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Abstract 
 
Human immune system consists of a  variety of molecules, immune cells, and tissues  and has 

one main task – to protect the host. Regardless if it is an effective infection clearance, tissue repair, or 
cancer cells elimination, immune system is a vital component of this process. In a homeostasis state, 
components of innate and adaptive immunity work in tandem, however dysregulation of either leads to 
pathological conditions such as chronic inflammation or cancer. Human gut is highly exposed to 
potentially harmful, external factors simultaneously hosting commensal microbiota. Therefore, human gut 
is rich in immune cells ready to carry out the response if needed, simultaneously tolerating human natural 
microbiota. It is believed that 70% of the immune system is located in gut-associated lymphoid tissue 
(GALT). As such, intestinal mucosal tissue contains high numbers of T-cells. T-cells play a vital role in the 
development of inflammatory bowel disease (IBD) and colorectal cancer (CRC). Particularly, T helper 17 
cells (Th17) and T regulatory (Treg), in recent years attracted attention in the context of IBD and CRC. Th17 
are a pro-inflammatory subset that exerts inflammation leading to IBD, whilst the main Treg role is to 
regulate immune response. However, high infiltration of Tregs leads to the immunosuppressive 
environment and promotes tumor growth. Moreover, IBD is considered as one of the risks factors for the 
CRC development. Therefore, understanding immune response, especially Th17 and Treg mediated 
immune response, is vital for the development of effective treatment.   

Therefore, the first part of this thesis is focused on the identification of how different housing 
conditions impacts gut microbiota and the subsequent development of colitis in the T cell adoptive transfer 
colitis  mice models. It was revealed that Helicobacter strains, and Klebsiella oxytoca may correlate with 
increased numbers of IFN-γ CD4+ and IL-17 CD4+ T-cells whilst Akkermansia muciniphila had negative 
correlation with the development of colitis. Further, separate Dextran Sulfate Sodium(DSS)-induced model 
of colitis was used to investigate the role of USP28 in the development of T-cells. Knockout of USP28 led to 
the more potent suppressive function of Tregs and participated in IL-22/STAT5 signaling. Collectively, these 
studies revealed additional aspects of Th17 and Tregs control. 

Second part of the thesis involved studies performed on formalin-fixed parafin embedded (FFPE) 
CRC tissue sections to investigate molecular changes linked to the immune cells infiltration. Spatial 
transcriptomics analysis of tumor microenvironment (TME) revealed unique upregulation of several genes 
such as TP53 or CD276 in epithelial tumor clusters,  and identified gene expression gradients along the 
invasive trajectory with identified Tregs interactions with macrophages and epithelial cancer cells in the 
TME.  Furthermore, SIT1, negative regulator of T-cells activation, was identified to be differentially 
expressed in the tertiary lymphoid structures (TLSs) in the tumor tissue as potential novel indicator of 
impaired T-cells function. Next, DIA MS-based proteomics of CD4+  enriched CRC FFPE revealed a complex 
expression patterns of proteins linked to the immune evasion, such as NPM3, and simultaneously 
expression of pro-inflammatory S100A8 or S100A9 proteins in cancer samples. At the same time, inferred 
Tregs fractions were found to corelate with IDO1 and ARG1 expression, both associated with 
immunosuppression in the TME. Furthermore,  selective expression of MCEMP1 was identified in CRC 
samples, comparing to normal tissue, whilst in validation proteomics dataset, CD4+ T-cells isolated from 
CRC samples, exhibited higher expression of MCEMP1, what may indicate it’s potential regulatory role in T-
cells in CRC TME. CRC FFPE studies provided new aspects of ongoing regulation of genes and proteins 
regulating the immune response landscape in TME. 

Last part of the thesis comprises of two proteomics studies which investigated changes of the 
proteins expression in serum of CRC patients as well as healthy controls. Study performed with proximity 
extension assay (PEA) showed specific upregulation of proteins such as T-cells chemoattractant CXCL9 
and CCL23, and IL-6 together with oncogenic SCRN1 with simultaneous downregulation of tumor 
suppressor RET protein expression in the serum samples of CRC patients comparing to healthy controls. 
At the same time, CSF3, IL12RB1, and CD276 were specifically upregulated in the serum samples of 
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patients assigned with inflammation, comparing to patients without such status. Lastly, upregulation of 
IFN-γ, IL-32,IL-17 and ACP6 was found to correlate with early, and late stages of the disease, respectively. 
The upregulation of CSF3, IFN-γ, IL6, CXCL9, CCL23, and ACP6 expression levels were validated in a 
separate cohort. This study provided several new biomarkers candidates for CRC diagnosis. 
Simultaneously, LC-MS/MS study of CRC patients’ serum proteins reported, for the first time, elevated LBP 
and SAA4 levels associated with CRC tumorigenesis. At the same time, proteins involved in complement 
cascade namely C5, C1QB, C4A, C8A were upregulated in the CRC conditions, with C4A and C8A 
upregulated levels being linked to the later stages of the disease. Additionally, C5 expression was validated 
in a separate cohort indicating its potential role as biomarker.  
 Collectively, this thesis presents a series of studies aiming at deciphering the heterogeneity of 
immune responses linked to the T-cells functions, especially Th17 and Tregs, and associated changes in 
protein and gene expression in the tumor settings and inflammation.  
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Streszczenie 
 
Układ odpornościowy człowieka składa się z różnorodnych cząsteczek, komórek odpornościowych oraz 
tkanek i ma jeden główny cel – ochrona gospodarza. Niezależnie od tego, czy jest to skuteczne usuwanie 
infekcji, naprawa tkanek czy eliminacja komórek nowotworowych, układ odpornościowy jest niezbędnym 
elementem tego procesu. W stanie homeostazy składniki odporności wrodzonej i nabytej działają 
wspólnie, jednak rozregulowanie któregokolwiek z nich prowadzi do stanów patologicznych, takich jak 
przewlekłe zapalenie albo nowotwór. Ludzkie jelita są bardzo narażone na potencjalnie szkodliwe czynniki 
zewnętrzne, jednoczenie będąc gospodarzem komensalnego mikrobiomu. Dlatego ludzkie jelita są bogate 
w komórki odpornościowe gotowe do przeprowadzenia reakcji w razie potrzeby, jednocześnie wykazując 
tolerancję na naturalną mikroflorę. Uważa się, że 70% układu odpornościowego znajduje się w tkance 
limfatycznej związanej z jelitami (GALT - ang. gut-associated lymphoid tissue). W związku z tym tkanka 
śluzowej jelit zawiera dużą liczbę limfocytów typu T. Limfocyty typu T odgrywają znaczącą rolę w rozwoju 
choroby zapalnej jelit (IBD - ang. inflammatory bowel disease) i raka jelita grubego (CRC - ang. colorectal 
cancer). W szczególności limfocyty T pomocnicze 17 (Th17) i limfocyty T regulatorowe (Treg) w ostatnich 
latach zwróciły uwagę w kontekście IBD i CRC. Th17 stanowią podgrupę prozapalną, która wywołuje stan 
zapalny prowadzący do IBD, podczas gdy główną rolą Treg jest regulacja odpowiedzi immunologicznej. 
Jednakże wzmożony naciek Treg prowadzi do powstania środowiska immunosupresyjnego i sprzyja 
wzrostowi nowotworów. Co więcej, IBD jest uważana za jeden z czynników ryzyka rozwoju CRC. Dlatego 
zrozumienie odpowiedzi immunologicznej, a zwłaszcza odpowiedzi immunologicznej za pośrednictwem 
Th17 i Treg, ma kluczowe znaczenie dla rozwoju efektywnego leczenia. 
 W związku z tym pierwsza część tej rozprawy skupia się na identyfikacji jaki wpływ mają różne 
warunki hodowli na mikroflorę jelitową i późniejszy rozwój zapalenia jelita grubego w modelach myszy z 
adopcyjnym transferem komórek T indykującym zapaleniem jelita grubego. Wykazano, że szczepy 
Helicobacter i Klebsiella oxytoca  korelują ze zwiększoną liczbą limfocytów T CD4+ IFN-γ i limfocytów T 
CD4+ IL-17+, podczas gdy Akkermansia muciniphila wykazywała ujemną korelację z rozwojem zapalenia 
jelita grubego. Następnie, osobny mysi model zapalenia jelita grubego wywołany działaniem siarczanu 
sodu dekstranu (DSS) został użyty w celu zbadania roli proteazy USP28 w rozwoju limfocytów typu  T. 
Knock-out USP28 doprowadził do zwiększonej aktywności supresyjnej Treg i dodatkowow stwierdzono 
udział USP28 w sygnalizacji IL-22/STAT5. Łącznie badania te ujawniły dodatkowe aspekty kontroli Th17 i 
Treg. 
 Druga część rozprawy obejmowała badania wykonane na skrawkach tkanek CRC z bloczków 
parafinowych (FFPE – ang. formalin-fixed parafin embeded) w celu zbadania zmian molekularnych 
związanych z infiltracją komórek odpornościowych. Analiza transkryptomiki przestrzennej 
mikrośrodowiska guza (TME - ang. tumor microenvironment) ujawniła wyjątkową zwiększoną ekspresję 
genów, takich jak TP53 lub CD276 w skupiskach komórek nowotworowych, a także ujawniła gradienty 
ekspresji genów wzdłuż trajektorii inwazyjnej ze zidentyfikowanymi interakcjami Treg z makrofagami i 
komórkami CRC w TME. Ponadto stwierdzono, że SIT1, negatywny regulator aktywacji limfocytów T, 
charakteryzuje się zróżnicowaną ekspresji w  trzeciorzędowych strukturach limfatycznych (TLS – ang. 
tertiary lymphoid structure)  w tkance nowotworowej jako potencjalny nowy wskaźnik upośledzenia funkcji 
limfocytów typu T w CRC. Następnie, analiza proteomiczna tkanek CRC wzbogaconych w CD4+ oparta o 
spektrometrię mas ujawniła złożone wzorce ekspresji białek związanych z unikaniem odpowiedzi 
immunologicznych, takich jak NPM3, i jednoczesną ekspresję prozapalnych białek S100A8 lub S100A9 w 
tkankach CRC. Jednocześnie stwierdzono, że przewidziane frakcje Treg w tkankach korelują z ekspresją 
IDO1 i ARG1, białek związanych z immunosupresją w TME. Poza tym zidentyfikowano selektywną ekspresję 
MCEMP1 w próbkach CRC w porównaniu z normalną tkanką, podczas gdy w zbiorze danych walidacyjnych, 
komórki T CD4+ wyizolowane z próbek CRC wykazują wyższą ekspresję MCEMP1, co może wskazywać na 
potencjalną rolę regulacyjną tego białka w limfocytach T w CRC TME. Badania CRC FFPE dostarczyły 
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nowych aspektów bieżącej regulacji genów i białek regulujących krajobraz odpowiedzi immunologicznej w 
TME. 
 Ostatnia część rozprawy obejmuje dwa badania proteomiczne, w których badano zmiany ekspresji 
białek w surowicy pacjentów z CRC oraz zdrowych osób z grupy kontrolnej. Badanie przeprowadzone za 
pomocą PEA (PEA - ang. proximity extension assay) wykazało specyficzną zwiększoną ekspresję białek, 
takich jak chemoatraktant limfocytów typu T CXCL9 i CCL23 oraz IL-6 wraz z onkogennym SCRN1 z 
jednoczesną zmniejszoną ekspresją supresorowego białka RET w próbkach surowicy pacjentów z CRC w 
porównaniu do zdrowej grupy kontrolnej. Jednocześnie poziomy CSF3, IL12RB1 i CD276 były specyficznie 
podwyższone w próbkach surowicy pacjentów ze stwierdzonym stanem zapalnym, w porównaniu z 
pacjentami bez stwierdzonego zapalenia . Dodatkowo stwierdzono, że zwiększenie poziomu IFN-γ, IL-32, 
IL-17 i ACP6 koreluje odpowiednio z wczesnym i późnym stadium choroby. Zwiększenie poziomu ekspresji 
CSF3, IFN-γ, IL6, CXCL9, CCL23 i ACP6 potwierdzono w oddzielnej kohorcie. Badanie to dostarczyło kilku 
nowych potencjalnych biomarkerów diagnostycznych CRC. Jednocześnie badanie LC-MS/MS białek 
surowicy pacjentów z CRC po raz pierwszy wykazało podwyższone poziomy LBP i SAA4 związane z 
kancerogenezą CRC. Jednocześnie białka układ dopełniacza, mianowicie C5, C1QB, C4A, C8A, uległy 
zwiększeniu w warunkach CRC, przy czym zwiększone poziomy C4A i C8A powiązano z późniejszymi 
stadiami choroby. Dodatkowo potwierdzono ekspresję C5 w oddzielnej kohorcie, co wskazuje na jej 
potencjalną rolę jako biomarkera. 
 Podsumowując, niniejsza rozprawa przedstawia serię badań mających na celu rozszyfrowanie 
heterogeniczności odpowiedzi immunologicznych powiązanych z funkcjami komórek T, zwłaszcza Th17 i 
Treg, oraz powiązanymi zmianami w ekspresji białek i genów na tle nowotworu i stanu zapalnego. 
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List of abbreviations 
2-DE: Two-dimensional electrophoresis 
A2GL: Leucine-rich alpha-2-glycoprotein 
AAHC: antibiotic-associated hemorrhagic colitis 
ABCD:Antibody barcoding with cleavable DNA 
ACP6: Lysophosphatidic acid phosphatase type 6 
ACTA2: Actin Alpha 2, Smooth Muscle 
ACTG2: Actin Gamma 2, Smooth Muscle 
ADAM9: ADAM Metallopeptidase Domain 9 
ADRA2: Adrenoceptor Alpha 2A 
AGRP: Agouti-related neuropeptidase 
AHR:Aryl Hydrocarbon Receptor 
AIRE Autoimmune Regulator 
AJCC: American Joint Committee on Cancer 
AK: AKT Serine/Threonine Kinase 1 
ALDH: Aldehyde Dehydrogenase  
ALN: Axillary lymph node 
AML: Acute myeloid leukemia 
AP-1:Activator protein 1 
APBB1IP: Amyloid beta precursor protein binding family B 
member 1 
APC: Antigen presenting cell 
APC: Antigen presenting cell 
APLP2: Amyloid Beta Precursor Like Protein 2 
APOE: Apolipoprotein E 
ARG1: Arginase1 
ARG2: Arginase-2 
ARHGEF12: Rho guanine nucleotide exchange factor 12 
B2M: Beta-2-Microglobulin 
BAFF: B-cell activating factor 
BATF: Basic Leucine Zipper ATF-Like Transcription Factor 
BCAP: B-cell adaptor protein 
BCL10: B-cell lymphoma/leukemia 10 
BCL2: B-cell lymphoma 2 
BCL6: BCL6 Transcription Repressor 
BCR: B-cell receptor 
BID: BH3 interacting domain death agonist 
BLNK: B Cell Linker 
BRAF: B-Raf Proto-Oncogene, Serine/Threonine Kinase 
Breg: Regulatory B-cells 
PTM: Post-translational modifications 
CA11: carbonic anhydrase 
CAC: Colitis-associated cancer 
CAF: Cancer-associated fibroblasts 
CARD11: Caspase Recruitment Domain Family Member 11 
CASP8: caspase-8 
CCA: Canonical correlation analysis 
CCL: C-C Motif Chemokine Ligand  
CCR: C-C Motif Chemokine Receptor 
CD: Cluster of differentiation 
CDC20: Cell Division Cycle 20 

CDCA7: Cell Division Cycle Associated 7 
CDH: Cadherin 
cDNA: Complementary DNA 
CEA: Carcinoembryonic antigen 
CIITA: Class II Major Histocompatibility Complex 
Transactivator 
CIMP: CpG island methylator phenotype 
CIN: Chromosomal instability 

CITE-seq: Cellular indexing of transcriptomes and epitopes 
by sequencing 
CLEC4A: C-Type Lectin Domain Family 4 Member A 
CLEC4G: C-type lectin domain family 4 member G 
CLIP: Class II-associated invariant chain peptide 
CMS: Consensus Molecular Subtypes 
CODEX: CO-Detection by indEXing 
COL18A1: Collagen Type XVIII Alpha 1 Chain 
COL3A1: Collagen Type III Alpha 1 Chain 
COL5A1: Collagen Type V Alpha 1 Chain 
COL6A2: Collagen Type V Alpha 2 Chain 
CRC: Colorectal cancer 
CSF1: Colony Stimulating Factor 3 
CSF3: Colony Stimulating Factor 3 

CSFR1: Colony Stimulating Factor 1 Receptor 
CTC: Computed Tomography Colonography 
ctDNA: Circulating tumor DNA 
CTLA-4: Cytotoxic T cell antigen-4 
CTLA4: Cytotoxic T-Lymphocyte Associated Protein 4 
CXCL: C-X-C Motif Chemokine Ligand 
CXCR: C-X-C Motif Chemokine Receptor 
CyTOF: Cytometry by time of flight 
CyTOF: Cytometry by time-of-flight 
DAG: Diacylglycerol  
DAMP: Damage-associated molecular patterns 
DC: Dendritic cells 
DEG: Differentially expressed gene 
DEP: Differentially expressed protein 
DPEP2: Dipeptidase 2 
DPP4: Dipeptidyl Peptidase 4 
DSS: Dextran Sulfate Sodium 
DUB: Deubiquitinating enzymes 
ECM: Extracellular matrix 
EGFL7: Epidermal growth factor-like protein 7 
EMT: Epithelial-to-mesenchymal transition 
ENPP5: Ectonucleotide 
pyrophosphatase/phosphodiesterase family 
ER: Endoplasmic reticulum 
ERK: Extracellular signal-regulated kinase 
ESI: Electrospray ionization 
EV: Extracellular vesicle 
FAK: Focal adhesion kinase 

FAP: Fibroblast Activation Protein Alpha 
FAS: Fas Cell Surface Death Receptor 
FASLG: FAS ligand 
FBS: Fetal bovine serum 
FC: Flow cytometry 
FDA: Food and drugs administration 
FDR: False discovery rate 
FEZF2: FEZ Family Zinc Finger 2 
FFPE:Formalin-fixed paraffin-embedded 
FGF21: Fibroblast growth factor 21 
FIT: Fecal immunochemical test 
FLT4: Fms-related tyrosine kinase 4 

FN1: Fibronectin 1 
FOXO: Forkhead Box 
FoxP3: Forkhead box P3 
FSFC: Full spectrum flow cytometry 
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FYN: FYN Proto-Oncogene, Src Family Tyrosine Kinase 
GADS: GRB2 related adaptor protein downstream of Shc 
GALT: Gut-associated lymphoid tissueGAM:Glioma-
associated macrophages 
GATA3: GATA Binding Protein 3 
GBM:Glioblastoma 
GC: Germinal center 
gFOBT: Guaiac fecal occult blood test 
GI: Gastrointestinal 

GPNMB: Glycoprotein Nmb 
GRB2: Growth Factor Receptor Bound Protein 2 
GSK3: Glycogen synthase kinase 3 
GZMB: Granzyme B 
HAGH: Hydroxyacylglutathione hydrolase 
HBA: Hemoglobin 
HIF1α: Hypoxia Inducible Factor 1 Subunit Alpha 
HLA: Human leukocyte antigen 
HMGB1: High Mobility Group Box 1 
HNPCC: Hereditary nonpolyposis colorectal cancer 
IBD: Inflammatory bowel disease 
IBD: Inflammatory bowel disease 
IC: immune checkpoints 
ICAM-1: Intercellular Adhesion Molecule 1 
ICD-10: International Classification of Diseases version 10 
ICOS: Inducible T-cell costimulator 
ICOSL: Inducible T cell costimulator ligand  
IDO1: Indoleamine 2,3-Dioxygenase 1 
IF: Immunofluoresence 
IFNG: Interferon Gamma 
IFN-α: Interferon Alpha 
IFN-β: Interferon Beta 
IFN-γ: Interferon Gamma 
IFN-γR1: Interferon Gamma Receptor 1 
IFN-γR2: Interferon Gamma Receptor 2 
IgA: Immunoglobulin A 
IgE: Immunoglobulin E 
IgG: Immunoglobulin G 
IGHA:Immunoglobulin Heavy Constant Alpha 1 
IGHG1: Immunoglobulin Heavy Constant Gamma 1 
IGHG2: Immunoglobulin Heavy Constant Gamma 1 

IGHM: Immunoglobulin Heavy Constant Mu 
IgM: Immunoglobulin M 
IHC: Immunohistochemistry 

IKBKB: Inhibitor Of Nuclear Factor Kappa B Kinase Subunit 

Beta 
IKBKG: Inhibitor Of Nuclear Factor Kappa B Kinase 
Regulatory Subunit Gamma 

IKZF1: IKAROS Family Zinc Finger 1 
IL: Interleukin 
IL-12RB1: Interleukin 12 Receptor Subunit Beta 1 
IL-12RB2: Interleukin 12 Receptor Subunit Beta 2 
IL-4RA: Interleukin 4 Receptor Subunit Alpha 
IL-6R: Interleukin 6 Receptor 
IL-6RA: Interleukin 6 Receptor Subunit Alpha 
IL7R: Interleukin 7 Receptor 
IMC: Imaging mass cytometry 
IMC: Imaging Mass Cytometry 
IP3: Inositol trisphosphate 
IPEX: Immune dysregulation, polyendocrinopathy, 
enteropathy, X-linked Syndrome 
IRF: Interferon Regulatory Factor 

