.542 -2.556 0.002 0.362 1.751 -99.963 riboflavin Approved NA 

0.002 -0.532 -2.544 0.003 0.335 1.557 -99.963 acetyl-geranyl-cysteine Experimental NA 

0.002 -0.465 -2.082 0.003 0.444 2.117 -99.963 R-59022 Experimental NA 

0.002 -0.533 -2.55 0.002 0.352 1.638 -99.963 adapalene Approved NA 

0.002 -0.595 -2.82 0.184 0.245 1.151 -99.925 sulpiride Approved 0.607 

0.002 -0.533 -2.5 0.243 0.24 1.12 -99.925 amperozide Approved 0.53 

0.002 -0.547 -2.456 0.133 0.248 1.182 -99.925 doxepin Approved 0.529 

0.002 -0.57 -2.61 0.002 0.351 1.684 -99.925 bromhexine Approved 0.51 

0.002 -0.585 -2.692 0.002 0.403 1.88 -99.925 gingerol Experimental NA 

0.003 -0.488 -2.35 0.001 0.435 1.952 -99.925 BMY-7378 Experimental NA 

0.002 -0.578 -2.732 0.08 0.27 1.271 -99.925 CAM-9-021 Experimental NA 

0.003 -0.496 -2.448 0.023 0.301 1.381 -99.925 riluzole Approved NA 

Supplementary table 11 | Top 15 most shared compounds with reverting potential 

across colitis derived signatures. 

Cell UP FDR DN FDR UP NES DN NES tau common name Status DSS 

Cytotoxic effector 0.01 0.13 1.38 -1.2 99.48 5-methylhydantoin Experimental NA 

Cytotoxic effector 0.21 0.39 1.12 -1.03 98.39 alprazolam Approved NA 

Cytotoxic effector 0.31 0.49 1.07 -0.99 30.26 artesunate Approved 0.67 

Cytotoxic effector 0.26 0.02 1.1 -1.44 99.66 baclofen Approved NA 

Cytotoxic effector 1 0.11 -0.68 -1.22 54.13 BL-050 Experimental NA 
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Cytotoxic effector 0.15 0.17 -1.16 1.15 -98.39 CAY-10578 Experimental NA 

Cytotoxic effector 0.93 0.09 -0.81 -1.23 49.42 etifenin Experimental NA 

Cytotoxic effector 0.12 0.54 1.19 -0.97 -53.31 finasteride Approved 0.49 

Cytotoxic effector 0.07 0.64 -1.22 0.93 -98.02 fipexide Withdrawn NA 

Cytotoxic effector 0.02 0.27 -1.35 1.11 -97.42 guggulsterone Experimental 0.61 

Cytotoxic effector 0.03 0.66 -1.33 0.91 -97.72 ivachtin Experimental NA 

Cytotoxic effector 0.02 0.01 -1.34 1.42 -99.89 L-701252 Experimental NA 

Cytotoxic effector 0.89 0.31 0.83 -1.09 91.6 oxprenolol Approved NA 

Cytotoxic effector 0.99 0.15 0.74 -1.16 91.86 RS-100329 Experimental NA 

Cytotoxic effector 0.01 0.24 -1.4 1.12 -99.51 YM-298198 Experimental NA 

ILC1 0.19 0.59 1.16 0.93 -11.06 5-methylhydantoin Experimental NA 

ILC1 0.57 0.21 -0.95 1.2 -98.09 alprazolam Approved NA 

ILC1 0.03 0.36 -1.4 1.07 -98.62 artesunate Approved 0.67 

ILC1 0.48 0.28 -0.99 1.13 -97.76 baclofen Approved NA 

ILC1 0.16 0.54 -1.2 0.94 -98.21 BL-050 Experimental NA 

ILC1 0.45 0.27 -1 1.15 -97.83 CAY-10578 Experimental NA 

ILC1 0.3 0.35 -1.09 1.09 -97.95 etifenin Experimental NA 

ILC1 0.8 0.27 -0.84 1.15 -93.61 finasteride Approved 0.49 

ILC1 0.81 0.21 -0.82 1.19 -97.87 fipexide Withdrawn NA 

ILC1 0.06 0.61 -1.35 0.89 -92.9 guggulsterone Experimental 0.61 

ILC1 0.01 0.25 -1.57 1.16 -99.7 ivachtin Experimental NA 

ILC1 0.25 0.74 1.11 0.83 2.61 L-701252 Experimental NA 

ILC1 0.01 0.57 -1.6 0.92 -98.8 oxprenolol Approved NA 

ILC1 0.52 0.44 -0.96 1.01 -95.63 RS-100329 Experimental NA 

ILC1 0.75 0.66 0.85 -0.89 -6.57 YM-298198 Experimental NA 

Myeloid 0.09 0 -1.22 2.27 -99.89 5-methylhydantoin Experimental NA 

Myeloid 0.1 0.01 -1.21 1.51 -98.92 alprazolam Approved NA 

Myeloid 0.01 0.12 -1.37 1.19 -94.14 artesunate Approved 0.67 

Myeloid 0.16 0 -1.16 1.91 -99.78 baclofen Approved NA 

Myeloid 0.01 0.02 -1.48 1.39 -99.74 BL-050 Experimental NA 

Myeloid 0.18 0.04 -1.13 1.3 -95.52 CAY-10578 Experimental NA 

Myeloid 0.03 0.09 -1.31 1.24 -97.61 etifenin Experimental NA 
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Myeloid 0.23 0.02 -1.12 1.35 -93.95 finasteride Approved 0.49 

Myeloid 0.02 0.21 -1.39 1.14 -98.02 fipexide Withdrawn NA 

Myeloid 0.62 0 -0.94 1.58 -92.64 guggulsterone Experimental 0.61 

Myeloid 0.35 0.05 -1.04 1.31 -93.39 ivachtin Experimental NA 

Myeloid 0.73 0 -0.9 1.61 -96.56 L-701252 Experimental NA 

Myeloid 0 0 -1.53 1.67 -99.59 oxprenolol Approved NA 

Myeloid 0.03 0 -1.31 1.77 -99.85 RS-100329 Experimental NA 

Myeloid 0.43 0 1.02 -1.53 -53.57 YM-298198 Experimental NA 

Th1 effector 0.23 0 -1.13 2.07 -97.09 5-methylhydantoin Experimental NA 

Th1 effector 0.86 0 -0.8 1.54 -83.49 alprazolam Approved NA 

Th1 effector 0.06 0 -1.34 1.76 -96.75 artesunate Approved 0.67 

Th1 effector 0.82 0 -0.82 1.8 -91.33 baclofen Approved NA 

Th1 effector 0.01 0.53 -1.56 0.97 -92.38 BL-050 Experimental NA 

Th1 effector 0.08 0.66 -1.28 -0.91 -40.34 CAY-10578 Experimental NA 

Th1 effector 0.02 0 -1.52 1.72 -99.22 etifenin Experimental NA 

Th1 effector 0.38 0 -1.04 1.67 -91.86 finasteride Approved 0.49 

Th1 effector 0.84 0.36 0.8 1.04 -29.62 fipexide Withdrawn NA 

Th1 effector 0 0 -2.01 1.61 -99.7 guggulsterone Experimental 0.61 

Th1 effector 0 0.06 -1.65 1.28 -96.82 ivachtin Experimental NA 

Th1 effector 0.15 0 -1.17 1.81 -97.72 L-701252 Experimental NA 

Th1 effector 0.01 0.02 -1.59 1.45 -97.12 oxprenolol Approved NA 

Th1 effector 0.86 0.01 -0.81 1.6 -86.07 RS-100329 Experimental NA 

Th1 effector 0.04 0 -1.38 1.64 -97.39 YM-298198 Experimental NA 

Treg 0.03 0 -1.31 2.24 -99.96 5-methylhydantoin Experimental NA 

Treg 0.49 0.01 -0.98 1.51 -98.13 alprazolam Approved NA 

Treg 0.14 0 -1.16 1.56 -97.95 artesunate Approved 0.67 

Treg 0.98 0 -0.71 1.67 -95.48 baclofen Approved NA 

Treg 0.06 0.35 -1.27 1.06 -96.75 BL-050 Experimental NA 

Treg 0.03 0.8 -1.35 0.86 -92.38 CAY-10578 Experimental NA 

Treg 0.39 0 -1.03 1.63 -99.1 etifenin Experimental NA 

Treg 0.62 0.01 0.94 1.47 -53.75 finasteride Approved 0.49 

Treg 0.03 0.41 -1.28 1.02 -97.05 fipexide Withdrawn NA 
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Treg 0.03 0 -1.39 1.8 -99.85 guggulsterone Experimental 0.61 