ITAM: Immunoreceptor tyrosine-based activation motif 
ITGA: Integrin subunit alpha 
JAK: Janus kinase 
JAK2: Janus kinase 2 
JCHAIN: Joining Chain Of Multimeric IgA And IgM 
JNK: c-Jun N-terminal kinases 
KEGG: Kyoto Encyclopedia of Genes and Genomes 

KLK: Kallikrein Related Peptidase 4 
KRAS: KRAS Proto-Oncogene, GTPase 

KYNU: Kynureninase 
LAG-3: Lymphocyte activation gene-3 
LAIR1: Leukocyte Associated Immunoglobulin Like Receptor 
1 

LAMA4: Laminin Subunit Alpha 4 
LAP: Latent-associated peptide 
LARG: Leukemia-associated Rho guanine-nucleotide 
exchange factor 
LBP: Lipopolysaccharide-binding protein 
LCM: Laser-capture microdissection 
LC-MS/MS: Tandem mass spectrometry coupled with liquid 
chromatography 
LEfSe: Linear Discriminant Analysis Effect Size 
LILRB2: Leukocyte Immunoglobulin Like Receptor B2 
LOD: Limit of detection 
LPA: lysophosphatidic acid 
LPA: Lysophosphatidic acid 
L-R: Ligand-Receptor 
LSM14A: LSM14A MRNA Processing Body Assembly Factor 
LTB: Lymphotoxin Beta 
LTBR: Lymphotoxin Beta Receptor 
LYN: LYN Proto-Oncogene, Src Family Tyrosine Kinase 
mAb: Monoclonal antibody 
MAC: Membrane Attack Complex 
MADCAM1: Mucosal Vascular Addressin Cell Adhesion 
Molecule 1 
MALDI-TOF: Matrix-assisted laser desorption/ionization 
time-of-flight 
MALT1: Mucosa-associated lymphoid tissue lymphoma 
translocation protein 1 
MANSC1: MANSC domain-containing protein 1 
MAPK: Mitogen-activated protein kinase 
MAPKAPK5: MAPK Activated Protein Kinase 5 
MASP: MBL-associated serine proteases  
MMP: Matrix metalloproteinase 
MBL: Mannose-biding lectin 
MC: Mass cytometry 
MCEMP1: Mast Cell Expressed Membrane Protein 1 
MCM7: Minichromosome Maintenance Complex 
Component 7 
MDK: Midkine 
MDSC: Myeloid-derived suppressor cell 
MEK: Mitogen-activated protein kinase kinase 
MELC: Multi-Epitope Ligand Cartography 
MHC: Major histocompatibility complex 
MIBI: Multiplexed ion beam imaging 
MIST: Multiplexed in situ targeting 
MLN: Mesenteric lymph nodes 
MMP: Matrix Metallopeptidase 
MMR: Mismatch repair 
MNV: Murine norovirus 
mPOP: Minimal ProteOmic sample Preparation 
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MRD: Molecular residual disease 
MS: Mass spectrometry 
MSH3: MutS Homolog 
MSI: Microsatellite instability 
MSI: microsatellite instability 
mTORC2: Mechanistic target of rapamycin kinase 2 
mt-sDNA: Multitarget stool DNA testing  

MUSTN1: Musculoskeletal, Embryonic Nuclear Protein 1 
MZB1: Marginal zone B and B1 cell-specific protein 
NAFLD: Non-fatty liver disease 
nanoPOTS: Nanodroplet processing in one pot for trace 
samples 
NAPPA: Nucleic Acid Programmable Protein Array 
NCF2: Neutrophil cytosolic factor 2 
NET: Neutrophil extracellular traps 
NFAT: Nuclear factor of activated T cells 
NF-kB: Nuclear factor kappa B 
NGS: Next-generation sequencing 
NK: Natural killer 
NOD: Nucleotide-binding oligomerization domain 
NOTCH2: Neurogenic locus notch homolog protein 2 
NPM3: Nucleophosmin/Nucleoplasmin 3 
NPX: Normalized protein expression 
NSCLC: Non-small-cell lung cancer 
OUT: Operational Taxonomic Unit 
PAMP: Pathogen-associated molecular patterns 
PBMC: Peripheral blood mononuclear cells 
PBS: Phosphate Buffered saline 
PC: Principal components 
PCA: Principal components analysis 
PD-1: Programmed cell death protein 1 
PD1: Programmed Death Receptor 1 
PDK: Pyruvate Dehydrogenase Kinase 1 
PD-L1: Programmed cell death ligand 1 
PD-L1: Programmed Death Ligand 1 
PEA: Proximity extension assay 
PEA: Proximity Extension Assay 
PECAM1: Platelet And Endothelial Cell Adhesion Molecule 1 
PIGR: Polymeric Immunoglobulin Receptor 
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I. Introduction 

1. Colorectal cancer 

1.1. Epidemiology 

By 2040 number of diagnosed cases of colorectal cancer (CRC) is estimated  to reach 3.2 million 
and 1.6 deaths, which is twice as many as recorded in 20201. Overall recorded number of cases and 
mortality is significantly higher for highly developed countries, what most likely is linked to longer life 
expectancy as CRC is associated usually with age over 50, as well as poor dietary habits as high intake of 
fat, meat or processed food. With such a high burden of CRC being 2nd leading cause of cancer-related 
death worldwide, and there is an apparent need to investigate the etiology, diagnostic tools, and 
development cause to prevent the disease globally2. 

1.2. Etiology 
CRC is an umbrella term for all tumors developed both in colon and rectum part of the large bowel. 

According to International Classification of Diseases version 10 (ICD-10) classification of CRC include C18 
- Malignant neoplasm of colon,  C19 - Malignant neoplasm of rectosigmoid junction, and C-20 Malignant 
neoplasm of rectum3. Although the exact underlying cause is not known yet there are several factors 
contributing to the development of the tumors. There are several risk factors for CRC i.e. diet, sex, age, 
obesity, and alcohol consumption, which can be changed by the lifestyle of an individual. However, there 
are several risk factors that are inherently set with the individual’s predisposition.  

1.2.1. Genetic factors 
Genetic alterations contributing to CRC are mutations within oncogenes or loss-of-function 

mutations in tumor suppressors. Often CRC arise from adenomas - part of epithelium showing signs of 
dysplastic change and disturbed differentiation of cells4. There are several hereditary conditions linked to 
the increased CRC risk. However, up to only 30% of all CRC cases have their origin in hereditary conditions, 
whilst the rest of the CRC cases stem from sporadic somatic mutations, and epigenomic alteration5. 

There are 3 main pathways of development: chromosomal instability (CIN), including sporadic 
mutations, microsatellite instability (MSI),  and epigenetic CpG island methylator phenotype (CIMP)4,6. CIN 
pathway affects several genes including mutations in genes encoding tumor suppressor APC and TP53 or 
activating mutations in genes involved in cellular growth and proliferation such as kirsten rat sarcoma viral 
oncogene homolog (KRAS), B-Raf proto-oncogene, serine/threonine kinase (BRAF) and 
Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA)6. MSI pathway involves 
mutations within DNA mismatch repair genes (MMR). CRC tumors can be divided into MSI-high and MSI-
low types depending on the frequency of frameshift6. Mutations of the MMR system were also associated 
with Lynch syndrome,  hereditary condition also known as hereditary nonpolyposis colorectal 
cancer (HNPCC) causing development of CRC7. Lastly, CIMP can be described as aberrant methylation of 
CpG- regions of promoters of suppressive genes8. CRC genetic heterogeneity translates to the efficacy of 
immune checkpoint therapy response as only tumors with MSI-high, which account for up to 15% of all 
CRC tumors, show significant response to the therapy9. Subtyping based on transcriptomics performed by 
CRC Subtyping Consortium proposed consensus molecular subtype(CMS) CRC division10. CMS1 tumors 
are MSI-H with mutation in BRAF, characterized by high infiltration of immune cells. CMS2 tumors typically 
exhibit upregulation of signaling pathways e.g. Wnt signaling. Moreover, they exhibit high CIN and TP53 
mutations. CMS3 CRC mostly metabolic dysregulation with KRAS mutations whilst CMS4, called 
mesenchymal, exhibit upregulation of TGF-β signaling as well as angiogenesis10. Tumors of different CMS 
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show different prognosis and response to therapy, similarly as in MSI-high/MSI-low tumors. CMS4 was 
linked with worse prognosis in CRC tumors, whilst in metastatic tumors the CMS1 has poor prognosis11. At 
the same time, both CMS2 and CMS3 show improved overall survival after adjuvant treatment12. 

Inflammatory bowel disease (IBD) is one of the major risk factors for colitis-associated cancer (CAC) 
development13. IBD is a state of chronic inflammation which includes ulcerative colitis (UC) and Crohn’s 
disease (CD). UC causes inflammation of mucosa in colon in rectum what leads to colon shortening, 
bleeding, and possibly ulcers. CD on the other hand can affect any location along gastrointestinal (GI) tract 
and can cause “narrowing” of the bowel and fistulas14. Chronic inflammation in IBD contributes to the CRC 
development by DNA damage induced by oxidative stress what affects the genes expression. Additionally, 
affected mucosa is more prone to neoplastic transformation13.  Although, there were multiple studies 
across global population, fixed rate risk factor for IBD patients to develop CRC is not yet determined. Study 
from 2010 indicates the risk to be up to 18% within 30 years of the diagnosis15. Despite the great 
advancement in latest years improving the understanding of the cause of the disease, the exact 
mechanism remains elusive. IBD as an inflammatory disease is mostly dependent on the immune system 
hence deciphering of immune cells interplay in IBD is crucial for understanding of the disease16. 

1.3. Diagnosis 
There are several screening tests available in the clinics for the diagnosis of CRC, however each has 

significant drawbacks. The most accessible, relatively low in cost, and non-invasive tests are fecal occult 
blood test (FOBT) that include guaiac-based tests (gFOBT)and immunochemical (FIT)17. The examined 
material in both is a sample of patient’s stool however they differ in the procedural protocol and principal 
of detection as, in case of gFOBT, stool sample is smeared  on the special paper sheet and if the sample 
contains hemoglobin, the paper will change the color whilst in case of FIT the detection of hemoglobin is 
antibody-based17. With the similar principle of detection is applied in Multitarget Stool DNA Testing (mt-
sDNA) although here detection covers not only hemoglobin but also several methylated genes17. However 
neither has high specificity of detection and in addition even if the test turns positive for hemoglobin 
presence it does not necessarily mean presence of the CRC tumor as there are other reasons for bleeding 
from the gastrointestinal tract. More sensitive, imaging diagnostic tests include flexible sigmoidoscopy and 
colonoscopy. Both of them carry the burden of possible discomfort for the patient due to the nature of the 
way of imaging itself. Flexible sigmoidoscopy is a test that allows for e.g. removal of a small suspicious 
mass or biopsy sampling, however only from the left part of the colon. Despite its proven effectiveness, the 
limitations are still significant. Finally, colonoscopy allows for examination of the whole colon, however 
due to the discomfort and relative invasiveness, patients are still reluctant to participate in such 
examination. Although, colonoscopy is the most popular population screening process, including in 
Poland, for patients between 50 and 69 years old without previous CRC history18. Lastly, imaging diagnostic 
tool is Computed Tomography Colonography (CTC), based on CT scans in two- and three- dimensions of 
the colon, however such test is very expensive and specialized equipment is needed. 

1.4. Tissue examination, TNM, grading 
 Tumor staging is an important diagnostic factor for patient’s prognosis which provides information 
on the development stage of the tumor and affected neighboring tissues19. Popular classification 
guidelines was adopted by American Joint Committee on Cancer(AJCC), called TNM Staging System20, 
which assessed local invasion of the tumor, invasion to lymph nodes and distant metastasis20. TNM 
classification takes into consideration tumor tissue, lymph nodes, and presence of metastasis. Tumor (T) 
category is divided into T1-T4, where T1 indicates tumor affected submucosa whilst T4 indicates invasion 
to serous membrane of the abdominal cavity. Lymph nodes (N) category is assigned either as N0 if lymph 
nodes are not affected whilst N1-N3 indicates number of regional lymph nodes affected by the tumor. 
Metastasis (M) is a metric indicating either presence (M1) or lack thereof (M0) of metastasis. Based on the 
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TNM classification, tumors are assigned stage on a scale from 0 to 4. In the context of CRC stage 0 indicates 
carcinoma restricted to epithelial tissue21. Stage 1 indicates affected submucosa/muscularis propria 
without affected lymph nodes or metastasis. Both stage 2 and stage 3 indicate advanced tumors with 
different level of lymph nodes engagement, whilst stage 4 indicates distant metastasis19. Furthermore, 
CRC tumor are often assigned a grade of G1 to G4 based on the histological features. Within the regioG1 
are assigned with the least disturbed histology, with differentiated cells present. G2 and G3 indicate 
moderate and poor differentiation of cells, whilst G4 indicates undifferentiated cells indicating the most 
advanced tumorigenic process22. 

1.4.1. Techniques of tissue analysis 

There are several methods and objectives in analyzing the tumor tissue post-resection. Several of them 

are presented in this section. 

1.4.1.1 Hematoxylin & Eosine staining 
Tissue coming from the resection is either preserved as a fresh-frozen tissue or paraffin fixed 

(FFPE). The analysis of both is the same by principal – tissue is cut into thin slices 4-5 um, preserved on the 
glass slide and stained with dyes to visualize tissue architecture. Most commonly applied staining protocol 
requires hematoxylin and eosin. Hematoxylin(H) binds to nucleic acids and stain them in deep blue/purple 
colors, whilst pink eosin(E) binds to protein without specificity23. Based on this simple protocol, features 
of the tissues can be assed. Commonly what is assessed is the level of dysplastic changes in the tissue22. 
Features of dysplasia include: hyperchromatic nuclei with changed shaped comparing to normal tissue, 
lower content of mucins, or disruption of the tissue architecture24. Evaluation of HE stained tissued also 
provides valuable information on the morphology of cell populations present at the affected site, what is 
impossible to obtain with aforementioned TNM staging.  

1.4.1.2 Immunohistochemistry/immunofluorescence staining in tissue analysis 
Method of molecular profiling of the tissue include i.e. IHC and IF staining. Both techniques require 

application of the specific antibody, labeled with horseradish peroxidaze or a fluorophore respectively, 
binding to the protein of interest, although the methods of detection is production of colored product upon 
addition of chromogenic substrate or excitation of the fluorophore with fluorescence light25. Such 
approach is widely applied to CRC for detection or lack thereof of proteins involved in MMR system26. 
IHC/IF stained tissues are also analyzed in the context of immune infiltration, as immune component of 
CRC plays a vital role in disease progression. Immune scoring system is a method that involves analysis of 
tumor tissue in the context of cellular component of the immune system and their quantification. 
Immunoscore® involves IHC staining for CD3+ and/or CD8+ T-cells infiltrating tumor core and tumor margin 
with further image analysis using digital pathology software such as QuPath27–29. 

1.4.1.3 DNA & RNA testing  
Standard PCR and DNA sequencing are often used in CRC diagnostics in MSI detection, copy-

number variations, or detection of specific mutations as BRAF variant p.V600E associated with poor 
response to chemotherapy treatment30,31. Nowadays multiple new technologies are being developed to 
improve CRC diagnosis and treatment, for example, liquid biopsies testing for circulating tumor DNA 
(ctDNA)32. BESPOKE CRC clinical trial tested plasma samples of patients who underwent adjuvant therapy 
for molecular residual disease (MRD) (tumor cells undetectable by imaging methods) with ctDNA and 
established that disease-free survival rate for patients positive for MRD was longer comparing to the control 
group without treatment33. Genomic profiling platforms are also being developed such as multiplex DNA-
based analysis tools is MSK-IMPACT. MSK-IMPACT is a DNA sequencing method based on capture-based 
hybridization which allows for analysis of several hundredth genes in DNA extracted from FFPE tissue34,35. 
Analysis of 1134 CRC samples with MSK-IMPACT revealed potential novel gene mutations linked to the CRC 
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development, and differences in gene expression between left and right-sided tumors34. In 2017 MSK-
IMPACT was approved by Food and Drugs Administration in U.S.A as a tool for tumor profiling36. 
Furthermore, RNA-based analysis is gaining more attention in the context of tumor profiling. For example, 
ColoPrint is a RNA-based microarray panel of 18 genes that can determine tumor samples as low or high 
risk groups for tumor reoccurance37 whilst ColoSense™ is a newly FDA approved RNA-based stool 
screening method for CRC detection with 100% detection rate for stage I and 93% detection rate overall in 
the studied cohort38–40. 

RNA-based technologies nowadays are stirring towards gene expression maintaining spatial 
context. There are several methods for RNA analysis however they differ in the detection method or used 
sample type (fresh frozen vs. FFPE)41. One of the Spatial Transcriptomic (ST) platforms is Visium, developed 
by 10x Genomics. In this technology FFPE tissue section is mounted, stained, imaged, and de-crosslinked 
on a barcoded slide. The glass slides contains “spots” composed of poly-T oligonucleotides able to 
hybridized mRNA released from the tissue42. Based on the hybridized mRNA, cDNA library of gene 
expression is created42,43. Capture areas available with this technology are 6.5 x 6.5 or 11 x 11mm with 500 
and 14000 spots respectively, with the spot size of 55 µm43. This technology allows for the detection of 18 
000 human genes covering significant majority of protein-encoding genome44. 
 Analysis of the protein expression is another approach widely applied in cancer research. One of 
them is a cytometry by time-of-flight (CyTOF) known as mass cytometry, developed in 200945.  This 
technology requires single cells suspension where cells are stained with heavy metal isotopes-tagged 
antibodies against specific proteins. Single cells in a droplet form pass through argon plasma where, upon 
covalent bonds disruption, atoms are released and ionized. Subsequently, after removal of biologically 
abundant low-mass ions, heavy-metal ions are analyzed by the time-of-flight to acquire their mass-to-
charge ratio46. In imaging mass cytometry, instead of single cell suspension, either FFPE or fresh frozen 
tissue section is required. Tissue sections are incubated with isotope-tagged antibodies, and then 
subjected to laser ablation 1µm² at a time. Laser ablation causes release of the ions, as in MC, that are 
detected and assigned to the specific spot47. Despite its relatively high multiplexing capacity of analyzing 
up to 40 markers at one, its high costs, long time required for the data acquisition, and destruction of the 
sample makes it invalid for wider clinical application47,48. In the context of CRC, IMC technology allowed for 
identification of high content of FOXP3+  T-cells in tertiary lymphoid structures in the colon, quantification 
of p53 abundance, or identification of abnormal EpCAM+ PD-L1+ CD4+T-cells population49–51. There is a 
similar method to IMC called multiplexed ion beam imaging. MIBI, instead of laser ablation, uses a primary 
ion beam to release isotope-tagged antibodies and create secondary ions that later on are detected. The 
advantage of using MIBI is that only a small part of tissue up to 50µm in thickness is erased what allows for 
re-analysis of the particular region of interest with another set of antibodies52.  

Nowadays, there are also methods of tissue analysis that allows for simultaneous analysis of 
transcriptome and protein expression within one sample. One of them is GeoMX Digital Spatial Profiling 
(DSP). This technology has similar capacity of detection 20000 genes transcripts as Visium spatial 
transcriptomics, with additional capacity of ~40 protein expression quantification41,53. Here, selected 
probes specific to selected genes bound to barcodes via linker sensitive to UV light. After hybridization of 
probes to the mRNA released from the tissue, tissue is stained with antibodies and fluorescence signal is 
imaged. Based on the imagining, specific region of interest (or several) is selected with subsequent UV light 
treatment. Released barcodes from probes are collected, followed by library preparation and 
sequencing41. In CRC this technology was employed to identify differences in PD-L1 expression in tumor 
tissue from patients treated with immunotherapy and chemo therapy revealing its higher levels in samples 
after immunotherapy54. In the study by Pelka et. Al. set of interferon-stimulated genes was detected in 
epithelial tumor cells with the expression of CXCL13 in the neighboring non-epithelial cells indicating axis 
of communication between tumor cells and T-cells. Simultaneously, inhibitory IDO1 and CD38 expression, 
linked to interferon stimulated genes hub, showed spatial correlation with CXCL13+ T-cells activity55.    
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2. Immune system 
Immune system has several roles. It protects from the external pathogens as well as  plays a vital role 

in tumor elimination and progression in the process recently described as “cancer immunoediting” 
comprising of 3 steps56,57. First step, elimination, is often called “immune surveillance” and involves 
immune cells system in the process of elimination of the affected cell56,57. Next, equilibrium phase occurs. 
Equilibrium may last for several years, where less malignant cancer cells are not eliminated but rather “kept 
at bay” by the immune system which prevents further spread of the cancer cells56,57. Lastly, tumor may 
escape by a series of mechanisms that prevent its recognition by the immune system i.e. downregulation 
of presented antigens, expression of certain inhibitory factors, such as CTLA4, or editing of local 
microenvironment to promote differentiation of immune cells with a suppressive profile58. 

Hence, although there are several molecular mechanisms preventing malignant transformation such 
as DNA repair mechanisms, cell cycle arrest or apoptosis, some cells will escape and become a threat to 
further divide and grow tumors. Immune system is a complex and the most important defense system 
protecting the host from cancer development. 

2.1. Innate immunity 

2.1.1. Innate immunity recognition 
Immunity is distinguished by innate and adaptive immune response. Innate immunity provides 

rapid/immediate response and protection against harmful factors for example by prevention of entering 
the hosts body59. For example, by forming a physical barrier (e.g. skin), secretion of lysozyme or lactoferrin 
in saliva to protect from ingested pathogens, or by recognition of pathogen-associated molecular patterns 
(PAMPs) expressed on the surface of pathogens by innate immunity cells. Simultaneously, immune cells 
are capable of recognition of molecules released upon damage or cell death called damage-associated 
molecular patterns (DAMPs)59. There are several types of pattern-recognition receptors. Toll-like receptors 
are membrane-bound and belong to the PAMPs recognition receptors. Toll-like receptors (TLRs) recognize 
bacterial peptidoglycans or single/double-stranded RNA of viruses. TLR binding to their ligands activate 
downstream signaling which leads to activation of interferon response factor 3 and 7 (IRF3 and IRF7) or NF-
κB pathway. IRF3 and IRF7 are transcriptional factors that induce expression of inflammatory molecules 
e.g. monocytes recruiting cytokine CCL2, neutrophile recruiting chemokine CXCL8, IL-1,TNF-α, and 
interferons type I, IFN-α and IFN-β, vital for innate immune response against viruses59. There are also 
pattern recognition receptors that instead of recognition outside of the cell, recognize internal damage or 
infection. They include retinoic acid–inducible gene (RIG)-like receptors and NOD-like receptors and 
,similarly to TLR, they may mediate inflammation via IFN I response59.  

2.1.2. Cells of innate immunity 
Importantly, the main characteristic of innate immunity is induction of rapid response at the site 

of infection which includes recruitment of immune cells. Cell engaged in innate immunity responses are 
neutrophiles, macrophages, mast cells, monocytes, dendritic cells, and NK cells60. Recruitment of 
particular cell population to the site of infection/injury is mediated by tissue-resident macrophages and 
DCs that upon pathogen recognition release i.e. IL-15, IL-1 and TNF4. Migration of leukocytes from the 
bloodstream is mediated by P-, and E-selectin expression on the surface of endothelial cells of a blood 
vessel near the site of injury or infection. Expression of selectins is mediated by TNF and IL-1 expressed by 
tissue-resident DCs and macrophages or upon recognition of histamine or thrombin59. Selectins are crucial 
in the process of leukocytes rolling as they facilitate initial contact with the endothelial cells. Next, 
chemokines released by endothelial cells serve as docking ligands for chemokine receptors expressed on 
the surface of leukocytes whilst simultaneously integrin ligands, such as VCAM-1 or ICAM-1, are being 
expressed on the endothelial cells what mediates integrins binding. In result, leukocytes escape blood 
vessels through the process of diapedesis to the affected site4. One of the most important functions of 
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cells involved in innate immunity is effective neutralization of the pathogen that is achieved by 
phagocytosis by neutrophils and macrophages61. 

2.1.3. Neutrophiles 
Neutrophiles and macrophages are capable of pathogens neutralization, especially opsonized 

pathogens. Simultaneously IgG, that is involved in the process of opsonization, and IgM activate the 
complement cascade, mediate phagocytosis4. Neutrophiles, the most abundant population of leukocytes 
in the blood stream, accounting for around 50% of the whole leukocytes’ population. Their mechanism of 
effective neutralization of pathogens is largely mediated by granules that are filled with enzymes 
(collagenase, lysozyme), that upon release digest the pathogens. Their life span upon recruitment lasts 
around 2 days. Furthermore they can neutralize necrotic cells by-products they form neutrophil 
extracellular traps that immobilize microbes however may also affect healthy tissue62. CXCL8, expressed 
by tissue-resident macrophages, is a potent neutrophiles chemoattractant, similarly to CXCL1. 

2.1.4. Macrophages 
Macrophages, in contrast to neutrophiles, have a longer life-span at the site of infection4. 

Furthermore, as their effector function largely depends on cytokines production, their activation takes 
longer. Aside of pathogens, they are able to scavenge for apoptotic cells or tissue debris as well as conduct 
pyroptosis. Pyroptosis is a programmed cell death mediated by the inflammasome63. During pyroptosis 
caspase-1 is cleaved and activated which leads to the proteolytical cleavage of IL-1B and IL18 precursors 
to form biologically active form of these pro-inflammatory cytokines what aids the inflammatory response 
in pathogens clearance63. Simultaneously, macrophages produce i.e. cytokines such as CXCL2, CXCL3, 
CCL2, and CCL361. At the same time,IL-12 induces the differentiation, proliferation and IFN-γ production in 
both NK cells and Th1, hence regulating both the innate and adaptive immune response64. Macrophages 
population, depending on the local differential factors, may differentiate either into M1 or M2 sub-
populations. M1 macrophages are typically described as “proinflammatory” and able to induce Th1 
differentiation, whilst anti-inflammatory M2 macrophages are usually associated with the dampening of 
the immune response65. The plasticity of macrophages population is especially important in the context of 
cancer TME65. 

2.1.5. Tissue resident cells 
Both tissue-resident macrophages and DCs play an important role in linking the innate and 

adaptive immunity as both are capable of antigen presentation to T-cells59. Additionally, DCs are important 
in induction of naïve T-cells differentiation due to the array of expressed cytokines59. Mast cells, similarly 
to tissue-resident DCs and macrophages reside at sites with higher risk of exposure to foreign antigens i.e. 
skin or mucosa. In their cytoplasm they contain granules filled with histamine, released upon activation 
what leads to increased permeability of surrounding blood vessels. They are important mediators of allergy 
as on their surface IgE receptors are present that upon binding to IgE induce mast cells activation66. 

2.1.6. NK cells 
In case of NK killers cells instead of pathogen recognition, they play a role in elimination of infected 

host's cells. They are able to secrete IFN-γ and are able to produce perforins that create pores in the target 
cell’s membrane for efficient proteolytic granzymes delivery released from NK cells granules59. They are 
activated upon IL-12 and IL-15 stimulation and, importantly, they complement cytotoxic T-cells actions as 
some infected or cancerous cells downregulate the expression of MHC molecules to escape T cells 
recognition whilst NK cells can recognize cells with downregulated MHC expression67. NK cells are major 
producers of interferon-γ (IFN-γ) and are capable of production both pro- and anti-inflammatory 
cytokines67. Furthermore, in the lymph nodes, they are capable of priming naïve T-cells to Th1 phenotype 
due to IFN-γ production68.  
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2.1.7. Complement cascade 
An important component of innate immunity is complement system which consists of over 30 

serum and cell-bound proteins6. Although it is crucial for innate immunity, it plays a significant role in 
regulation of the adaptive immunity response. Complements functions as a series of proteolytic cascades 
that can result in cell lysis caused by membrane attack complex (MAC), inflammation by 
anaphylatoxins release, and opsonization by C3b of target cell. There are 3 complement pathways: 
classical, alternative, and lectin. Each complement pathway results in the cleavage of C3 into C3a and C3b 
by C3 convertase, and similarly, the cleavage of C5 into C5a and C5b by C5 convertase. The classical 
pathway involves C1 complex, consisting of C1q, and serine proteases(C1r, C1s), binding to IgG1 or IgM on 
the surface of recognized pathogen. These serine proteases of the complex activate and cleave C4 and C2 
into C4a, C4b, and C2a, C2b, respectively69.C4b and C2a form a complex of C3 Convertase that cleaves 
C3 into C3a anaphylatoxin and C3b. C3b attaches to the surface of pathogens and further is recognized by 
macrophages or neutrophils via C3 receptor. Furthermore, C3b binds to C3 convertase and create C5 
convertase70. The lectin pathway, instead of recognition of immunoglobulin bound to the cell surface, is 
based on the member of pattern-recognition receptor mannose-biding lectin (MBL) which binds to PAMP 
carbohydrate presented on the surface of bacteria or yeast. MBL forms a complex with MBL-associated 
serine proteases (MASPs) and, similarly to the classical pathway, these serine proteases cleave C4 and C2. 
Subsequently it leads to C3 convertase formation, C3 cleavage and C3b binding to the cell surface, and 
similarly to classical pathway, C5 convertase is created upon C3b binding69. On the other hand, alternative 
pathways hydrolyzed C3 binds to Factor B. Once cleaved by Factor D, in a process stabilized by properdin, 
it creates C3Bb complex which initiatives further cleavage of C3 into C3b and C3a. Once C3Bb on the cell 
surface binds C3b it creates C5 convertase. Eventually, C5 convertase, regardless of the pathway, cleave 
C5, releases C5b and C5a. In the series of binding events C5b binds to C6-C7-C8 and numerous C9 
molecules. C9 molecules form in the cell membrane pore-like structures what collectively is known as a 
membrane attack complex (MAC)69. These pores disrupts cell’s integrity, causes osmotic shock, and 
swelling what leads to the cell lysis59,69.   

 

2.2. Adaptive immunity 
In contrast to innate immunity, adaptive immunity is more specialized and “tailored” to respond to 

the antigen with high specificity71. Adaptive memory largely rely on T-cells and B-cells. The main role of 
adaptive immunity is distinguish between “self” and “non-self” antigen, and to develop memory response 
so at the next encounter of antigen, the antibody-mediated response occurs rapidly71. Adaptive and innate 
immunity work in tandem as DCs or macrophages engaged in the innate response are capable of antigen 
presentation – process crucial in “teaching” the adaptive immunity71. Initial contact with the antigen leads 
to activation of T-cells and B-cells, their activation, and their partial differentiation into memory cells 
capable to recognize the antigen years after the first encounter. Ability of memory development by the 
adaptive immunity is a basis for successful vaccination program and maintenance of herd-immunity72,73. 

2.2.1. B-cells development 
Adaptive immunity can be divided into cell- or antibody-mediated. Antibody-mediated immunity 

relies on the ability of B-cells to produce immunoglobulins (antibodies). B-cells develop in bone marrow 
from common lymphoid progenitor(CLP). One of the genes essential in B-cells development is EBF1 which 
regulates expression of CD79a, one of the B-cells markers, and Pax5 found to be essential for B-cells 
commitment to pro-B cells74. In bone marrow pro-B cells develop in three stages according to the V(D)J 
rearrangement of antibodies, heavy and light chains, process mediated by RAG1 and RAG2, DNA binding 
and cleaving enzymes. V(D)J rearrangement leads to the production of antibodies able to recognize over 5 
× 1013 antigens75. It results in pro-B cells expressing pre-B-cell receptor (pre-BCR). Pre-BCR is crucial in 
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maintaining cell’s proliferation, differentiation, and survival76. Pre-BCR undergoes further development to 
form fully mature BCR. Those that have functional B-cell receptor (BCR) and express surface-bound IgM 
leave the bone marrow and migrate to spleen where they undergo selection for high-affinity to foreign 
antigens and low-avidity to self-antigens77. Later on, they become mature B-cells expressing BCR, IgM, and 
IgD into either marginal-zone B-cells upon weak BCR signaling and notch homolog protein 2 (NOTCH2) 
expression or follicular B-cells upon strong BCR signaling. Marginal-zone B-cells reside in spleen are 
mainly involved in recognition of T-independent antigen, support germinal center (GC), and produce 
unspecific IgM78,79. On the other hand, follicular B-cells reside both in spleen and lymph nodes are almost 
exclusively responsible for production of isotope-switched, high-affinity antibodies upon T-cells. 
Furthermore, they can develop into memory B-cells and plasma cells79.  BCR receptor consist of 
membrane bound IgM or IgD and Igα/Igβ (CD79A/CD79B) heterodimer that aids expression of membrane 
Igs and  transmits the signal through immune receptor tyrosine-based activation motif (ITAM) located in the 
cytoplasmic end80. 

2.2.2. BCR signaling 
Upon BCR receptor binding to its cognate antigen cytoplasmic ITAM domains are phosphorylated 

by Src kinases, such as LYN and FYN, what recruits and activates Syk81. Syk phosphorylates BLNK, BCAP,  
SHC that form a scaffold for other protein that together form a BCR signalosome. BCR signalosome recruits 
and activates PI3Kδ which converts PIP2 to PIP3 with subsequent BTK activation. Downstream signalling 
induces PLCγ2 activation and IP3 and DAG generation81. IP3 activates transcriptional factor NFAT by 
inducing Ca2+ release from the ER whilst DAG signalling leads to CARD11-BCL10-MALT1 complex 
formation and NF-κB activation. Simultaneously PIP3 recruits AKT kinase, which is activated by PDK1 and 
mTORC2. Activated AKT phosphorylates GSK3 and FoxO what downregulates the expression of 
proapoptotic protein what leads to the cell survival affecting cell survival82. Furthermore, BCR binding 
activates MAPK pathway that regulate cells survival and proliferation81. 

2.2.3. T- cells development 
All T-cells are developed from thymocytes, originating from  common lymphoid progenitor cells, 

similarly to B-cells, that leave the bone marrow and migrate to thymus, which unique environment provides 
necessary stimulation for T-cells development59. In the thymus they enter the double negative stage that is 
further divided into 4 stages based on the expression of surface markers c-KIT, CD44, and CD25. At first, 
thymocytes express only c-KIT and CD44. Upon stimulation within mid-cortex CD25 expression is induced 
with simultaneous downregulation of CD44 and c-KIT83. In CD44lowCD25high thymocytes V(D)J 
recombination within TCR-β, TCR-δ, and TCR-γ. V(D)J recombination is vital for adaptive immunity as it 
allows for recognition of variety of different antigens84.  Importantly, simultaneously as CD44 expression 
declines, upregulation of RAG occurs. RAG1 and RAG2 are crucial for TCR genes rearrangement. If γδTCR 
rearrangement was successful these cells become γδ T-cells and escape the thymus59,83. In case of TCR-β 
rearrangement, once cell start expressing β-chain, it forms pre-T-cell receptor of β-chain and a “surrogate” 
pre-T cell α-chain that together form a complex with CD3 on the cell surface59,83. It leads to the termination 
of rearrangement within TCR-β gene, proliferation of the cell, TCR-α chain gene rearrangement and 
substation of pre-T cell α-chain , and induction of CD4 and CD8 expression with simultaneous 
downregulation of CD25 (except for Tregs), c-KIT, and CD4459,83. Next, double-positive selection takes place 
by recognition of MHC-I and MHC-II. Cells that fail the recognition of either undergo apoptosis. Upon 
binding, these cells loose the expression of one of the MHC class, yielding CD4+ T helper cells able to 
recognize MHC-II and CD8+ T cytotoxic cells able to recognize MHC-I59,83. Lastly, cell are migrating to 
medulla region of the thymus where stromal cells, by AIRE and FEZF2 transcriptional factor, promote 
expression of a great variety of self-proteins, to provide environment where T-cells recognizing self-
antigens85. It is vital for negative selection of cells that bind to MHC proteins either with too high/low affinity 
or without presented antigen. This selection process only 2% of T-cell successfully pass and become naïve 
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T cell which migrate to secondary lymphoid organs where they can interact with DCs59,83. Upon recognition 
of the specific MHC II-bound antigen, naïve CD4 T-cells become activated, rapidly proliferate and 
differentiate into specific subset.  

2.2.4. TCR signaling and activation 

TCR receptors consist of either of the two heterodimers: TCRα/TCRβ or TCRγ/TCRδ. Majority of T-
cells presentαβ TCR, whilst γδ T-cells constitute a minority of the population86. Either of them bind in a non-
covalent hydrophobic interaction with 3 CD3 protein dimers:  δε and γε heterodimers and ζζ. CD4 and CD8 
coreceptors are expressed as a form of monomer with 2 V domains and 2 C domains in the extracellular 
domain in case of CD4 or homo/heterodimers of CD8 isoforms in case of CD8 T cells. CD8 T cells usually 
express CD8αβ heterodimer but intraepithelial lymphocytes express CD8αα87. 

CD3, similarly as CD79A/CD79B in BCR, contains ITAMs motifs. Upon binding of MHC molecule 
presenting peptide and TCR, phosphorylated at their tyrosine residues by SRC kinases (LCK and FYN). 
Simultaneously Zap70 kinases bind to ITAM via SH2 domain. Zap70 phosphorylates linker for activation of 
T cells (LAT) that recruitsPLCγ1, Grb2 and Gads. PLCγ1hydrolyzes PIP2 into IP3 and DAG, similarly as in 
BCR signaling87. IP3 triggers Ca2+ release from ER and leads to NFAT translocation to the nucleus what 
activates NF-κB signalling88. DAG leads to the stimulation of RAS, what is further reinforced by SOS-Grb2. 
Ras activates Ras-MAPK cascade leading to phosphorylation of MEK1/2 and ERK1/2. Activation of Ras-
MAPK signalling regulates the T-cells development and differentiation, and simultaneously leads to AP-1 
complex formation. AP-1 work in synergy with NFAT and induce the expression of IL-288. Furthermore, upon 
TCR engagement, mTOR1 and mTOR2 become activated that are critical in further T-cell lineage 
commitment89.  

MHC-antigen complex recognition by TCR is not sufficient for activation of T-cells. It requires 
“second signal” such as binding of CD28 on T-cells with co-stimulatory ligands B7-1 (CD80)/B7-2 
(CD86)presented on the surface of APCs. CD28 ligation is crucial for T-cells signalling as in induces 
expression of IL-2, vital for the survival and further differentiation90. CD28 can also be hijacked by co-
inhibitory CTLA4 what inhibits T-cells activity90. There are several stimulatory interactions such asCD40-
CD40L, OX40-OX40L or GITR-GITRL, and inhibitory interactions such as PD1-PDL1, LAG3-MHC, LAIR1-
collagen, TIM3-Galectin 9, that regulate the T-cells activity to precisely control the immune response 
however some of them can be hijacked by e.g. tumors to escape the recognition91. 

 

 

 

 

 

 

 

 

Figure I.1. Schematic representation of CD4+ T-cell and APCs interaction. Created with BioRender.com 

2.2.5. MHC molecules 
Antigen presentation by MHC molecules is another key component of the adaptive immunity. Genes 

encoding MHC molecules, otherwise known as human leukocytes antigens (HLA) are located in 
chromosome 6 and are characterized by high polymorphism92. There are 2 MHC classes: class I and class 



- 10 - 
 

II, recognized by CD8+ cytotoxic or CD4+ helper T-cells, respectively. MHC class I is further subdivided into 
classical HLA-A, -B, and -C, and non-classical HLA-E, F, G, H. Classical HLAs are widely presented on 
different type of cells whilst non-classical HLAs are restricted to the specific tissues or cells93. Moreover, 
non-classical HLAs, bind peptides of smaller diversity and are often linked to the diseases as e.g. HLAs -E 
and HLA-G were implicated with immune evasion in cancer and viral infections94,95. MHC II class consists 
of HLA-DR, HLA-DP, and HLA-DQ expressed exclusively on antigen presenting cells96. MHC class I 
molecules are heterodimers of α-chain and β-chain, also called β2-microglobulin (B2M) that are bound by 
a non-covalent bind. MHC I molecule is embedded in the cell membrane by α-chain transmembrane 
domain (α3) domains α1 and α2 form a binding groove for peptides (antigens) of up to 11aminoacids in 
length. β-chain stabilizes the heterodimer and has no transmembrane region. MHC II heterodimer on the 
other hand, is embedded in the cell membrane by transmembrane domains of both α  and β chains whilst 
the antigen-binding groove, formed by α1 and β 1 domains is able to bind peptides of up to 18 amino acids97. 
The antigen loading onto the MHC molecule differs between the classes. In case of MHC I, ubiquitinated 
proteins in the cytosol are directed to and digested by the proteasome into shorter peptides98. Then, 
antigen processing and presentation transporter (TAP) loads these peptides into ER where they bind to the 
MHC class I. Simultaneously, in the ER lumen, chaperon proteins assemble the MHC I complex. MHC class 
I molecule-chaperons complex associates to the TAP and peptide loading onto MHC I groove takes place. 
Next, MHC class I- peptide complex, by Golgi apparatus, is transported to the cell membrane93. MHC II 
class molecules are able to bind to a greater variety of antigens comparing to MHC I. The main function of 
the MHC II is presentation of foreign antigens. The source of these antigens are e.g. phagocytosed 
bacteria99. Similarly to MHC I, MHC II is synthetized in the ER in the process guided by invariant chain (I 
chain) or CD74100. L-chain later on guides MHC II complex to the late endosomal compartment, MIIC101. L-
chain is then degraded to class II-associated invariant chain peptide (CLIP) that stays bound to the antigen 
binding groove101. Subsequently, CLIP is removed by HLA-DM to allow antigen binding, and MHC II complex 
is transported to the cell membrane100.  

3. T cells subsets 
Naïve T-cells are capable of differentiation towards different effector T-cells upon various 

environmental factors. Each T-cell population poses a different function, however in some cases, 
expressed cytokines profiles might overlap. Whilst CD8+ T-cells main function is to kill damaged/infected 
cell by FAS-FASL interaction or granzyme production, CD4+ T-cells outnumber CD8 T-cells in healthy 
conditions in human body102103. Hence, in this section differentiation and function of Th1, Th2, Tfolicular 
Th17, and  Treg cells is described.  