Treg 0.1 0.13 -1.2 1.2 -96.3 ivachtin Experimental NA 

Treg 0.72 0 -0.91 1.58 -97.76 L-701252 Experimental NA 

Treg 0.69 0.02 -0.91 1.4 -93.13 oxprenolol Approved NA 

Treg 0.56 0.01 -0.97 1.57 -98.28 RS-100329 Experimental NA 

Treg 0.03 0 -1.35 1.59 -99.78 YM-298198 Experimental NA 

Trm IEL 0.19 0 -1.14 1.61 -99.36 5-methylhydantoin Experimental NA 

Trm IEL 0.33 0.22 -1.06 1.12 -95.41 alprazolam Approved NA 

Trm IEL 0.06 0.03 -1.29 1.38 -98.62 artesunate Approved 0.67 

Trm IEL 0.1 0.01 -1.22 1.47 -99.74 baclofen Approved NA 

Trm IEL 0.04 0.04 -1.31 1.34 -99.89 BL-050 Experimental NA 

Trm IEL 0.56 0.29 -0.97 1.09 -92.94 CAY-10578 Experimental NA 

Trm IEL 0.04 0.01 -1.35 1.44 -99.7 etifenin Experimental NA 

Trm IEL 0.99 0.02 -0.7 1.41 -93.24 finasteride Approved 0.49 

Trm IEL 0.16 0.92 -1.15 0.78 -91.56 fipexide Withdrawn NA 

Trm IEL 0.01 0.08 -1.52 1.25 -99.55 guggulsterone Experimental 0.61 

Trm IEL 0 0.56 -1.48 0.96 -98.51 ivachtin Experimental NA 

Trm IEL 0.29 0.29 -1.07 1.08 -95.7 L-701252 Experimental NA 

Trm IEL 0.03 0.01 -1.38 1.5 -99.59 oxprenolol Approved NA 

Trm IEL 0.37 0.07 -1.04 1.26 -97.5 RS-100329 Experimental NA 

Trm IEL 0.08 0.02 -1.23 1.39 -99.63 YM-298198 Experimental NA 

Trm LP1 0.14 0 -1.18 2.34 -99.96 5-methylhydantoin Experimental NA 

Trm LP1 0.07 0.13 -1.26 1.2 -97.2 alprazolam Approved NA 

Trm LP1 0.29 0.02 -1.08 1.43 -95.07 artesunate Approved 0.67 

Trm LP1 0.38 0 -1.04 1.67 -98.95 baclofen Approved NA 

Trm LP1 0.02 0.72 -1.34 0.87 -93.57 BL-050 Experimental NA 

Trm LP1 0.49 0.98 -0.98 0.69 -68.92 CAY-10578 Experimental NA 

Trm LP1 0.03 0.02 -1.34 1.53 -99.59 etifenin Experimental NA 

Trm LP1 0.43 0 -1.02 1.88 -99.48 finasteride Approved 0.49 

Trm LP1 0.49 0.76 0.98 0.86 8.22 fipexide Withdrawn NA 

Trm LP1 0.19 0 -1.14 1.95 -99.78 guggulsterone Experimental 0.61 

Trm LP1 0.04 0.52 -1.36 0.96 -93.87 ivachtin Experimental NA 
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Trm LP1 0.92 0 0.77 1.84 -53.31 L-701252 Experimental NA 

Trm LP1 0.19 0 -1.15 1.78 -99.36 oxprenolol Approved NA 

Trm LP1 0.17 0.01 -1.16 1.62 -99.29 RS-100329 Experimental NA 

Trm LP1 0.01 0 -1.47 1.88 -99.96 YM-298198 Experimental NA 

Trm LP2 0.12 0 -1.2 1.54 -99.85 5-methylhydantoin Experimental NA 

Trm LP2 0.01 0.2 -1.48 1.11 -99.81 alprazolam Approved NA 

Trm LP2 0.03 0.45 -1.37 -1 -27.19 artesunate Approved 0.67 

Trm LP2 0.98 0 -0.74 -1.49 50.5 baclofen Approved NA 

Trm LP2 0.06 0.54 -1.28 -0.97 -43.44 BL-050 Experimental NA 

Trm LP2 0.01 0.67 -1.47 0.92 -99.22 CAY-10578 Experimental NA 

Trm LP2 0.49 0.89 -0.98 0.79 -91.3 etifenin Experimental NA 

Trm LP2 0.4 0.6 -1.03 0.95 -94.77 finasteride Approved 0.49 

Trm LP2 0.02 0.68 -1.42 0.9 -99.55 fipexide Withdrawn NA 

Trm LP2 0.06 0.36 -1.27 1.04 -96.41 guggulsterone Experimental 0.61 

Trm LP2 0.09 0.01 -1.24 1.46 -99.85 ivachtin Experimental NA 

Trm LP2 0.38 0.12 -1.03 1.2 -98.88 L-701252 Experimental NA 

Trm LP2 0.38 0.2 -1.03 -1.12 21.55 oxprenolol Approved NA 

Trm LP2 0.73 0.08 -0.9 1.23 -98.66 RS-100329 Experimental NA 

Trm LP2 0.07 0.15 -1.23 1.17 -99.78 YM-298198 Experimental NA 
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Annex II: Scientific production 

Publications during the period of thesis 

●		Kevin Troulé , Hugo López-Fernández,  Santiago  García-Martín, Miguel 

Reboiro-Jato,  Carlos  Carretero-Puche,  Jordi  Martorell-Marugán,  Guillermo 

Martín-Serrano, et  al.  2020. “DREIMT: A  Drug  Repositioning  Database and 

Prioritization Tool for Immunomodulation.” Bioinformatics , August. 