3.1.1. Th1  
Th1 phenotype is characterize by the expression of cytokines IL-2,IL-12, TNFα, IFN-y and is mainly 

engaged in eradicating pathogens like viruses and bacteria infections by activation of macrophages104105. 
Th1 population differentiate from naïve T cells by environmental IL-12 stimulation expressed by i.e. antigen 
presenting cells106,107.  Some studies indicate participation of other cytokine in induction of Th1 phenotype 
such as IL-18. IL-18, although on its own cannot induce proliferation, it enhances production of IFN-γ what 
indirectly impacts the Th1 differentiation108. At the same time, IL-12 can enhance expression of IL-18 
receptor,  IL-18Rα, in a  IFN-γ -dependent manner109. IL-12 receptor consists of IL-12Rβ1 and IL-12Rβ2 
subunits associated with Janus family kinases members TYK2 and JAK2, respectively. Upon IL-12 
bindingTYK2 and JAK2 phosphorylate STAT4 transcriptional factor110. Next, STAT4 undergoes dimerization, 
translocation to the nucleus and induces transcription of several genes crucial genes such as IFN-γ and 
IL12RB2111. In a similar manner, IFN-y binding to its receptor, consisting of IFN-γR1 and IFN-γR2 subunits, 
leads to phosphorylation of STAT1 via Jak1 and Jak2112.Jointly, STAT1 and STAT4 signaling lead to induction 
of T-bet expression, also called master transcription factor responsible for induction of expression of 
signatory cytokines in Th1113. 
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3.1.2. Th2 
Th2 lymphocytes play a role in protection against parasites, and tissue damage repair by their 

ability to activate eosinophils, mast cells, basophils, and induce M2 polarization in macrophages114,115. At 
the same time Th2 subset is implicated in allergy and asthma due to their ability to impact B-cells to switch 
immunoglobulin class to IgE mediated by the expression of IL-4116,117. IgE in turns binds to FcεRI receptor 
on mast cells and basophiles what upon re-exposure to the  allergen, leads to the their activation and  
release of i. e. histamines, cytokines, and prostaglandins acting inducing inflammation59. Signatory 
cytokines expressed by this subset are IL-3, IL-4, IL-5, IL-13 and similarly as in the case of Th1, one of the 
signatory cytokines, namely IL-4 controls the differentiation of this subset. IL-4 binds to its receptor 
consisting of IL-4Rα (CD124) subunit and IL2RG, which is shared among receptors of other cytokines118. 
Subsequently, STAT6 transcriptional factor becomes phosphorylated, in a process mediated by JAK1 and 
JAK3 kinases, and induces the expression of major transcriptional factor GATA3 which bind to locus of IL-
13, IL-4, and IL-5 genes118. In addition, Th2 might be primed in a IL-4 independent process by IL-2/STAT5 
signaling pathway to express Il4ra119,120. Although there are studies in mice models implicating Th2 
population with enhanced  colon tumors growth, in Rag1−/− mice administered with polarized Th2 cells 
noted reduced colon tumor growth comparing to the controls, due to high secretion of IL-5, increased 
eosinophiles recruitment and increased expression of cytotoxic factors, Gzmb and Prf1, which shows that 
the role of Th2 cells in tumorigenesis can be context-dependent and that under certain conditions, Th2 
cells can exert anti-tumorigenic effects despite their involvement in M2 macrophages polarization121,122. 

3.1.3. T follicular helper cells 
Unlike Th1 or Th2 mainly engaged in the defense against pathogens and parasites, the primary role 

of T follicular(Tfh) cells is regulation of B-cells within germinal centers of secondary lymphoid organs. This 
interaction is crucial for the formation of high-affinity antibody-producing plasma cells and long-lived 
memory B cells123. Tfh as a population was first identified in 2009 when B-cell lymphoma 6 (BCL6) was 
found to play a vital role as a lineage-specific transcription factor of Tfh, with earlier reports identifying 
CXCR5+ T-cells as effective in induction of antibodies production by B-cells124–127. 

Priming and differentiation of T follicular cells depends on many factors, unlike e.g. Th1. Initial 
contact with conventional DCs induce naïve T-cells to express CXCR5, ICOS, and master repressor Bcl6, 
which suppresses expression of transcription factors specific to other T-cells populations. In addition, 
expression of Bcl6 highly depends on the IL-6 controlled signaling via engagement of STAT1 and STAT3, and 
ICOS 128–131. Bcl6 inhibits expression of CCR7 and indirectly upregulates expression of CXCR5 crucial for Tfh 
cells  migration to B-cells follicles border, where they interact with B-cells via ICOS-ICOSL  and CD40-
CD40L signaling to induce B-cells activation, differentiation, and proliferation what in turns leads to 
creation of germinal centers(GC). In GCs Tfh mature to GC Tfh expressing CXCL13, IL-21, and IL-4, 
cytokines crucial for the maintenance of B-cells differentiation 131–134. As a population participating in 
shaping enduring humoral immunity via B-cells stimulation, Tfh were found to correlate with better survival 
in CRC patients135.  
 

3.1.4. Th17 

In 1995, researchers discoveredexpression of IL-17 in T cells, marking a significant milestone in 
immunology136. A decade later, in 2005, the distinct Th17 cell population was proposed, highlighting it as a 
newly recognized subset within the T-helper cell family137,138. This identification underscored the unique 
role of Th17 cells in immune responses and inflammation137. Th17 is a pro-inflammatory T cells subset, 
expressing signatory cytokinesIL-17A, IL-17F, IL-21, and IL-22, widely engaged in inflammation in response 
to pathogens but also involved in autoimmune diseases including IBD139. First reports identified IL-23 
cytokine, which shares subunit p40 with Th1-specific IL-12, as potent inducer of IL-17 expressing T-cells140–
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142.This discovery arose from observations in knockout mice lacking interferon signaling components IFN-
γ and IL-12Rβ2, which remained susceptible to autoimmune diseases143,144. This challenged the initial 
assumption that Th1 cells were solely responsible for pathological Inflammation143,144.In mice models, 
determining differential factors for Th17 are TGF-β and IL-6 whilst IL-23 plays a role in the expansion and 
survival145. On the other hand, studies on human naïve CD4 T-cells revealed that stimulation with IL-1β in 
combination with IL-6 or IL-23 is sufficient to induce expression of signatory IL-17 and, whilst co-
stimulation with IL-23, is sufficient to induce expression of master transcriptional factor ROR γt146,147. 
Despite differences in the signaling needed for the differentiation in mice and human T-cells, agreed 
consensus highlight importance of IL-6 and TGF-β in the development of Th17 population.  

IL-6 binds to its membrane receptor IL-6R consisting of IL-6Rα chain and the gp130 subunit. Upon 
binding, activation of gp130 subunits leads to activation of JAK1 and JAK2 and phosphorylation of STAT3 
transcriptional factor148. STAT3 directly binds to Rorc and Il21promoter sites inducing their 
expression149,150. RORγt (product of Rorc) induce expression of signatory Th17 cytokines, whilst IL-21 
(product of il21) induce expression of IL-17 and further expression of RORγt149,150. Simultaneously, TGF-β 
signaling leads to the activation of SMAD pathway which precise mechanism of action is not well 
understood. TGF-β signaling leads to SMAD2 and SMAD3 receptors phosphorylation which interact with 
SMAD4 mediator to form a complex151,152. There are reports indicating SMAD2 role in modulation of IL-6R 
expression in T-cells and impaired ability for Th17 differentiation in the absence of SMAD2151,152. On the 
other hand, Smad3 knock-out in mice led to increased Th17 cell differentiation as SMAD3 decreases the 
activity of RORγt153. Nonetheless, there is evidence that TGF-β and IL-21 induce differentiation of human 
naïve T-cells to Th17 and induce expression of RORC2 (homolog of RORγt in humans)154. In addition, TGF-
β inhibits activation of SOCS3, negative regulator of STAT3 signaling, induced by IL-6 what further supports 
Th17 signalling155. Hence, despite extensive research on the exact mechanism of action and significance 
of TGF-β it is not well characterized how this cytokine contribute to the development of Th17 population. 
Furthermore, murine models showed that the differentiation of the Th17 population induced with IL-23, 
without TGF-β, leads to the expression of T-bet, a master transcription factor for Th1156. This results in Th17 
lymphocytes that can produce Th1-signatory cytokines such as IFN-γ156. Pathogenic IFN-γ-expressing Th17 
cells may participate in conditions such as multiple sclerosis157. Th17 have also gained attention in the 
context of gut microbiota. In mice model in the intestinal environment, Th17 is induced by i.e. segmented 
filamentous bacteria(SFB) adherence to the epithelial cells what triggers expression of serum amyloid A 
(SAA) and reactive oxygen species (ROS) that indirectly induce Th17 whereas in germ-free models, Th17 
are not detectable in the gut environment what indicates a strong link between microbiota and local Th17 
development 158159. Additionally, for Th17 induction, presentation of specific bacteria antigens by DCs in 
the intestine is required160. Furthermore, SFB metabolites may also participate in Th17 induction. SFB 
produce aldehyde dehydrogenase (ALDH), enzyme that converts vitamin A into retinoic acid (RA) which, at 
physiological conditions induce Th17 whilst in high concentrations repress Th17161. At the same time, T-
cells deficient in Retinoic acid receptor alpha (RARα) are unable to differentiate into Th17 what highlights 
the vital role of vitamin A in the development of this population161. As Th17 is an abundant population in the 
intestine, its regulation by gut-microbiota is one of the mechanisms to maintain homeostasis to avoid 
excessive inflammatory response162. Moreover, Th17 excessive activation has been linked to several 
autoimmune diseases139. 

3.1.5. Tregs 
Tregs is T-cells population mostly involved in self-tolerance and homeostasis by regulating other 

immune cells such as regulating differentiation of Th1 and Th2 or production of Ig by B-cells163,164. The 
discovery of Tregs overlapped with the discovery of Th17 as in 1995 studies on CD4+ CD25+ T-cells were 
published in which this population was linked to maintaining self-tolerance whilst in 2003 studies 
discovered Foxp3 as a master transcription factor for this population165,166. In fact, FOXP3 is crucial for 
proper immune homeostasis as mutation in FOXP3 gene lead to Immune Dysregulation, 
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Polyendocrinopathy, Enteropathy, X-linked Syndrome (IPEX)167. Tregs are heterogenic population that can 
be divided into Tregs developed in thymus (tTreg) and developed in the peripheral tissues after antigen 
encounter(pTreg) with high TCR affinity towards self-antigens and foreign-antigens, respectively168169. In 
mice models, despite different genes expression, tTregs and pTregs were shown to work synergistically in 
colitis treatment170. Although functionally linked, tTregs and pTregs have separate development pathways. 
In thymus, tTreg development can be divided into 2 steps: TCR dependent and independent phase. In TCR-
dependent phase upon strong TCR signaling and recognition of self-antigens with high affinity, population 
of CD25hiFoxp3–CD4+CD8– thymocytes arises. Then, in the TCR-independent stage, interleukins IL-2 and 
IL-15 induce FOXP3 expression in the absence of antigen presenting cells171. Upon IL-2 binding, 
dimerization of IL-2RB and IL-2RG occurs, what leads to JAK1 and JAK3 activation, and phosphorylation of 
transcriptional factor STAT5. Phosphorylated STAT5 dimerizes, translocases to the nucleus where it binds 
to its target genes promoters and induce expression of i.e. FOXP3172. On the other hand, pTregs 
differentiation requires additional signaling of TGF-B, retinoic acid or short chain fatty acids. pTregs can 
develop from naive CD4+ T cells when stimulated with TGF-B. TGF-B binding to TGF-BR leads to 
phosphorylation of transcription factors SMAD2 and SMAD3. Either one can bind to Smad4 or TIF1y and, 
as a complex, be translocated to the nucleus to induce expression of FOXP3173. SMAD2 and SMAD3 are 
important for Tregs development as knock-out of SMAD2 and SMAD3 in mice models was lethal already at 
embryonic stage of development leads to inflammatory conditions174,175. However, for stable FOXP3 
expression, IL-2 is required showing synergistic effect of TGF-B/IL-2 in maintenance of pTregs176. 
Furthermore, Smad3 was found to collaborates with NFAT to induce histone acetylation within FOXP3-
enhancer region177. Retinoic acid (RA) may facilitate TGF-B-induced FOXP3 expression by enhancing 
SMAD3 binding to the enhancer region. Simultaneously, this process may be inhibited by IL-27178. This 
population is characterized by the expression of its signatory, immunosuppressive cytokines: IL-10, Il-32, 
and TGF-B. Generally, Tregs account for up to 10% of all CD4+ T cells, however particularly high levels of 
Tregs are observed in human intestines179. Higher proportions of Tregs in the intestine is linked to the local 
immune cells compositions, especially DCs180. CD103+ DCs of gut-associated lymphoid tissue (GALT) are 
able to produce RA, from vitamin A, which induces Tregs to express gut-homing molecules CCR9 and 
a4b7180. Furthermore, via αvβ8, these DCs are capable of latent TGF-B activation to induce Tregs 
differentiation locally181. In addition, commensal bacteria of gut microbiota can produce short-chain fatty 
acid butyrate can further induce Tregs activation and proliferation59. 

Tregs are potent immunosuppressive population capable of inhibiting other effector T-cells as well 
as B-cells, NK-cells, and DCs among others182. One of the main inhibitory molecules expressed by Tregs is 
CTLA4, also expressed on activated T-cells. Structurally, CTLA4 is similar to CD28, and both of these can 
bind to CD80/CD86 expressed on APCs, but CTLA4 has much higher affinity of binding59,182. Upon binding, 
in the process of trans endocytosis, CTLA4 bound to its ligand, is internalized and effectively availability of 
CD80/CD86 on APCs decreases what prevents other T-cells activation59,182. Despite the fact that CTLA4-
mediated immunosuppression participates in pathological states such as cancer, in humans CTLA4 
haploinsufficiency causes abnormal lymphocyte infiltration of organs whilst CTLA4 mutation leads to the 
dysregulation of T-cells and B-cells183,184. In mice, CTLA4 deletion is fatal at 3-4 weeks of age therefore 
CTLA4 expression is crucial for maintenance of immune homeostasis185. CTLA4 interaction with 
CD80/CD86 expressed by APCs, induces expression of enzyme indoleamine 2,3-dioxygenase (IDO), which 
regulates tryptophane metabolism by converting tryptophane into other metabolites, effectively leading to 
tryptophane starvation in T-cells and apoptosis of i.e. Th1 cells186,187. One of the tryptophane metabolites 
is kynurinase which plays a vital role in regulating immune response. Kynurenine participates in induction 
of naïve T-cells differentiation towards Tregs phenotype whilst simultaneously inhibits RORγt188. 
Furthermore, IDO1 activity and kynurenine, in tumor microenvironment, induce  CD8+ T cell exhaustion189. 
Lymphocyte-activation gene 3 (LAG3) is an inhibitory receptor, CD4 homolog, with which it shares the 
ability to bind to MHC II what limits the availability of MHCII for T-cells activation190. It is highly expressed 
on activated T-cells and constitutively expressed on Tregs, hence it is proposed to play a role in Tregs-
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mediated immunosuppression191. Furthermore, by high expression of CD25 receptor, Tregs scavengeIL-2 
what leads to IL-2 deprivation, induction of apoptosis of CD4+ T-cells, and inhibition of CD8+ T-cells192,193. 
Except for expression of specific molecules on the surface, Tregs modulate immunosuppression by 
expression of cytokines, granzymes, and perforins. Expression of IL-10 and TGF-B contributes to 
suppression of CD8+ response against cancer, whilst IL-10 on its own was found to induce expression of 
B7-H4 on DCs which negatively affects T-cells response194,195. Simultaneously, expression of perforins and 
granzyme A leads to cell death in monocytes, DCs, and T-cells196. Furthermore, TIGIT+ Tregs modulate 
dendritic cells cytokines production by TIGIT-PVR binding, what leads to elevated production of IL-10 with 
parallel downregulation of IL-12 production, and subsequently inhibition of T effector cells functions197. 
TIGIT+ Tregs-derived IL-10 together with fibrinogen-like protein 2 (Fgl2) suppress production of pro-
inflammatory interleukins, IL-12 and IL-23, by DCs what leads to the inhibition of Th1 and Th17 cells198. 

3.1.6. T cells plasticity 
The "Th1/Th2 paradigm" was discovered in 1986. It stated that T cells can be categorized into 

distinct populations based on their cytokine profiles199. However, since then T-cells plasticity, so “switch” 
in the expression between different cytokines, has been widely discussed, particularly in the context of 
Th17 and Tregs.  These two populations are linked at their development by TGF-B stimulation. There is 
evidence confirming that depending on the concentration TGF-B, together with other stimuli, may prompt 
the differentiation towards either one of the populations. High concentrations of TGF-B, together with 
stimulation by IL-6 and IL-21 promote the expression of IL-23 receptor what favors Th17 differentiation. On 
contrary, low concentrations of TGF-B, the expression of IL23r is downregulated what leads to the 
differentiation towards Tregs200. In addition, FOXP3 was found to physically bind to  RORγt preventing the 
differentiation towards Th17 phenotype201. Differentiation of these populations is also jointly controlled by 
retinoic acid. In hypoxic conditions, HIF1α can hydroxylase FOXP3 and direct it for degradation  whilst 
simultaneously promote expression of  RORγt202. In mice models, Tregs via IL-6/STAT3 activation can 
produce IL17, Th17 signatory cytokine, hence IL-6 was proposed as one of the main regulators of balance 
between Treg and Th17203,204.There are also several reports investigating suppressor functions of 
RORγt+ Th17-like Tregs and inflammatory properties of  IL-17+ Th17-like Tregs and their role in various 
inflammation-related diseases what shows the significance of Treg/Th17 in immune205–207. 

4. Inflammation in cancer and IBD – role of Th17/Treg 
 

 

 

 

 

 

 

 

 

 

Figure I. 2. Interdependencies between Tregs and Th17 in inflammation and colorectal cancer.  
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Both Th17 and Tregs populations are abundant in the intestine and are regulated by the local gut 
microbiota208. However, dysregulation of their function has been linked to multiple diseases including 
inflammatory bowel disease (IBD)208.In the physiological conditions Th17 induce the expression of 
polymeric immunoglobulin receptor (pIgR), via IL-17 expression, what facilitates transport of IgA from 
lamina propria to the intestine lumen, whilst Treg can control Th17 209,210. In addition, IgA can induce the 
expression of peptides with antimicrobial properties, and may influence the expression of proteins involved 
in tight junction formation what effectively translates to the protection from infections, whilst the 
differentiation of Th17 population highly relies on the gut microbiota159,161,211Disruption in gut microbiota 
composition and growth of e.g. SFB that indirectly contribute to the excessive Th17 differentiation212. 
Furthermore,  IL-23 derived from i.e activated DCs promotes Th17 to produce pro-inflammatory IL-17 and 
IFN g what promotes the disease progression213. Furthermore, Th17- derived IL-8 leads to the accumulation 
of neutrophiles which prolong the inflammation by release of NETs214,215. Simultaneously, there are studies 
indicating RORγt+ Treg population capable of pro-inflammatory cytokines(IL-17, IFN-γ and TNF) production 
in mice models what together with reported elevated levels of ROR Treg in serum of CRC patients indicates 
intertwined significance of Th17/Treg balance in IBD and CRC216,217. 

Prolonged inflammation was found to be directly linked to cancerous lesions development in 
ulcerative colitis (UC)218. As stated in 1.2.2 CRC develops due to inflammation – dysplasia – carcinoma 
sequence in IBD patients. Chronic inflammation within epithelia leads to mutations accumulation, 
including loss of TP53 and oxidative DNA damage what contributes to carcinoma219. Furthermore, in IBD 
altered NF-κB signaling and IL-6/STAT3 signaling may contribute to the CRC development as mutant p53 
enhances NF-κB leading to the tissue damage whilst IL-6 expression associates with downregulation of 
MSH3, what leads to MSIinstability219. The role of Th17 in CRC is dual. In CRC Th17 were found to impact 
endothelial cells and tumor-associated stromal cells were found to produce IL-6in a IL-17 mediated way 
whilst simultaneously Th17 mediated cytotoxic CD8+ T-cells to the tumor220.  IL-17, although considered to 
be a signatory cytokine for Th17 population, was found to be expressed by  myeloid-derived suppressor 
cells (MDSCs) and to attract Tregs in the hepatocarcinoma models221. Tregs suppressive functions are vital 
in CRC progression, however there are a few studies indicating high Treg infiltration is correlated with better 
overall survival222,223. In addition in CRC ratio of Th17/Tregs is important for the tumor progression. It was 
found that higher Tregs to Th17 ratios inhibit MMP-dependent metastasis TGF-β-dependent manner. 
Conversely, IL-17 might promote MMPs, therefore further establishing Th17 role in cancer progression224. 
Understanding the interplay between these two populations and mechanisms by which they influence 
each other is crucial for understanding the  IBD and CRC development225. 

5.  Tumor TME 
The tumor microenvironment is a complex, dynamic, highly variable ecosystem where immune cells, 

stromal cells, cancer cells, the extracellular matrix, and soluble molecules intricately interact, shaping the 
communication between cancer and host cells226. Cancer cells are able to evade the recognition by the 
immune system e.g. By downregulation of MHC molecules presentation to avoid recognition by T-cells. 
Other mechanisms of evasion include reduction of co-stimulatory molecules expression, reduced 
expression of T-cells chemoattractant, production of immunosuppressive factors such as IL-10, or in 
cooperation with cancer-associated fibroblasts(CAFs) change the content of extracellular matrix (ECM) to 
form a physical barrier to prevent infiltration227. Cellular composition of CRC, especially T-cells infiltration 
was shown to correlate with the clinical prognosis.  For example, high density of tumor infiltrating CD8+ T-
cells (TILs) and stromal-derived factor-1 (SDF1) indicate favorable prognosis for stage III CRC228. Study 
performed on fresh-frozen CRC tissue linked high infiltration of Th1 to the longer disease-free survival with 
simultaneous high Th17 indicating poor prognosis229. Local signaling majorly impact T-cells to promote 
their exhaustion and  attract immunosuppressive Tregs population i.e. by cytokines expressed by M2 tumor 
associated macrophages (TAMs)?65,223,230. TAMs exert several other functions within the TME such as 
enhancing the invasion, metastasis, angiogenesis and cooperate with the local microbiota as e.g. 
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Fusobacterium nucleatum infected macrophages are expressing higher levels of IDO which leads to the 
immunosuppresion65. Similarly, CAFs may participate in the induction of EMT, angiogenesis, proliferation 
but also can orchestrate the immune response within the TME231. For example, in melanoma, CAFs 
expressing CXCL5 induce expression of PD-L1, inhibitory ligand for T-cells activation, by activating 
PI3K/AKT signalling232. Highly heterogenic TME environment is one of the main obstacles in the 
development of personalized and effective treatment in CRC233. 
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II. Aims of the thesis 
CRC as well as IBD are multifactorial conditions where gene expression, Th17/Treg balance, microbiota as 
well as environmental factors contribute to the disease progression234,235  Hence, the goal of this thesis is 
to investigate the function and heterogeneity of infiltrating T cells, especially Th17/Treg cells, influencing 
the local environment in colorectal cancer and inflammation. 

The specific aims of this PhD thesis were: 

Aim 1: To investigate the effect of animal care facilities conditions impact the gut composition and in turn 
the development of colitis mediated by T-cells in mice models 

Aim 2: Identify the role of  USP28 in T cell activation and function, especially Th17 and Tregs, and its role 
in intestinal inflammation in dextran sulfate sodium (DSS)-induced colitis 

Aim3: Investigate the TME and participating immune-related interactions in spatial context using spatial 
transcriptomics in FFPE tissue 

Aim 4: Identify the protein expression changes linked with the tumor progression and immune response 
within CD4+ enriched CRC tissues sections  

Aim 5: Identify plasma protein changes and association with the immune response and tumorigenesis 
using proteomics strategies. 

List of publications in this thesis: 

1. Animal unit hygienic conditions influence mouse intestinal microbiota and contribute to T-
cell-mediated colitis-co-first author 
Publication I aimed to investigate the influence of microbiota on the development and 
progression of colitis through T-cell-mediated mechanisms in mice with subsequent changes in 
the epithelium impacted by aberrant immune response   

2. USP28 protects development of inflammation in mouse intestine by regulating STAT5 
phosphorylation and IL22 production in T lymphocytes 
Publication II focused on the role of USP28 on Tregs and Th17 functions in the inflammatory 
settings in mice models. 

3. Spatial mapping of epithelial changes and suppressive immune populations in colorectal 
tumor microenvironment 
Publication III aimed to  characterize  TME and participating immune-related interactions, 
especially Tregs, in spatial context using spatial transcriptomics and CRC FFPE tissue with 
subsequent validation in public single cell RNA-seq dataset  

4. Deep proteomics characterization of colorectal cancer tumor microenvironment enriched 
in CD4+ T cells 
Publication IV focused on identification of protein expression changes linked with the tumor 
progression and immune response within CD4+ enriched CRC and matching normal tissue 
sections 

5. Plasma protein changes reflect colorectal cancer development and associated 
inflammation 
In publication V, plasma samples obtained from CRC patients and healthy controls, were 
analyzed using proximity extension assay (PEA) to investigate changes in protein expression 
associated with tumor development and presence of inflammation 

6. Mass Spectrometry Proteomics Characterization of Plasma Biomarkers for Colorectal 
Cancer Associated With Inflammation 



- 18 - 
 

Publication VI described CRC plasma protein changes identified using a different proteomics 
strategy, LC-MS/MS proteomics 

7. Proteomics approaches to characterize the immune responses in cancer 
Publication VII is a review article describing antibody-based and MS-based proteomics 
approaches applied in research on TME and cancer immune responses with the emphasis on 
CD4 + T-cells  

 

 

 

 

 

 

 

 

 

Figure II. Graphical abstracts of research papers included in the thesis. A) and B)  summarize publications 
I and II. C) and D) summarize publications III and IV. E) summarizes publications V and VI. Created in 
Biorender.com 
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III. Publications 

 

6. Publication I: Animal unit hygienic conditions influence mouse 
intestinal microbiota and contribute to T-cell-mediated colitis  

Published: Experimental Biology and Medicine 2022;247(19):1752-1763. 
doi:10.1177/15353702221113826 

Mariana Cázares-Olivera1* , Dominika Miroszewska2*, Lili Hu1, Jacek Kowalski3, Ulla-Marjut Jaakkola4, 
Seppo Salminen5, Bin Li6, Emrah Yatkin4 and Zhi Chen1,2 

*These authors contributed equally to this paper. 

6.1. Abstract 
Inflammatory bowel disease (IBD) is a group of chronic inflammatory disorders of the gastrointestinal tract 
with worldwide increasing incidence. Recent studies indicate that certain species of intestinal bacteria are 
strongly associated with IBD. Helper T lymphocytes are not only the key players in mediating host defense 
against a wide variety of pathogens but also contribute to pathogenesis of many immune-related diseases. 
Here, using the T cell transfer model of colitis, we observed that the mice maintained in a specific-pathogen 
free (SPF) unit after receiving naïve CD4+ T cells developed mild disease. The same mice developed 
different degrees of disease when they were maintained in a conventional animal facility (non-SPF), where 
some pathogens were detected during routine health monitoring. Consistently, increased circulating 
inflammatory cytokines as well as Th1 and Th17 cells were detected in mice housed in non-SPF units. 16S 
rRNA sequencing of feces samples enabled us to identify changes in the microbiota composition of mice 
kept in different facilities. Our data indicate that environmental factors influence gut microbiota 
composition of mice, leading to development of colitis in a T-cell-dependent manner. In conclusion, 
changes in environmental conditions and microbial status of experimental animals appear to contribute 
to progression of colitis 

6.2. Introduction 
Inflammatory bowel disease, comprising Crohn’s disease (CD) and ulcerative colitis (UC), is characterized 
by chronic intestinal inflammation. Although the pathogenesis of these diseases has not been fully 
elucidated, both genetic and environmental factors contribute to the development of IBD. An increased 
incidence of chronic inflammatory diseases, such as IBD, has been linked to lifestyle, dietary changes, 
and the resulting impact on gut microbiota composition.1 Loss of microbiota diversity and the prevalence 
of distinct bacterial species in IBD patients, compared to healthy controls, further suggest that the 
microbiome plays an important role in IBD development, relapse, and response to treatment.2,3 Murine 
models have been demonstrated as a powerful tool to explore host-microbiota interactions in mucosa.4,5 
Animal studies have demonstrated that the gut microbiota is indispensable for pathogenesis in most 
animal models of colitis.6 Mice have a similar microbiota composition to humans, with 90% of the 
bacterial population composed of Firmicutes and Bacteroidetes.7 This similarity makes these models 
relevant to the understanding of IBD, although it is also important to consider how microbiota variations 
in laboratory mice affect disease phenotype, reproducibility, and relevance to an understanding of the 
human disease. Several factors affect laboratory mouse gut microbiota including less exposure to 
pathogens, different diets, housing conditions, and genetics. Different microbiota compositions are 
observed in laboratory mice depending on the supplier.8 In general, laboratory mice have relatively 
simplified microbiomes compared to wild mice, and the variation in the prevalence of specific bacterial 
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populations can affect experimental results. Differences in susceptibility to infection have been observed 
between specific-pathogen-free (SPF) mice and germ-free mice.7 Furthermore, the presence of 
commensal bacteria can protect from colonization of pathobionts. 
The T cell transfer colitis is one of the animal models of human IBD. In this model, naïve CD4+ T cells 
isolated from immunocompetent mice are transferred to immunodeficient Rag -/- or severe combined 
immunodeficient (SCID) mice, and consequently cause colitis.9 In an early study, upon transfer of naïve 
cells, a high proportion of IFN-γ-producing cells was detected in the lamina propria of diseased SCID 
mice.9 Therefore, it was generally believed that IFN-γ-producing Th1 cells are the key players in IBD 
pathogenesis. However, later studies demonstrated the requirement of additional mechanisms for colitis 
development, including the IL23 signaling pathway and Th17 cells. The significance of targeting these 
mechanisms has been shown in several animal models of IBD, including the T cell transfer colitis model,10–

12 and in clinical trials of CD.13 The essential role of Th17 cells in IBD has been well documented. The 
IL23/IL-17 axis plays pivotal roles as the immediate effectors of IBD, whereas defects in Treg cells play 
distinct causative roles in IBD.14–16 Genomewide association studies17,18 further support the importance of 
IL-23/IL-17 signaling in the pathogenesis of IBD.19 
As previously mentioned, different environmental factors such as housing of mice in different caging 
systems may influence the microbiota composition and activity. It has been reported that gut microbial 
communities are protected from environmental contamination in mice housed in an individually ventilated 
caging system.20 However, it remains unclear how environmental factors in different facilities change the 
gut microbiota composition and contribute to the development of colitis. 
In this study, we investigated how animal housing conditions in an SPF or non-SPF animal unit influenced 
gut microbiota of mice and consequently the development of colitis in a T-cell-dependent manner. 

6.3. Materials and methods 

6.3.1. Animal husbandry and diet 
This study included the use of mice and was carried out in strict accordance with the European (the 
Directive 2010/63/ EU of the European Parliament and of the Council on the protection of animals used 
for scientific purposes) and Finnish legislation (Act 497/2013 and Government Decree 564/2013 on the 
Protection of Animals Used for Scientific or Educational Purposes). The study protocols and procedures 
were reviewed and approved by the National Project Authorization Board of Finland (license number 
ESAVI/ 2502/04.10.07/2015). Rag1-/- (NOD.129 S7(B6)-Rag1tm1Mom/J) and C57BL/6J mice were supplied by 
Jackson laboratories (USA). Animals were housed (2–5 animals per cage) in individually ventilated cages 
(IVC) in the SPF animal facility and in open top cages in the non-SPF animal facility with Aspen bedding 
and nesting material (Tapvei Oy, Estonia) and polycarbonate tunnels as enrichment. The temperature in 
the experimental animal room was 21 ± 3°C, with relative humidity of 55 ± 15% and following a 12-h light 
and 12-h dark light cycle. The mice were fed ad libitum with RM3 soy-free diet (Special Diet Services, 
Witham, Essex, England), and tap water was provided ad libitum. Mice were housed in the respective 
experimental conditions, in SPF group, n = 7; in non-SPF1, n = 6; in non-SPF2, n = 5; and in non-SPF3, n = 
6. The mice were monitored for signs of colitis and euthanized at the indicated time point of 13 weeks for 
SPF mice, 10 weeks for non-SPF1 and non-SPF2 mice, and 8 weeks for non-SPF3 mice. Fecal samples for 
DNA extraction and blood samples for serum cytokine detection were collected at the time of euthanasia.  

6.3.2. T cell transfer model of colitis 
A well-characterized mouse model of IBD was used to study T-cell-dependent colitis in mice. Colitis was 
induced in immunodeficient Rag1-/- mice that lack mature B and T lymphocytes, by adoptive transfer of 
naïve CD4+ CD45RBhiCD25− T cells, which were isolated from immunocompetent, wild type C57BL/6J 
mice. Spleens were isolated from 6- to 7-week-old male C57BL/6J mice and were disaggregated by 
pressing through a 70-µm filter, red blood cells were lysed with ACK lysing buffer (Invitrogen). CD4+ T cells 
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were enriched using magnetic separation with a CD4+ T cell isolation kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany). Naïve CD4+ CD45RBhiCD25− T cells were further purified by FACS sorting using 
antibodies recognizing CD4, CD45RB, CD62L, and CD25 (eBiosciences). 400,000 FACS-sorted naïve T 

cells in a total volume of 200 μL PBS were injected into male Rag1-/- mice. Mice were weighed prior to the 
injection and weekly thereafter. 

6.3.3. Flow cytometry 
For colitis experiments, spleen and mesenteric lymph nodes (MLN) were harvested from mice and 
quantified prior to re-stimulation for 4 h in the presence of PMA and ionomycin plus Golgi inhibitor. For 
analysis of surface markers, cells were stained in PBS containing either 5% or 0.1% (wt/vol) fetal bovine 
serum (FBS) with anti-CD4 and anti-CD3 purchased from eBiosciences. Stimulated cells were fixed and 
permeabilized with Transcription Factor Staining Buffer Set (eBiosciences, San Diego, CA, USA) stained 

with anti-IFN-γ and anti-IL-17A (both from eBiosciences) according to the manufacturer’s instructions, 
and cells were acquired using an LSRII flow cytometer (Becton Dickinson, San Jose, CA, USA). Events were 
collected and analyzed using FlowJo software (Tree Star, Ashland, OR, USA). 

6.3.4. Histopathology 
Colonic sections from mice were collected, weighted, measured, and then fixed in 10% neutral-buffered 
formalin for 24 h at room temperature. Complete cross-sections of formalin-fixed intestinal sections were 

placed in cassettes, embedded in paraffin, sectioned at 4 μm thickness, mounted on glass slides, and 
stained with hematoxylin and eosin (H&E). Histological sections were evaluated and scored according to 
the following criteria: (A) Distribution of the inflammation: 0 = None, 1 = Focal, 2 = Multifocal, 3 = Diffuse, 
4 = total/ whole/maximal distribution; (B) Degree of inflammation: 0 = None, 1 = Low level of inflammation 
with scattered infiltrating mononuclear cells (1–2 foci), 2 = Moderate inflammation with multiple foci, 3 = 
High level of inflammation with increased vascular density and marked wall thickening, 4 = Maximal 
severity of inflammation with transmural leukocyte infiltration and loss of goblet cells. The cumulative 
score represents the sum of these two independent criteria. 

6.3.5. Cytokine detection 
Serum samples were collected from colitis experiment mice at the time of euthanasia. Serum cytokines 
were quantified using a Millipore (Billerica, MA, USA) MILLIPLEX® MAP Kit. 

6.3.6. Health monitoring of animal units 
Health monitoring was carried out according to FELASA recommendations.21 Samples were collected 
from sentinel mice kept in the animal rooms by direct sampling of Rag -/- mice. Sentinel mice are weekly 
exposed to soiled beddings of other animals maintained in the animal facility. A few blood drops were 
collected to Opti-Spot strips (IDEXX BioResearch, Stuttgart, Germany) for serologic analysis. Oral and fur 
swabs and feces were collected for PCR analyses. Up to five samples were pooled separately for oral, fur, 
and feces and sent to IDEXX BioResearch. In addition, SPF was tested by PCR from pooled feces samples. 

6.3.7. Microbial community analysis 
Fecal samples were collected from mice in colitis experiments at the time of euthanasia. Total DNA was 
extracted using QIAamp Fast DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to the 
manufacturer’s instructions. All the qualified DNAs were used to construct libraries of 16S rRNA gene (V3 
V4 region) followed by sequencing by 300 bp paired-end run on an Illumina HiSeq 2500 instrument at the 
BGI Genomics (New Territories). Data analysis was performed by BGI Genomics (New Territories). Clean 
reads were obtained after filtering and cleaning, then paired-end reads with overlap were merged to tags, 
which were clustered to Operational Taxonomic Unit (OTU) at 97% sequence similarity. Taxonomic ranks 
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were assigned to OTU representative sequence using Ribosomal Database Project (RDP) Naive Bayesian 
Classifier v2.2. Finally, alpha diversity, beta diversity and the different species screening were analyzed 
based on OTU and taxonomic ranks. Linear Discriminant Analysis Effect Size (LEfSe) was used to identify 
microbial biomarkers enriched/depleted in each group.22 

PCR primers targeted to total bacteria (forward: 5′-AGCA CGTGAAGGTGGGGAC-3′, reverse: 5′-
CCTTGCGGTTGGC TTCAGAT-3′), Enterobacteriaceae family (forward: 5′-CATT 
GACGTTACCCGCAGAAGAAGC-3′, reverse: 5′-CTCTACG AGACTCAAGCTTGC-3′), Akkermansia muciniphila 
(forward: 5′-CAGCACGTGAAGGTGGGGAC-3′, reverse: 5′-CCTTG  
CGGTTGGCTTCAGAT-3′) and segmented filamentous bacteria (SFB, forward: 5′-

AGGAGGAGTCTGCGGCACATTAGC-3′, reverse: 5′-TCCCCACTGCTGCCTCCCGTAG-3′) were used to 
perform specific Quantitative real-time PCR (qPCR) in a LightCycler® 480 Real-Time PCR System (Roche®) 
by use of SYBR® Green PCR Master Mix (Roche®). A melting curve analysis was conducted at the end of the 
PCR, and bacterial concentration was calculated by comparing the Ct values from standard curves.  
 

6.3.8. Statistical analysis 
p-values were calculated using Student’s t-test and one-way ANOVA + Tukey’s multiple comparisons 
test. Error bars represent means ± SEM. 

6.4. Results 

6.4.1. Hygienic condition in the animal unit contributes to T-cell-dependent colitis 
development 
To perform the T cell transfer model of colitis in our animal facility, flow cytometry sorted naïve 

(CD4+ CD25-CD45RBhi) T cells from C57BL/6 mice were transferred to Rag1-/- recipients housed in 
individually ventilated cages in the specific-pathogen-free (SPF) unit. The mice were weighed weekly to 
monitor colitis development. We observed that the Rag-/- recipient mice kept gaining weight until the time 
of sacrifice (13 weeks) after naïve CD4+ T cell reconstitution (Figure 6-1(A)). Histology evaluation confirmed 
that colons of these mice appeared essentially normal or with mild observable pathology (Figure 6-1(B)). 
Health monitoring reports indicated that many of the pathogenic microbes were not detected in the SPF 
unit (Table 6.1). 

To investigate whether the microbiota in the housing environment influence colitis development, 
we transferred Rag-/- mice to non-SPF units, where mice were kept in open top cages. Later, the same 
experiment was performed and we observed that post transfer of naïve CD4+ T cells, Rag1-/- mice stopped 
gaining weight and even started losing weight by week 7 (Figure 6-1(A), non-SPF2). These mice had diarrhea 
and at the time of sacrifice we observed increased colonic weight/length ratio, a marker of tissue edema 
(Figure 6-1(D)), indicating that these mice developed more colitis compared to previous experiments 
performed in the SPF unit. Histopathologic quantitation of colitis development demonstrated that 
distribution, degree of inflammation, and cumulative score was significantly higher in animals kept in the 
non-SPF2 unit. Mice that were transferred to the non-SPF2 unit developed significant colonic inflammation 
after 4 months of transfer (Figure 6-1(A) to (C), non-SPF2). Interestingly, Rag-/- mice maintained all the time 
in a separate non-SPF unit also just developed mild colitis as shown by body weight loss and histology 
evaluation (Figure 6-1(A) to (C), non-SPF1 group). 

Importantly, several pathogenic bacteria species, including H. hepaticus and H. typhlonius as well 
as Klebsiella oxytoca, Pasteurella pneumotropica biotype Heyl (Rodentibacter Heylii) performed at the 
same period, which was 8 months following were detected from our Rag-/- mice housed in the non- the 
transfer to the non-SPF unit, Rag-/- mice were found to SPF3 unit (Table 6-1).  
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Table 6-1. Health monitoring results. 
 SPF Non-SPF1 Non-SPF2 Non-SPF3 

Mouse norovirus 
(MNV) 

–  – – 

Helicobacter spp. – – – + 
 H. bilis – – – – 
 H. ganmani – – – – 
 H. hepaticus – – – + 
 H. mastomyrinus – – – – 
 H. rodentium – – – – 
 H. typhlonius – – – + 
SFB +  + + 

Klebsiella –  – + 

Pasterurella 
pneumotropica 
biotype Heyl 

 – – + 

SPF: specific-pathogen free; MNV: murine norovirus; SFB: segmented filamentous bacteria. 
 

In the T cell transfer colitis experiment stop gaining weight 4 weeks after receiving naïve CD4+ T 
cells, started to lose weight from the fifth week post injection, and kept losing weight until the eighth week 
when they were sacrificed (Figure 6-1(A), non-SPF3). Meanwhile, we observed that some of these mice had 
severe diarrhea and blood in the stool. Not surprisingly, these mice showed very high colonic weight/length 
ratio (Figure 6-1(D)) and significant histologic changes (Figure 6-1(B) and (C)) indicating that Rag-/- mice 
which received naïve CD4+ T cells developed severe colitis. 