●		Martorell-Marugán,  Jordi, Raúl López-Domínguez,  Adrián  García-Moreno, 

Daniel Toro-Domínguez,  Juan  Antonio  Villatoro-García,  Guillermo  Barturen, 

Adoración Martín-Gómez, Kevin Troulé , Gómez-López Gonzalo, Al-Shahrour 

Fátima et al. 2021. “A Comprehensive and Centralized Database for Exploring 

Omics Data in Autoimmune Diseases.” preprint . 

●		Cerezo-Wallis, Daniela, Marta  Contreras-Alcalde, Kevin Troulé , Xavier 

Catena, Cynthia Mucientes,  Tonantzin G. Calvo,  Estela Cañón,  et  al.  2020. 

“Midkine  Rewires the Melanoma Microenvironment toward a Tolerogenic and 

Immune-Resistant State.” Nature Medicine 26 (12): 1865–77. 

●		Uluçkan,  Özge,  Maria  Jiménez,  Ben Roediger, Jakob  Schnabl,  Lucía T. 

Díez-Córdova, Kevin Troulé ,  Wolfgang Weninger, and Erwin F. Wagner. 

2019. “Cutaneous Immune Cell-Microbiota  Interactions  Are  Controlled  by 

Epidermal JunB/AP-1.” Cell Reports 29 (4): 844–59.e3. 

●		Ana Ortega-Molina,  Nerea  Deleyto-Seldas,  Joaquim  Carreras,  Alba  Sanz, 

Cristina Lebrero-Fernández, Camino Menéndez, Andrew Vandenberg, Beatriz 

Fernández-Ruiz,  Leyre  Marín-Arraiza, Celia  de  la  Calle Arregui,  Ana  Belén 

Plata-Gómez,  Eduardo  Caleiras,  Alba de Martino,  Nuria  Martínez-Martín, 

Kevin Troulé ,  Elena  Piñeiro-Yáñez,  Naoya  Nakamura,  Shamzah  Araf, 

Gabriel D Victora, Jessica Okosun,  Jude  Fitzgibbon,  Alejo  Efeyan 2019. 

“Oncogenic Rag GTPase  Signalling  Enhances  B Cell Activation and Drives 

Follicular  Lymphoma  Sensitive to Pharmacological Inhibition of mTOR.” 

Nature Metabolism. 

●		González-Rincón,  Julia,  Sagrario  Gómez,  Nerea  Martinez, Kevin Troulé , 

Javier  Perales-Patón, Sophia Derdak,  Sergi  Beltrán, et  al.  2019. “Clonal 

Dynamics  Monitoring  during  Clinical  Evolution in Chronic  Lymphocytic 

Leukaemia.” Scientific Reports 9 (1): 975. 
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●		Piñeiro-Yáñez,  Elena,  Miguel  Reboiro-Jato,  Gonzalo  Gómez-López,  Javier 

Perales-Patón, Kevin Troulé , José Manuel Rodríguez, Héctor Tejero, Takeshi 

Shimamura, Pedro Pablo López-Casa,  Julián  Carretero,  Alfonso  Valencia, 

Manuel Hidalgo,  Daniel Glez-Peña,  Fátima  Al-Shahrour 2018. “PanDrugs: A 

Novel Method to Prioritize Anticancer Drug Treatments according to Individual 

Genomic Data.” Genome Medicine 10 (1): 41. 

●		Djurec,  Magdolna,  Osvaldo  Graña,  Albert Lee, Kevin Troulé , Elisa  Espinet, 

Lavinia Cabras, Carolina  Navas, et  al.  2018. “Saa3 Is a Key Mediator of the 

Protumorigenic  Properties of Cancer-Associated  Fibroblasts in Pancreatic 

Tumors.” Proceedings of the National Academy of Sciences of the United 

States of America 115 (6): E1147–56. 
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DREIMT: A Drug Repositioning Database and 
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Bioinformatics , August 2020. 

K. Troulé, H. López-Fernández, S. García-Martín, M. Reboiro-Jato, C. 
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P. Carmona-Sáez, D. González-Peña, 

F. Al-Shahrour, G. Gómez-López 

145 



       

  

  

  

146    

Annex II |  



       

  

  

  

147    

Annex II |  


	Portada
	Agradecimientos
	Abstract
	Resumen
	Table of contents
	List of figures
	List of tables
	Abbreviations
	1. Introduction
	2. Objectives
	3. Material and methods
	4. Results
	5. Discussion
	6. Conclusions
	References
	Annex