Murine norovirus (MNV),23 a prevalent pathogen in animal facilities, is routinely detected by 
serology in sentinel mice in our non-SPF2 and non-SPF3 facility, but not in SPF and non-SPF1 units. 
However, MNV was not detected in Rag-/- mice even 8 months post transfer from the SPF facility to a non-
SPF2 and non-SPF3 facility. In order to ensure that immunodeficient Rag-/- mice are indeed negative for 
MNV, we also analyzed the feces samples from Rag-/- mice by PCR for MNV. Again, no MNV was detected 
in these samples (Table 6.1). 
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Figure 6.1. Animal housing environment influences pathogenic potential of colitis. (A) Rag1-/- mice housed in SPF or 
non-SPF units received 400,000 sorted naïve CD4+ CD45RBhiCD25- T cells isolated from C57BL/6 mice, and mice 
were weighed weekly to monitor the onset of colitis. In SPF, n = 7; in non-SPF1, n = 6; in non-SPF2, n = 5; and in non-
SPF3, n = 6. (B) Colon sections were used for H&E staining. Representative histological images (H&E) are shown. 
Scale bar, 50 μm. (C) Histological scoring. Development of colitis was assessed by monitoring the (a) degree of 
inflammation, (b) distribution of inflammation, and (c) cumulative score. Data were analyzed by Kruskal–Wallis test 
(p < 0.05) followed by Dunn’s multiple comparisons test (*p < 0.05; ***p < 0.0005; ****p < 0.0001). (D) Colonic weight 
and length were measured at the time of sacrifice. *p < 0.1, **p < 0.05, ***p < 0.01, ****p < 0.001; two-tailed 
Student’s t-test was used. (A color version of this figure is available in the online journal.) 
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6.4.2. Animal housing environment alters Th subsets that contribute to colitis 
development 
To further evaluate the severity of inflammation developed from Rag-/- recipient mice housed in 

both SPF and nonSPF environments, we measured inflammatory cytokines in peripheral blood samples 
taken from these mice at the time of sacrifice. Compared to mice housed in SPF units, which were without 

clear signs of colitis (experiment SPF), a significantly higher level of circulating cytokines, including IFN-γ, 

IL-17, and TNFα, were detected from mice which received naïve T cells and were housed in non-SPF2 units 
(Figure 6.2(A)). Consistent with observations from body weight changes and histology, significantly higher 

concentrations of inflammatory cytokines IL-1β, IL-6, IFN-γ, and IL-17 were detected in the peripheral 
blood of mice which had lost more weight from the non-SPF3 experiment compared to those mice that 
experienced less weight loss from the non-SPF2 experiment (Figure 6.2(A)). 

Since we detected increased circulating IFN-γ and IL-17, we next examined whether recipient 
Rag1-/- mice had enhanced Th1 or Th17 cell differentiation. We performed intracellular cytokine staining 

to detect the proportion of IFN-γ and IL-17A-producing CD4+ T cells in spleens and mesenteric lymph 
nodes (MLN) from recipient Rag1-/- mice.  

Mice housed in non-SPF2 units had a significantly increased number of IFN-γ+ as well as more IL-17 + cells 
both in the spleen and MLN (Figure 6.2(B)). Notably, in the non-SPF3 group, in addition to the detected 
increased serum IL-17, we also observed a higher proportion of IL-17 producing CD4+ T cells in the spleen 

and MLN (Figure 6.2(B)). Interestingly, even though IFN-γ producing Th1 cells were detected in all non-SPF 

experiments, only in the spleen of non-SPF3 mice did we find both IL-17 + and IFNγ + IL-17 + CD4+ T cells. 
The IL-23 and Th17 signaling pathways are supposed to be principal to colitis pathogenesis. Since several 
bacterial species were detected by PCR in feces samples, including Helicobacter bacteria, K. oxytoca, and 

Pasteurella pneumotropica biotype Heyl, and this might also contribute to the enhanced IFN-γ and IL-17 
production. As a conclusion, conventional housing conditions influence the induction of Th1 and Th17 
responses that lead to the development of more severe colitis. 

6.4.3. Altered gut microbiota correlates with development of T-cell-dependent colitis 
To explore how the hygiene conditions in the animal housing environment influences gut 

microbiota of mice and the development of colitis, we collected fecal samples from Rag-/- mice housed 
in one SPF and three non-SPF units. DNA was extracted from these fecal samples and processed with 16S 
rRNA sequencing (V3-V4 region) on an Illumina HiSeq 2500-platform to further extensively compare the 
difference of the composition of bacteria of Rag-/- mice maintained in different hygiene environments. 
First, to examine the differences of Operational Taxonomic Unit (OTU) composition in different samples, 
principal component analysis (PCA) was used to construct a 2D graph to summarize factors mainly 
responsible for this difference. PCA analysis showed that the SPF and non-SPF groups could be 
distinguished based on their relative abundance of each OTU in each sample. Out of all three of the non-
SPF groups, the non-SPF1 group displayed a very different OTU abundance profile, while samples from the 
non-SPF2 and non-SPF3 groups were closely located, indicating that the similarity between these two 
groups is high (Figure 6.3(A)). This correlated well with the degree of inflammation, as mice in these two 
groups developed more severe colitis compared to the non-SPF1 and SPF groups (Figure 6.1). 
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Figure 6.2. Hygienic conditions in animal housing environment influences Th subsets. (A) Pro-inflammatory 
cytokines correlate with colitis development. Serum samples were collected at the time of sacrifice. GM-
CSF, IFN-γ, IL-10, IL-17, IL-1β, and TNFα were measured using a Luminex MILLIPLEX MAP Mouse Cytokine/ 
Chemokine Magnetic Bead Panel. *p < 0.1, **p < 0.05; ***p < 0.01, two-tailed Student’s t-test. (B). 
Representative intracellular cytokine staining for IFN-γ and IL-17 within gated CD4+ T cells isolated from 
spleens and MLN of colitic mice is shown. Spleens and MLNs were harvested, cells were stimulated with 
PMA and ionomycin for 4 h. Cells were stained with anti-CD4 followed by intracellular cytokine staining 
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performed using Transcription Factor Staining Buffer Set (eBiosciences, San Diego, CA, USA) with 
antibodies against IFN-γ and IL-17A (both from eBiosciences) according to the manufacturer’s 
instructions. (A color version of this figure is available in the online journal.) 
 

Alpha diversity was then applied to analyze complexity of species diversity. The lowest Chao value, 
which reflects the species richness of community, was observed in the SPF group (Figure 6.3(B)). Non-
SPF2 and non-SPF3 groups showed no difference of Chao value. The highest species richness was seen in 
the non-SPF1 group, which developed much milder intestine inflammation compared to non-SPF2 and 
non-SPF3 groups. The diversity of microbiota also may lead to initiating the development of inflammatory 
disease. The Shannon value, reflecting the species diversity of the community, was also higher in the non-
SPF1 group compared to the non-SPF2 and non-SPF3 groups (Figure 6-3(B)). Again, the lowest species 
diversity was observed in the SPF group, in which mice were maintained in a facility with the best hygiene 
conditions among the four study groups. These results indicate that bacterial richness and diversity may 
contribute to development of intestine inflammation 

Next, we further studied species composition and abundance differences among the four groups. 
We found that compared to the non-SPF2 and non-SPF3 group, in the non-SPF1 group, Tenericutes phylum 
was enriched, whereas Proteobacteria phylum was lower (Figure 6.3(C)). At the family and genus level, the 
non-SPF3 and non-SPF2 groups showed higher relative abundance of Enterococcaceae (such as 
enterococcus) and Escherichia coli (Figure 6.3(D)). Consistent with the routine health monitoring results, 
non-SPF2 and non-SPF3 groups showed increased relative abundance of Helicobacteraceae (Figure 6-
3(D)), indicating it to be an important pathogenic agent in intestinal inflammation in the mouse model. 
Increased relative abundance of Bacteroidaceae (such as bacteroides species) was detected in the non-
SPF2 and non-SPF3 groups, in which more severe colitis had developed compared to the non-SPF1 group. 
However, although the SPF group developed very mild inflammation, no significant changes of Bacteroides 
level were observed between SPF and non-SPF2 or non-SPF3 (Figure 6.3(D), Table 1). 

We also performed linear discriminant analysis effect size (LEfSe) to compare the alteration of gut 
microbiota in the four groups.22 As shown in Figure 4, a significant enrichment of Helicobacteraceae and 
Enterobacteriaceae in the Proteobacteria phylum is observed in the non-SPF3 group. Notably, significant 
shifts in the microbiota composition at the phylum level were observed in our LEfSe analysis. In contrast 
to the enriched Proteobacteria phylum detected in the highly inflammatory non-SPF3 group, as seen in 
Figure 6.3(C), an increased Tenericutes phylum in the non-SPF1 group and increased Verrucomicrobia 
phylum in the SPF group were observed (Figure 6.4). 

Taken together, the 16S rRNA sequencing data show that a clear variation of intestine microbiota 
was detected from mice housed in different hygiene conditions. Bacteria species richness and diversity, 
composition of commensal and pathogenic bacteria may contribute to the development of T-cell-
dependent colitis. 

We further detected the level of SFB in fecal samples collected from different units using qPCR. 
We used a universal primer pair for the 16S ribosomal RNA coding sequence as endogenous control. qPCR 
results showed that SFB indeed was present in all facilities. Interestingly, the highest relative abundance 
was seen in mice feces from the non-SPF1 group with mild colitis, compared with the nonSPF2 and non-
SPF3 group with more severe inflammation (Figure 6.5(A)). 

In the Verrucomicrobia phylum, A. muciniphila is a Gramnegative mucin-degrading bacterium. 
Here, we observed that the Akkermansiaceae family (A. muciniphila species) in the Verrucomicrobiales 
phylum was enriched in the SPF group (Figures 7.3(D) and 4). Because changes of A. muciniphila 
abundance was associated with colitis and IBD, we also performed qPCR analysis to detect A. muciniphila 
in mouse fecal samples from these four groups. The most relatively abundant level of A. muciniphila was 
detected in the SPF group, while the lowest was present in the non-SPF3 group. Notably, the relative level 
of A. muciniphila was inversely correlated with the degree of inflammation (Figures 7.1 and 7.5(B)). 
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6.5. Discussion 
In this study, we investigated how animal housing conditions influenced the composition shifts of gut 
microbiota of mice, and consequently the changes of Th subsets for development of colitis. 
We have observed that upon transfer from SPF to non-SPF housing conditions, after naïve CD4+ T cell 
reconstitution, Rag1-/- mice developed more colitis compared to previous experiments performed in the 
SPF unit. Several pathogenic bacteria species were detected from our Rag-/- mice housed in the non-SPF3 
unit during routine health monitoring. These findings suggest that the pathogenic species detected by 
health monitoring may contribute to the severe intestinal inflammation observed in the T cell transfer 
colitis experiment. 

Elevated levels of inflammatory cytokines IFN-γ and IL-17 in peripheral blood of mice from non-
SPF3 experiments are consistent with the reports stating that elevated Th17 and Th1 responses are 
observed in animal models of colitis as well as in patients with IBD.4,9 Studies have indicated that 
Helicobacter, through stimulation of IL-23 production, expands Th17 cells.24,25 In the non-SPF3 
experiment, we also observed a higher proportion of IL-17 producing CD4+ T cells both in the spleen and 
MLN. Consistently, Helicobacter bacteria strains were also detected from mice in this experiment. In 
addition, several other bacterial species were also detected by PCR in feces samples, including K. oxytoca 
and Pasteurella pneumotropica biotype Heyl, and this might also contribute to the enhanced IFN-γ and IL-
17 production. Moreover, only in the spleen of non-SPF3 mice did we find both IL-17 + and IFN-γ + IL-17 + 
CD4+ T cells. Taken together, these findings suggest that conventional housing conditions influence the 
induction of Th1 and Th17 responses that lead to the development of more sever colitis.  

Using 16S rRNA sequencing, we found several bacteria species that may be associated with the 
development and progress of colitis. The non-SPF1 group, which has developed the milder intestine 
inflammation compared to the other two groups, was characterized by highest species richness and 
species diversity of the community what may suggest that reduced bacterial richness correlates with 
development of T-cell-dependent colitis. 

K. oxytoca is able to colonize in human skin or the human intestine26 and is described as an 
opportunistic pathogen rather than a part of healthy human microbiota.27 K. oxytoca has been linked to 
antibiotic-associated hemorrhagic colitis (AAHC).28 In addition, there has been at least one case study 
suggesting the association of K. oxytoca with refractory colitis independent of antibiotic treatment.29 The 
source of K. oxytoca infection often comes from the hospital environment30 and as such may pose a danger 
to patients undergoing treatment, such as with K. oxytoca contamination upon intravenous injection 
causing septic arthritis.31 Despite the emerging importance of K. oxytoca as a human pathogen, to the best 
of our knowledge, no studies on the interaction between this bacteria and T cells in colitis are available. In 
this study, we observed that Rag-/- mice with detectable K. oxytoca developed more severe colitis after 
receiving naïve CD4+ T cells, supporting the correlation between K. oxytoca infection and T-cell-dependent 
colitis development. 

Helicobacteraceae have been reported to be important pathogenic agents in intestinal 
inflammation in both mouse models and humans.32,33 Some commensal bacteria, such as Bacteroides 
fragilis protect mice from Helicobacter hepaticus– induced colitis by suppressing IL-17 expression and by 
promoting suppressive Treg differentiation in the intestine.34 Unlike previous reports,35–37 here we detected 
increased relative abundance of Bacteroidaceae (such as bacteroides species) in the non-SPF2 and non-
SPF3 groups, in which more severe colitis was developed compared to the non-SPF1 group. However, no 
significant changes of Bacteroides level were observed between SPF and non-SPF2 or non-SPF3, 
suggesting the role of Bacteroides species in regulation of intestine inflammation may need to be further 
characterized. 

Proteobacteria has been previously reported to be associated with CD.32,33,38–48 In this study, a 
lower level of Proteobacteria was detected in a mild disease non-SPF1 group. However, in an LEfSe 
analysis, we found a significant enrichment of Helicobacteraceae, Enterobacteriaceae, E. coli, Sutterella, 
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and Parabactreioides in the group that developed severe colitis. The increased prevalence of 
Helicobacteraceae, E. coli, Sutterella, Enterobacteriaceae, and Parabacteroides are commonly observed 
in intestinal inflammation and IBD.38–41,49 The genus Sutterella and the genus Parabacteroides, although 
present in healthy individuals, may have a role in IBD.42 Although Sutterella has a low proinflammatory 
potential, it may affect the host’s intestinal barrier function, but whether it contributes to inflammation in 
IBD is still unclear.42 Results from clinical trials of fecal microbiota transplanted to UC and CD patients 
suggest that the role of the species Sutterella wadsworthensis may be disease specific. In mouse models, 
the immunomodulatory role of Sutterella is associated with a low IgA phenotype, which can be transmitted 
through fecal microbiota transplant. Mice with this phenotype also presented more severe ulceration in a 
DSS model of colitis.43 The strain Parabacteroide distasonis has been isolated from lesions in CD 

patients44 and it is enriched in their microbiota.45,46 Interestingly, some in vitro studies and IBD mouse 

models show a potential strain-dependent anti-inflammatory effect.47,48 Our results are in line with these 
studies, indicating the presence of certain pathogenic bacteria is critical for colitis development. 

A. muciniphila, first isolated from human fecal samples in 2004,49 accounts for 1–5% of the gut 
microbial community in healthy adults.50 Studies have confirmed the obvious relationship between A. 
muciniphila, chronic inflammatory metabolic diseases, and cardiometabolic risk factors associated with 
a low-grade inflammatory tone such as type 2 diabetes, obesity, and IBD.51–53 As a marker of a healthy 
microbiome, A. muciniphila has been shown to increase the integrity of the intestinal barrier both in 
humans and mice.54,55 Furthermore, a purified membrane protein from A. muciniphila or the pasteurized 
bacterium has been reported to ameliorate colitis.56 

Some results of this study correlate with the observations previously reported on the human 
microbiota and IBD patients. For instance, in our study, we observed the increased relative abundance of 
microbiota of Actinobacteria and Proteobacteria phyla and the decrease of some families of phyla 
Firmicutes, specifically Lachnospiracea, in groups with more severe inflammation. Nevertheless, we also 
detected some bacterial strain changes that are different than previously reported in human IBD patients. 
Since Th17 cells are known to play an essential role in colitis development and SFB was reported to be a 
potent inducer of Th17 cell differentiation,57–61 we observed that SFB was detected in fecal samples from 
all our animal facilities and was not correlated with colitis severity, suggesting that the presence of 
commensal together with pathogenic bacterial species determines disease severity. 

Finally, the increase of A. muciniphila negatively correlates with the development of colitis in mice 
kept in different facilities. Further studies are warranted to characterize whether and how A. muciniphila 
affects the dynamic changes of Th cell subsets in the intestine, to reveal the potential of A. muciniphila in 
modulating intestine immune response, and the effect on development of colitis. Overall, our data help 
understand how microbiota variation in mice can affect IBD development in a T-cell-dependent manner. 
The species identified here that are important for disease development in mice could be further studied to 
understand how similar changes may impact human gut health and whether they are relevant in disease 
progression. 
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Figure 6.3. Microbiota composition between SPF and non-SPF groups. (A) PCA based on OTU abundance. 
X-axis represents the first principal component and Y-axis, second principal component. Number in 
brackets represents contributions of principal components to differences among samples. A dot 
represents each sample, and different colors represent different groups. (B) Boxplot displays the 
differences of the alpha diversity among groups. *p < 0.1, **p < 0.05; ***p < 0.01, ****p < 0.001 two tailed 
Student’s t-test. (C) The taxonomic composition distribution in samples of phylum-level and (D) log-scaled 
percentage heat map of species-level. Presented data were obtained by 16S rRNA sequencing. (A color 
version of this figure is available in the online journal.) 
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Figure 6.4. LEfSe analysis. In the LEfSe tree, different colors indicate different groups. Note colored in a 
group color shows an important microbe biomarker in the group and their names are listed on the right. 
The yellow notes represent the biomarker which does not show any importance in groups. (A color version 
of this figure is available in the online journal.) 

 

Figure 6.5. qPCR detection of selected bacteria strains. qPCR detection of Segmented filamentous 
bacterium (SFB, A) and Akkermansia mucin (B), showing the relative abundance of Akkermansia mucin 
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and SFB with universal bacteria. For each group, n = 5. *p < 0.1, **p < 0.05, ***p < 0.01, ****p < 0.001; 
two-tailed Student’s t-test was used. (A color version of this figure is available in the online journal.) 
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7.1.  Introduction 
The balance between T helper cell 17 (Th17) and T regulatory (Treg) cells is crucial in the 

development of multiple inflammatory diseases such as auto-immune disease, obesity, and some cancers 
(1–3). A better understanding of the different molecular mechanisms involved in T cell development, 
differentiation and/ or function is essential to control this balance and develop novel strategies for the 
treatment of these inflammatory diseases. 

Post-translational modifications (PTMs) play a crucial role in regulating the balance between Th17 
and Treg cells (4–6). Among these PTMs, ubiquitination has been demonstrated to directly target FOXP3 and 
RORγt, which are key transcription factors involved in Treg and Th17 cell differentiation. In Treg cells, 
polyubiquitination of the transcription factor FOXP3, leads to its degradation through the proteasome as 
well as impairs Treg suppressive function (7, 8). In Th17 cells, ubiquitination of RORγt can have opposite 
effects depending on the E3 ubiquitin ligase utilized. RORγt ubiquitination through the E3 ubiquitin ligase 
TRAF5 stabilizes RORγt protein and enhances IL17 expression (9) while the E3 ligase Itch leads to RORγt 
proteasomal degradation and a reduction in Th17 differentiation (10). 

Ubiquitination is reversible through the action of deubiquitinating enzymes (DUBs). The largest 
subfamily of DUBs are the ubiquitin-specific proteases (USPs), which have recently been discovered as 
drug targets for cancer treatment. Interestingly, FOXP3 and RORγt are not only targeted by different E3 
ligases but also by multiple USPs. For example, USP44 and USP7 appeared to promote FOXP3 function in 
regulating Th17- and Treg-cell differentiation (11, 12). By contrast, 
USP4 and USP15 were found to promote Th17 immune cell differentiation through deubiquitination of 
RORγt (13, 14). 

Apart from FOXP3 and RORγt,  several other transcription factors such as STAT3, IRF4, BATF, HIF-1a, 
MYC, and NFAT play a role in Th17 cell differentiation (15–19), but their connections to the ubiquitin-
proteasome system and the USPs involved are not well characterized. Notably, evidence from diverse 
cancer models supports the notion that MYC, HIF-1a, and STAT3 can be regulated by USP28 (20–22). Known 
for its impact on apoptosis, DNA damage, and cell proliferation, USP28 is extensively studied in cancer 
where it accelerates the progression and correlates with poor prognosis in various cancers, such as glioma, 
colorectal, and breast cancers (23). Apart from its role in cancer, the functions of USP28 beyond this 
context remain largely unexplored. Given that MYC is essential for the global metabolic reorganization that 
occurs early in activated T cells, that HIF-1a promotes Th17 differentiation under hypoxic conditions, and 
that STAT3 has a crucial role in Th17 cell differentiation through its association with RORγt expression, we 
hypothesize that USP28 may play a role in T cell development and function. 

 To investigate this hypothesis, we utilized previously generated USP28 knockout (USP28-/-) and 
littermate control (USP28+/+) mice. Our study extends to explore the impact of USP28 on intestinal 
inflammation using acute and chronic DSS-induced colitis in vivo models. 
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7.2. Materials and methods 

7.2.1. 2.1 DSS colitis models 
Control (USP28+/+) and USP28 knockout (USP28-/-) mice were obtained as described previously (24). All 
animals were maintained at the Laboratory Animal Center of the University of Oulu. All experimental 
procedures were performed in accordance with the license number ESAVI/7374/2019, approved by the 
National Project Authorization Board of Finland. DSS was added in the drinking water of 10-12 weeks old 
USP28+/+ and USP28-/- male mice to induce colitis. For the acute DSS colitis model, mice were treated with 
2% DSS-water for seven days. DSS-water was replaced by autoclaved water for the following 3 days. Mice 
were sacrificed on Day 10. For the chronic DSS colitis model, mice received 3 cycles alternating 7 days of 
1.5% DSS-water and 14 days of autoclaved water. Blood, spleen, mesenteric lymph nodes (mLN) and colon 
were collected on the day of the sacrifice for cytokines detection, flow cytometry, and histological staining, 
respectively. 

7.2.2. T cell preparation and isolation 
CD4+ and CD8+ cells were isolated from mouse spleen and lymph nodes respectively using L3T4 
microbeads and CD8a (Ly-2) microbeads (Miltenyi). Naïve CD4+ T cells were obtained by CD4+ enrichment 
(CD4+ T cell isolation kit, Miltenyi) followed by positive isolation of naïve cells (CD62L microbeads, 
Miltenyi).  All T cell isolations were performed according to the manufacturer´s instructions. 

7.2.3. In vitro mouse cell culture 
Complete RPMI1640 medium containing 10% fetal bovine serum (FBS), 2 mM glutamine, penicillin (100 
IU/ml), streptomycin (0.1 mg/ml; Sigma-Aldrich), and 2.5 μM β-mercaptoethanol was used in in vitro 
cultures expect when mentioned otherwise. Naïve CD4+ T cells were used for activation, proliferation, and 
polarization assays. 

7.2.4. T cell activation assay 
T cells were activated with different concentrations: 0, 0.5, 1, 2, and 5 μg/ml, of plate-bound anti-CD3 (16-
0031-86) and anti-CD28 (16-0281-85, both from eBioscience) each for 24 and 48 h, respectively. The cells 
were then stained with antibodies against CD69 (11-0691-85) and CD25 (12-0251-83, both from 
eBioscience) and were analyzed by flow cytometry. 

7.2.5.  T cell proliferation assay 
T cells were labeled with 2.5 µM CellTrace Violet dye (Invitrogen) according to the manufacturer´s 
instructions, then activated and cultured in the presence of anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml) for 
3, 4 or 5 days. T-cell proliferation was analyzed by flow cytometry. 

7.2.6. Treg cell polarization 
T cells were cultured with anti-CD3 and anti-CD28 (1 μg/ml) in the presence of recombinant IL2 (10 ng/ml; 
R&D Systems) and TGFβ1 (10 ng/ml; PeproTech). 
Th17 cell polarization: T cells were cultured with anti-CD3 and anti-CD28 (1 μg/ml) in the presence of 
recombinant mouse IL6 (60 ng/ml), human TGFβ1 (5 ng/ml);, human IL23 (30 ng/ml) and anti-mouse anti-
IFNγ (500-P119, 1 µg/ml, all from PeproTech) in complete IMDM culture medium. 

7.2.7. Treg suppression assay 

Celltrace violet labeled wild-type CD4+ cells (Tresp; 0.05x106 cells per well) were co-cultured with 
polarized Treg cells in 96-well plates (1µg/ml anti-CD3/CD28). Cells were mixed at a Treg/Tresp cell ratio of 
2:1 to 1:4 (serial dilution of Treg cells, factor 2). Dye dilution was analyzed by flow cytometry on day 5. 
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7.2.8. Tc1 cell polarization 
CD8+ T cells were cultured with anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml) in the presence of recombinant 
mouse IL12 (20 ng/ml), and mouse anti-IL4 (500-P54, 1 μg/ml, both from PeproTech). 

7.2.9. Flow cytometry 
For surface staining, cells were stained in PBS + 0.5% BSA with the following antibodies: CD3 (560590), 
CD4 (550954), CD8 (553035), CD44 (561860), CD62L (561919), CD11b (553311), Gr1 (553129), B220 
(553089), NK1.1 (553164, all from BD Biosciences, Franklin Lakes, NJ), CD69, CD25, and CD11c (11-0114-
82, eBioscience, San Diego, CA) for 40 min at 4°C. 

For intracellular staining of cytokines, cells were stimulated in the presence of phorbol 12-myristate 13-
acetate (PMA) and ionomycin plus Golgi inhibitor for 4 hours before permeabilization and fixation steps. 
Foxp3 staining kit (eBioscience) and the following antibodies were used: anti-IL17A (17-7177-81), anti-IFNγ 
(53-7311-82), anti-Foxp3 (12-4774-42, all from eBioscience) and anti-T-bet (sc-21749, Santa Cruz 
Biotechnology). Stained cells were analyzed on an LSR Fortessa flow cytometer (BD Biosciences). Data 
were analyzed using FlowJo software (version 10, Tree Star, Ashland, OR). 

 

7.2.10. RNA extraction and real-time quantitative PCR 
RNA was extracted using the RNeasy kit (Qiagen) according to the manufacturer´s instructions. Total RNA 
was reverse transcribed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). Quantitative PCR was 
performed using either Luna universal qPCR Master Mix (Biolabs) for the SYBER Master Mix or PROBE FAST 
ABI Prism 2X qPCR Master Mix (Kapa Biosystems) for the TaqMan Master Mix. The corresponding primer 
sequences are listed below in Table 8-1. Data were analyzed using the Hprt gene (Applied Biosystems) as 
an endogenous control. 

Table 7.1 Primer sequences. 

 

 

 

 

 

 

 

 

 

 

7.2.11. Western blot detection 
Primary antibodies against mTOR (2983s), Akt (9272), MAPKAPK5 (7419s), Stat3 (9132), p-Stat3 (9145), 
Stat5 (9363s), p-Stat5 (9359s), Jak1 (3332), p-Jak1 (3331s), Jak2 (3229), and p-Jak2 (3771l) were purchased 
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from Cell Signaling Technology; USP28 (HPA006778), and β-actin (A5441) were from Sigma Aldrich. 
Results were normalized according to β-actin expression that served as loading control. 

7.2.12. Cytokine detection 
Luminex technology [ProcartaPlex Mouse 11-Plex Mix and Match Panel (PPX-11-MXH6CNK); Thermofisher 
Scientific] was used to measure IFNγ, IL1β, IL10, IL12/IL23p40, IL17A, IL2, IL22, IL4, IL6, MIP-1α and TNFα 
in mice plasma samples. All quantifications were done according to the protocols provided by the 
manufacturer. 

7.2.13. Histopathology 
For colitis experiments, colons were excised, washed with PBS, sectioned and divided into four equal 
parts: proximal (prox), middle 1 (mid1), middle 2 (mid2) and distal segments. Colon segments were then 
fixed in 10% neutral buffer formalin for 24h at room temperature before paraffin embedding. Tissues cross 
sections of 5µm were stained with hematoxylin and eosin and histologic evaluation of colitis severity was 
performed. Each colon section was analyzed and scored separately. The degree of inflammation was 
scored according to the Wirtz protocol. Sections were scored according to the following criteria: 0 = no 
evidence of inflammation, 1 = low level of inflammation, 2 = moderate level of inflammation, 3 = high level 
of inflammation, and 4 = maximum inflammation. The overall inflammation score was determined as the 
sum of the scores for the proximal, middle1, middle2, and distal segments. 

7.2.14. Statistics 
Statistical analyses were performed using the Prism 9.0 software (GraphPad Software, La Jolla, CA, USA). 
P values between groups were calculated using the student t-test. Differences were considered 
statistically significant at p <0.05. 

7.3. Result 

7.3.1. USP28 deficiency alters steady state immune cell composition 
Very little is known about the function of the deubiquitinating enzyme USP28 in T cell biology so 

far. First, we determined whether USP28 is expressed in different Th cell subsets and CD8+ cells. Analysis 
of RNA-seq data from our group (25) showed that USP28 was expressed in CD4+ cells and was 
preferentially expressed in in vitro differentiated Th17 compared to Th0 (control) and Treg cells (Figure 7. 
1A). In Treg cells, USP28 expression appeared to be increased at both the mRNA and protein levels 
compared to Th0 (Figures 7.1A, B). In CD8+ T cells activated under control conditions (Tc0) or differentiated 
under Tc1 conditions to induce IFNγ production, no difference in USP28 mRNA level was observed when 
comparing the two conditions (Appendix I Supplementary Figure1A). However, a trend towards increased 
USP28 protein expression was detected in CD3/CD28 activated helper T cells at 72h compared to resting 
naïve T cells (Figure 7.1C), suggesting that USP28 protein levels are induced by T cell activation. 
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Figure 7-1 USP28 is expressed in differentiated Th17 and Treg cells. (A) USP28 mRNA expression level in 
CD4+ naïve T cells differentiated into Th0, Th17 and Treg cells analyzed by RNA sequencing (n=3). (B) 
USP28 protein expression. Representative Western blot images of one experiment (left) and USP28 
protein expression relative to beta-actin (right) in in vitro differentiated Th0 and Treg cells (n=8). Data are 
expressed as mean ± SEM. One-sample t-test *p < 0.05 between control cells (Th0) and effector T cells 
(Treg or Th17), ns, not significant between genotypes. (C) Representative Western blot image of USP28 
protein expression in resting naïve CD4+ cells (Thp) and activated CD4+ T cells (n=4). 

 

To better understand the role of USP28 in T cells, USP28 knockout (USP28-/-) and their littermate 
control mice (USP28+/+) were generated as previously described (24). First, the knockout of USP28 in T cells 
was confirmed by Western blot analysis (Figure 7.2A). Characterization of immune cell populations was 
then performed by flow cytometry analysis in the thymus, spleen, and blood of these mice. Overall, in the 
thymus, although USP28-/- mice exhibited a decreased proportion of DN1 cells (CD44+CD25-), no further 
defect of thymic T-cell development could be observed, as similar proportions of single positive CD4+ and 
CD8+ cells were quantified in both genotypes (Appendix I Supplementary Figure S1B). In the spleen, the 
proportions of T cells (CD4+, CD8+ and, CD4+ naïve cells), NK cells and, myeloid cells are similar between 
USP28-/- and USP28+/+ mice (Appendix I Supplementary Figure S1C). Next, the lymphoid cell proportions of 
B and T cells appear to be altered in the blood of USP28-/- mice, with a decrease in B cells and an increase 
in T cells compared to USP28+/+ mice (Figure 7.2B). 

Looking at the T cells population (CD3+ cells), CD8+ cells were significantly increased while CD4+ 
cells (naïve and helper cell subsets such as Th1, Th17 and Treg cells) remained unchanged in the blood of  
USP28-/- mice (Figure 7.2B and Appendix I Supplementary Figure S1C). Similarly, the proportions of other 
cell types such as NK cells (NK1.1+), dendritic cells (CD11b+CD11c+), granulocytes (Gr1+), myeloid cells 
(CD11b+) and myeloid-derived suppressor cells (CD11b+Gr1+) were similar between USP28-/- and 
USP28+/+ mice (Appendix I Supplementary Figure S1C). Overall, we observed a preferential expression of 
USP28 in Th17 and Treg cells, and an altered T cell distribution in USP28 knockout mice. These results led 
us to hypothesize that USP28 may play a role in T cell homeostasis or function. 
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Figure 7.2 USP28 deficiency alters steady-state immune cell composition. (A) USP28 detection in control 
and USP28-/- CD4+ naive cells. Representative Western blot image from three experiments. (B) Flow 
cytometry analysis of T cells (CD3+, CD8+ and CD4+ cells) and B cells in the blood of USP28-/- and 
USP28+/+ mice. Data are expressed as mean ± SEM (n=5-6). Student T-test *p < 0.05 between genotypes, 
ns, not significant between genotypes. 

 

7.3.2. USP28 protects mice against the early development of DSS-induced colitis 
Since T cells play an essential role in the development of inflammation, to investigate the role of 

USP28 on T cell effector function, a DSS-induced colitis model was applied to USP28-/- and littermate 
control mice. Chronic DSS-induced colitis was induced by three cycles of DSS treatment. Compared to 
control mice, USP28-/- mice tended to lose more weight after the first two cycles of DSS feeding. However, 
at the end of the experiment, no differences in weight loss, spleen weight and colon weight/length ratio 
were observed between USP28-/- and USP28+/+ mice (Figures 7.3A, B and Appendix Supplementary Figure 
S2A). Histological analysis was performed on the colon samples. The overall score was slightly increased 
in USP28-/- mice compared to control mice (Figure 7.3C), and an increase in immune cell infiltration was 
particularly observed in the mid2 segment (Figure 7.3D). Furthermore, a disruption of mucosal structure in 
the mid2 segment can be observed in USP28-/- DSS-challenged mice compared to USP28+/+ DSS-
challenged mice (Figure 7.3E). Characterization of immune cells in spleen and mLN did not show any 
difference between the two groups (Appendix I Supplementary Figure S2B). 
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Because greater weight loss was observed in USP28-/- mice after the first cycle of DSS treatment, we 
decided to evaluate the effect of USP28 in an acute DSS-induced colitis model. Throughout the acute DSS 
treatment, USP28-/- mice lost significantly more weight compared to USP28+/+ control mice (Figure 7.3F). 
Reduced colon length and a trend towards increased inflammatory scoring of whole colon samples were 
consistently observed between the two groups (Figures 7.3G, H). Flow cytometric analyses of immune cells 
in the mLN showed changes in the CD8+ cell subset in both spleen and mLN. USP28 deficiency resulted in 
a reduced proportion of CD8+ cells compared to control mice, along with a shift in the proportion of central 
memory, effector and naïve CD8+ cells. This shift was characterized by a decrease in memory and naive 
CD8+ cells in favor of effector CD8+ cells (Figures 7.3I, J and Appendix I Supplementary Figures S3A, B). 
Notably, a trend toward increased frequency of IFNγ+ cells was observed in CD4- cells, possibly from CD8+ 
cells. No differences were observed between the two groups for B cells, NK cells, myeloid cells, T cells or 
CD4+ T cell subsets (Appendix I Supplementary Figures S3C, D). Together, USP28 protects mice against 
early DSS-induced colitis development and long-term intestinal structural integrity. 
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Figure 7.3 USP28 protects mice against the early development of DSS-induced colitis. USP28-/- and 
USP28+/+ mice were challenged with chronic (A–E) or acute (F–J) DSS-induced colitis (n=6-7 and n=5 mice, 
respectively) prior to sacrifice and analysis of colitis severity and immune response. (A, F) Percentage of 
weight loss compared to the initial weight of the mice. (B) Colon weight/length ratio on the day of sacrifice. 
(C, H) Histology score for total colon segments and (D) details of histology score for each colon segment 
for chronic DSS-induced colitis samples. (E) H/E staining of mid2 colon segment. 20x (G). Colon length on 
the day of sacrifice from acute DSS colitis. (I) Flow cytometric analysis of T cell subset in draining mLN and 
spleen (J) samples from acute DSS-induced colitis. Data are expressed as mean ± SEM. Unpaired T-test 
was used to compare between USP28-/- and littermate control USP28+/+ mice. *p < 0.05, **p<0.01, ns, not 
significant between genotypes. 
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7.3.3. USP28 inhibits expression of IL22 
We then characterized the cytokine profile in the peripheral blood of USP28 deficient and littermate control 
mice from the colitis experiments. In non-challenged mice, IL22 levels stood out. They were significantly 
higher in USP28 deficient mice compared to control mice, whereas no significant differences in other 
cytokine levels were observed between the two groups. In both acute and chronic DSS-induced colitis 
settings, cytokine levels were comparable between USP28-/- and USP28+/+ mice and the level of IL22 was 
still increased in USP28-/- mice compared to control mice (Table 7-2 and Figure 7-4A). To further elucidate 
the alterations in IL22, we conducted mRNA quantification of IL22 along with IFNγ and IL2, known to be 
necessary for optimal IL22 production (26) in mesenteric lymph node (mLN) samples from the acute DSS-
challenged mice. The results revealed a significant upregulation in the mRNA expressions of both IL22 and 
IFNγ in USP28-/- mice (Figure 7.4B). Together, this suggests a potential regulatory role of USP28 in 
modulating IL22 and IFNγ expression during acute DSS-induced colitis, with implications for the 
involvement of the IL2 pathway in this context. 

Table 7.2 Luminex – plasma. 

Figure 7.4 USP28 inhibits expression of IL22. (A) Graph showing IL22 cytokine quantification in plasma of 
USP28+/+ and USP28-/- mice under baseline or acute DSS colitis condition (n=5-6). (B) Relative mRNA 
expression level of indicated genes in mLN of USP28+/+ and -/- mice under acute DSS colitis condition (vs. 
Hprt) (n=5). Data are expressed as mean ± SEM. Unpaired t-test was used to compare USP28-/- and 
littermate control USP28+/+ mice *p< 0.05. 
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7.3.4. USP28 is required for early T cell activation 
IL22 is known to activate the JAK/STAT and MAPK pathways (27). IL2 and its downstream signaling 

play an important role in T cell activation and proliferation. Therefore, we decided to investigate the role of 
USP28 on T cell activation and proliferation in vitro by using USP28-/- mice compared to control mice. For 
the T cell activation assay, naïve CD4+ cells were activated with elevated concentrations of anti-CD3 and 
anti-CD28 for 24h and 48h. T cell activation markers, CD69 for early activation and CD25 for mid-late 
activation, were then analyzed by flow cytometry (Figure 7-5A). At 24h post activation, cells only activated 
with anti-CD3 showed no differences in the proportion of CD69+ cells between USP28-/- and USP28+/+ T 
cells. However, when the cells were activated with different concentrations of both anti-CD3 and anti-
CD28, a significantly reduced frequency of CD69 expression was observed in USP28-/- T cells compared to 
control T cells (Figure 7.5A). This effect was lost after 48h of activation (Appendix Supplementary Figure 
S4A). In response to activation, the cytokine IL2 is produced by T cells before binding to its own receptor 
(IL2R) on the surface of the T cells, inducing a positive feedback loop that promotes the IL2 signaling 
pathway (28). Therefore, the expression of CD25, the alpha subunit of the IL2R, was analyzed by flow 
cytometry. CD25 expression was observed in T cells at 24h, 48h and 72h after activation. Our data show 
that CD25 expression is significantly lower in USP28-/- T cells at 24h post activation compared to USP28+/+ 
cells. The reduced CD25 and CD69 expression in USP28-/- T cells were observed at an even earlier time 
point (Appendix I Supplementary Figure S4B). However, with prolonged activation, CD25 expression 
became similar in both USP28-/- and USP28+/+ cells (Figure 7.5B). 

 

Figure 7.5 USP28 plays a role in T cell activation and proliferation through CD28/STAT5 signaling. (A) Flow 
cytometry analysis of in vitro naïve CD4+ T cell activation assay 24 hours after activation with increased 
concentrations of anti-CD3 and anti-CD28. Dot plot of one experiment and quantification of percentage 
of CD69+ cells (n=4). (B) Flow cytometric quantification of CD25 expression in T cells at 24h, 48h or 72h 
post activation (n=4-5). (C) Flow cytometry analysis of in vitro naïve CD4+ T cell proliferation assay after 
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activation for 3 and 4 days. A representative histogram image of T cells labeled with Celltrace Violet 
(AmCyan channel) and quantification of the percentage of proliferative cells for each cell division (n=5). 
Data are expressed as mean ± SEM. Paired t-test was used to compare USP28-/- and littermate control 
USP28+/+ T cells. *p≤ 0.05, **p<0.01. 

Next, we examined in vitro T cell proliferation in USP28+/+ and USP28-/- helper T cells after 3 and 4 days of 
activation. The distribution of proliferative T cells for each cell division is altered in USP28-/- T cells (Figure 
7.5C). Our results show a decrease in the percentage of proliferative cells in the undivided and early stage 
of division whereas there is an increase in the percentage of proliferative cells in the late stage of division 
in USP28-/- T cells (Figure 7.5C). 
Collectively, our results suggest that USP28-/- T cells have an early defect in activation that may be mediated 
by IL2R/CD28 signaling. However, at a later stage an increase in their proliferation rate was observed upon 
TCR activation compared to USP28+/+ control T cells. Overall, USP28 appears to alter the early phase of T 
cell activation and proliferation. 
 

7.3.5. USP28 contributes to Th17 cell differentiation and iTreg cell function 
We then investigated the effect of USP28 on in vitro T cell differentiation and effector functions. 

First, CD8+ cells were isolated and cultured in vitro under anti-CD3/CD28 activation conditions (Tc0) or Th1 
like inflammatory conditions (Tc1). Flow cytometric analysis of IFNγ+ and T-bet+ cells as well as mRNA 
levels of these genes in USP28+/+ and USP28-/- cells under either Tc0 or Tc1 condition did not show any 
differences between these two groups (Appendix I Supplementary Figures S5A, B). However, the mRNA 
levels of granzyme B and perforin in Tc1 condition seemed to be increased in USP28-/- CD8 cells compared 
to their littermate controls (Appendix I Supplementary Figure S5B). 

Next, we investigated the role of USP28 in the differentiation of CD4+ cells into Th17 or Treg cells 
and analyzed the Treg suppressive function. USP28-/- and USP28+/+ naïve CD4+ T cells were isolated and 
cultured in different differentiation media for 3 days before flow cytometric analysis of Foxp3 and IL17 
expression in these cells. No significant differences were observed in the proportion of Foxp3+ cells in Treg 
differentiation between USP28-/- and USP28+/+ cells (Figure 7.6A). Since other members of the USP family, 
USP7 and USP44 have been shown to be involved in Treg suppressive function (11,12), we then performed 
an in vitro Treg suppression assay using Treg from USP28+/+ and USP28-/- mice. The ability of Treg cells to 
inhibit the proliferation of responder T cells was assessed by Celltrace labelling and flow cytometry 
analysis. A decrease in the proliferation of responder T cells was observed when the cells were co-cultured 
with USP28-/- Treg cells compared to control Treg cells (Figure 7.6B). On the Th17 side, we observed a 
consistently and significantly reduced proportion of IL17+ cells in USP28-/- vs USP28+/+ cells under Th17 
polarizing conditions at both protein and mRNA level (Figures 7.6C, D). Surprisingly, we also detected a 
significantly increased expression of IL22 at the mRNA level (Figure 7.6D). 

Taken together, our results indicate that USP28 is not required for CD4+ Treg differentiation and 
Tc1 differentiation. However, USP28 is involved in Th17 cell differentiation, and more importantly, it 
contributes to Treg cell suppressive function. 
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Figure 7.6 USP28 contributes to Th17 cell differentiation and iTreg cell function. In vitro differentiation of CD4+ naïve 
cells isolated from a pool of spleen and lymph node cells from USP28-/- and USP28+/+ mice. (A) Flow cytometry image 
of a representative experiment and quantification of Foxp3+ cells in Treg (n=6) differentiated cells. (B) Treg suppression 
assay (n=2). Flow cytometric analysis of the percentage of proliferative T effector cells co-cultured with different ratios 
of Treg polarized cells and an image of a representative example (right panel). (C). Flow cytometry image of a 
representative experiment and quantification of IL17+ cells in Th17 (n=6) differentiated cells. (D). Relative mRNA 
expression level of indicated genes in Th17 polarized CD4+ cells (vs. Hprt) (n=3). Data are expressed as mean ± SEM 
(A–C). T-test was performed to compare USP28-/- samples with littermate control. **p<0.01, ****p<0.0001 between 
genotypes. 
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7.3.6. USP28 regulates STAT5 signaling in T cells 
Given our observations of decreased CD25 expression at early stages of T cell activation, but 

increased T cell proliferative capacity at later stages of activation, and increased IL22 expression in 
polarized Th17 cells, our aim was to investigate the underlying mechanisms. Given the established links 
between the CD28 costimulatory, IL2-activated JAK/STAT, and PI3K/AKT/mTOR pathways (28–33), we 
analyzed the expression of proteins related to the these pathways in activated naive CD4+ T cells (Figure 7-
7A and Appendix I Supplementary Figure S7-6A). The relative protein expressions of mTOR, AKT, 
MAPKAPK5, STAT3, p-STAT3, STAT5, JAK1, JAK2 and p-JAK2 were similar between USP28-/- and control T 
cells, whereas we observed an increase of p-JAK1 and p-STAT5 expression in USP28-/- T cells compared to 
control T cells (Figure 7.7B). Our results indicate that USP28 deficiency in T cells leads to an increase in the 
activation of JAK1/STAT5 signaling pathways. Next, we analyzed the kinetic activity of the STAT5 pathway in 
response to IL2 stimulation using Western blot analysis (Figure 7.7C). In response to IL2 stimulation, 
USP28-/- T cells showed an increase in STAT5 phosphorylation after 30min and 6h, but not after 24h of 
stimulation compared to control T cells (Figure 7.7D). Furthermore, the increased STAT5 phosphorylation 
was also observed in  

USP28-/- T cell-depleted splenocytes in response to IL7 (Appendix I Supplementary Figure S7.6B). 
Together, these results suggest that USP28 regulates the activity of the STAT5 pathway by affecting STAT5 
phosphorylation. 
 

Figure 7.7 USP28 regulates STAT5 signaling in T cells. (A, B) Western blot analysis of the indicated proteins in USP28-/- 
and USP28+/+ naïve CD4+ T cells activated in vitro for 3 days (n=3). (A) Representative Western blot images. (B) 
Relative protein quantification to β-actin. (C, D) Kinetics of STAT5 signaling in response to IL2 stimulation and TCR 
activation in USP28-/- or USP28+/+ CD4+ cells (n=2-3). (C) Representative Western blot images. (D) Quantification of p-
STAT5 and STAT5 protein relative to β-actin and calculated ratio of p-STAT5/STAT5. Data are expressed as mean ± SEM 
or SD. One-sample t-test in (A, B) and 2-way ANOVA (D) were used to compare between genotypes. *p < 0.05, **p < 
0.01, ns, not significant. 
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7.4.  Discussion 
In this study we have shown that USP28 plays a protective role in inflammation associated with DSS-
induced colitis. We further characterized that USP28 contributes to T cell activation, subsets differentiation 
and/or function, possibly by mediating through the STAT5 pathway. As a member of the IL10 cytokine family, 
IL22 is secreted by various immune cell subsets such as Th17/Th1, CD8+ Tc22 subset cells, γδ T cells or 
innate lymphoid cells (ILCs) (34-37). Previous studies have shown that IL22 positively regulates epithelial 
homeostasis while also activating pro-inflammatory immune responses, leading to a dual role in 
inflammatory diseases (38,39). Among the various immune cells analyzed, only CD8+ T cells seem to be 
affected by the deletion of USP28. The increase in CD8+ T cells in the blood and the increase in effector 
CD8+ T cells in the mLN in non-challenged mice and in mice with acute DSS colitis, respectively, were 
associated with elevated level of IL22 in the same organs. There is a possibility that USP28 deletion would 
favor CD8+ T cells producing IL22. In this case, the increased expression of granzyme B and perforin in 
CD8+ cells would result in a highly cytotoxic profile of these cells in USP28-/- mice, which would be 
consistent with the exacerbated symptoms seen in acute DSS colitis. However, we cannot rule out the 
possibility that other immune cells are responsible for the increased IL22 production as we used 
constitutive USP28 knock-out mice and did not examine other immune cells. 

Prior to cytokine production or T cell differentiation, T cell activation is required and is achieved through the 
recognition of at least two distinct signals, the TCR and the co-stimulatory CD28 molecule. During this 
process, inhibitory, degradative or activating ubiquitination and deubiquitination action can occur (40,41). 
Some members of the USP family, such as USP18, USP12 and USP9X, are known to directly affect the CD28 
signaling pathway. Depletion of USP18 leads to hyperactivation and overproduction of IL2 in T cells, 
whereas deficiency of USP12 and USP9X causes a decrease in NF-κB activation, which subsequently 
reduces proliferation and cytokine production upon TCR activation(42-44). Compared to other USPs, 
nothing is known about the role of USP28 in T cell activation or the potential target protein associated with 
this pathway. However, in our study, we observed a transient defect of the CD28/IL2R signaling pathway in 
USP28-/- T cells upon early activation. Since STAT5 regulates the expression of CD25 (IL2RA), the increased 
expression of CD25 and increased T cell proliferation at a later time point may be due to increased STAT5 
phosphorylation (45). 

While examining proteins involved in T cell activation/proliferation signaling pathways, we observed an 
over-activation of the STAT5 pathway associated with an increase in STAT5 phosphorylation levels as well 
as a decrease in total STAT5 protein in USP28-/- T cells. In non-small-cell lung cancer, USP28 appears to 
mediate STAT3 signaling through deubiquitination and stabilization (21). Although that study did not report 
changes in STAT5 levels, a similar interaction between USP28 and STAT5 would be consistent with our 
results in which ubiquitination of STAT5 in the absence of USP28 would lead to its proteasomal degradation 
(46). Our results seem to show a different role of USP28 on the STAT5 pathway. 

Upon binding to its receptor, IL22 activates several signaling pathways, including phosphorylation of JAK1, 
TYK2 and STAT1, STAT3 and STAT5 (27,47). STAT5 has been reported to regulate IL22 expression (26). In this 
study, we observed both increased STAT5 phosphorylation and enhanced IL22, suggesting that USP28 is 
involved in the IL22/STAT5 positive regulatory feedback loop. 

Finally, STAT5 and IL2 are also known to play a central role in Treg development and function (48). Treatment 
with neutralizing antibodies against IL2, transgenic mice lacking IL2, IL2R or STAT5 show a deficit in Treg 
cells and develop autoimmune disease(49,50). Treg suppressive function can be restored by expressing a 
gain-of-function form of STAT5 (51). The increased activation of the STAT5 pathway in USP28-/- T cells may 
therefore be linked to the higher suppressive function found in the Treg cells. Importantly, STAT5 has been 
shown to suppress Th17 differentiation (52), here we observed the reduced IL17 expression in USP28-/- T 
cells most likely due to increased STAT5 phosphorylation. 
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In conclusion, using USP28-/- mice, we have uncovered the essential role of USP28 in multiple aspects of T 
cell functionality. Our data demonstrate that USP28 contributes to the protective effect for the early 
development of intestinal inflammation by regulating STAT5 signaling and IL22 production. 
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8.1. Introduction 
As of  2020, colorectal cancer (CRC) was diagnosed in almost 2 million patients and accounted for 

almost 1 million deaths worldwide. These numbers are predicted to increase to 3.2 million and 1.6 million 
respectively by 20401. 

Tumor microenvironment (TME) composition is highly complex and heterogenous including cells 
such as T-cells, macrophages, dendritic cells, and cancer-associated fibroblast that are usually attracted 
by the tumor signaling2. In the TME there is a constant interaction between cancer cells and host cells, 
which leads to infiltration of immunosuppressive cells, angiogenesis, and creation of tumor-favorable 
environment3. In case of tumor immunosurveillance is ineffective, tumor cells escape the detection by the 
host’s immune system4. For example, SIRT1 expressed by the CRC cells enhances the migration of tumor 
associated macrophages (TAMs) via CXCL12/CXCR4 axis and TAMs downregulate the activity of cytotoxic 
CD8+ T-cells that are main killers of foreign cells via MHCI presentation5,6. TAMs are characterized by a high 
plasticity and upon stimulation of extrenal factors may differentiate into either M1 or M2 populations 
playing opposite roles in the tumor progression. Typically M1 macrophages exhibit anti-tumor functions by 
secreting pro-inflammatory cytokines, whilst M2 macrophages play pro-tumorigenic roles by secretion of 
growth factors, matrix metalloproteinases, or secretion of anti-inflammatory cytokines such as IL4 or IL107. 
Mainly M2 TAMs facilitate epithelial-to-mesenchymal transition (EMT) and angiogenesis. However, M1 
macrophages were found to promote tumor progression via NF-κB/FAK signaling8. Similarly, the exact role 
and the significance of tumor infiltrating lymphocytes (TILs) in predicting CRC patient’s prognosis is not 
well established. In CRC, CD8+ cytotoxic TILs are linked to better prognosis while regulatory T-cells (Tregs) 
exhibit immunosuppressive functions and were associated with poor prognosis 9-13. 

Moreover, there is existing evidence of M2 macrophages inducing Tregs in CRC to facilitate cancer 
development by enforcing immunosuppressive environment14. This points toward the importance of 
investigation of TME composition and the interactions that may take place between cells populations. The 
wide range of cells interactions and their modalities presents an expansive frontier, largely unexplored even 
with existing research. Thus, further investigation is essential to uncovering this complex landscape. In 
exploring the dynamic gene expression changes, single-cell RNA sequencing (scRNA-seq) has gained 
much deserved attention in the recent years. ScRNA-seq allows for almost unlimited, in terms of number 
of cells, detailed, investigation of heterogeneity of RNA expression at a single-cell level15. However, this 
type of analysis requires the dissociation of the cells, therefore the spatial location is irreversibly forsaken. 
Spatial transcriptomics (ST) analyses RNA expression within the tissue, maintaining the spatial patterns of 
expression so crucial in the understanding of the TME. Application of this technology led to  identification 
of interaction between SPP1+ macrophages and FAP+ fibroblasts as potential therapeutic target in CRC16. 
Similarly, a combination of scRNA-seq and ST was applied to analyze CRC samples, yielding PLAU-PLAUR 
interaction associated with myofibroblasts and macrophages as potentially participating in tumor 
progression17. 
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The aim of the study was to investigate spatial epithelial and immune cells gene expression changes.  
In this study, we applied ST technology to investigate the cell populations and changes of gene expression 
patterns in the CRC tumor and adjacent normal tissue, with a focus on immune cells present within the 
TME. We identified spatially dependent changes, reflected in the clustering, of cell populations directly 
linked to the tumor invasion and secondary lymphoid structures. Moreover, high infiltration of Tregs and 
M2-macrophages within the tumor core was characterized by CCL18-CCR8 and CCL22-CCR4 chemokine 
signaling. At the same time, we identified TNF signaling and interferon-related genes involved in CRC 
invasive trajectory as well as a potentially novel regulator of T-cells activation within the tertiary lymphoid 
structures (TLS) SIT1. 

8.2. Materials and methods 

8.2.1. Spatial transcriptomics: tissue handling and processing 
Samples of CRC tumor and corresponding normal tissue of 63 years old female patient diagnosed with G2 
tumor were collected from the 3P–Medicine Laboratory18, Medical University of Gdansk with the following 
clinical parameters listed in the table1. 

FFPE tissue sections of 5 µm were placed on Visium Spatial Gene Expression Slides with a 6.5 mm x 6.5 
mm capture area and processed according to the Visium spatial gene expression reagent kit manual 
(10xGenomics). Prior to tissue processing, sections were H&E stained with hematoxylin and eosin.  The 
slides were imaged (Zeiss Axio Imager.M2m, Zeiss Axiocam 506 color) at 20X magnification. Probe 
hybridization and ligation, RNA digestion, probe extension and elution, and cDNA library preparation were 
performed according to manufacturer’s instructions. Post library construction quality control was 
performed with an Agilent 2100 Bioanalyzer with a High Sensitivity DNA kit (Agilent). Next generation 
sequencing was performed by Macrogen Europe. Sequencing readouts were demultiplexed using 
SpaceRanger (v 1.3.1) and mapped to human genome GRCh38.ST public data was obtained from 
repositories of 10XGenomics and public repositories (zenodo ID: 776026417, GEO: GSE15832819, GEO: 
GSE22699720, GEO: GSE22585721). 

8.2.2. Data integration, dimension reduction, and clustering 
SpaceRanger output ST files were analyzed using Seurat (v4.4.0). Tumor and normal samples were analyzed 
via canonical correlation analysis (CCA) subspace alignment22 with default parameters using 3000 integration 
features. Next, dimensional reduction was performed with Principal Component Analysis (PCA) and 
Uniform Manifold Approximation and Projection (UMAP) with 30 principal components (PCs) followed by 
unsupervised clustering with resolution set to 1. Cluster annotation was performed based on manual 
annotation and positive markers per cluster using FindAllMarkers with default parameters.  

8.2.3. Differential gene expression analysis 
Tumor and normal ST datasets were merged and UMI counts were normalized with NormalizeData function 
with default parameters. DEG analysis between tumor and normal spots for each annotated cluster was 
performed with FindMarkers function with default parameters. Differential expression was considered with 
an absolute logarithmic Fold Change (FC) > 0.1 and adjusted p-value < 0.05. Obtained DEGs were used as 
input for pathway enrichment analysis via active subnetworks based on GO-BP, KEGG, and Reactome with 
pathfindR (v. 2.3.0). 

8.2.4. Cell-type hierarchical deconvolution 
Spots deconvolution was performed using SpaCET package (v. 1.0.0) using a public reference scRNA-seq 
dataset (accession GSE132465) of 23 patients who underwent CRC tumor resection23615. The reference 
dataset was filtered according to the canonical markers expression and T-cells specific markers to re-
annotate T-cells in CD8+ T, gamma delta T, Th1, Th2, Th17, Treg, T follicular, T naive15. Constrained linear 
regression estimated hierarchical cell identity fractions within the spots23 for main cell types (Epithelial, 
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Stromal, B-cells, T-cells, Myeloid, Mast cells, and NK cells) was applied followed by subsequent estimation 
of cell subtypes. 

8.2.5. Ligand-receptor interaction analysis 
To determine Ligand-receptor (L-R) interactions, Fantom5 and Omnipath L-R databases 24,25 were 
combined. L-R estimated scores within proximal spots were calculated with NICHES (v. 1.0.0) 26 
RunNICHES function with CelltoCellSpatial mode and k = 1. Following NICHES manual, FindAllMarkers 
Seurat function determined the significant L-R interactions for each proximal spot combination indicated 
as Sender – Receiver such as Epihelial_1 – Epithelial_2. All circo plots were made using CCPlotR package 
(v1.0.0). 

8.2.6. Invasive spatial trajectory analysis 
STdeconvolve (v. 1.6.0) reference-free deconvolution was performed with default parameters, except 
fitLDA function with k = 15, to analyze spatial gene topics within CRC tissue. SPATA2 (v. 2.0.4) was used to 
analyze spatial gradients of gene expression and L-R changes along the defined tumor invasive trajectory. 
Dynamic feature changes were analyzed with spatialTrajectoryScreening function with default parameters 
for 17 models of expression. Pathway enrichment analysis was performed with significantly changed genes 
with pathfindR to investigate enriched pathways in specific patterns of expression. 

8.2.7. Pseudotime trajectory analysis 
To investigate the developmental relationship between immune cell aggregates cluster in normal and 
tumor tissue, pseudotime analysis was applied with Monocle3 (v. 1.3.4) with default parameters. 
Pseudotime trajectory orders ST spots according to changes in gene expression along lineages. The inferred 
pseudotime trajectory was transferred to TradeSeq (v. 1.14.0) to identify lineage-specific gene expression 
and L-R changes with fitGAM and diffEndTest functions with default parameters 27. 

8.3. Results 

8.3.1. Spatial characterization of cell composition and TME heterogeneity of colorectal 
cancer 

To comprehensively investigate cell-cell interaction, cell subpopulation changes and key molecules in CRC 
development at the spatial composition of CRC tissue (T) architecture, we performed spatial 
transcriptomics analysis (10x Genomics) on CRC tumor and the corresponding normal tissue samples 
collected from one patient in parallel to minimize  technical variation and to determine spatial gene 
expression changes originating from the tumor progression . Prior to the ST analysis, tissues were stained 
with H&E and evaluated based on the cells’ morphology, yielding annotation of tumor, stroma, endothelial 
cells, muscle, and immune cells (IC) aggregates (Fig 8.1A,B). To explore the composition differences 
between CRC and normal-matched tissue, canonical correlation analysis (CCA) subspace alignment 
(implemented in Seurat) followed by clustering was applied resulting in 19 clusters with different 
distribution in CRC and normal tissue. Differential gene expression analysis among clusters determined 
their molecular identity and clusters were annotated according to canonical marker expression and tissue 
location (Fig 8.1C, Appendix II Fig.S1A).  
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Figure 8.1. Spatial profile of cell composition and TME heterogeneity of colorectal cancer. (A) H&E staining of CRC 
tumor and normal samples (up and down, respectively), (B) the manual annotation, and (C) annotated clusters 
according to gene expression and location. (D) Spatial plots with predicted cell fractions from spot deconvolution 
results for five main cell types in tumor and normal tissue samples. (E) Barplot of the mean predicted fractions for 
each main cell type in each annotated cluster and (F) of immune cell fractions in manually annotated regions 
separated by their origin (tumor (T) and normal (N). 

Among clusters, the proliferative cells were marked with high expression levels of CDCA7, CDC20, MCM7, 
genes linked with cell division. B-cell clusters showed upregulated immunoglobulin genes, including 
JCHAIN, IGHA1, IGHM, IGHG1, IGHG2, epithelial clusters were with increased levels of BEST4, CDHR5, 
MUC4, macrophages showed high expression of APOE, CD68, CXCL14, stromal clusters expressed higher 
levels of COL6A2, COL5A1, COL3A1, MMP2, whereas signature genes ACTG2, ACTA2, TPM1, TPM2, 
MUSTN1 were detected in muscle, CD34, CDH5,CD93, ROBO4 in endothelial, TPSB2,CPA3, KIT in mast 
cells, PLIN1, PLIN4, ADIPOQ in adipose tissue , and HBA1, HBA2 in blood . Lastly, upregulation of genes 
highly expressed in immune cells (PTPRC, IKZF1, LTB. IL7R) with CD3D and T-cell receptor beta constants 
(TRBC1, TRBC2) showed presence of T-cells in the IC aggregate cluster (Appendix II Fig.S1B, Table S1). In 
addition, Epithelial_1 cluster showed the highest transcriptional activity and the most diverse gene 
expression in tumor tissue, comparing to the rest of the clusters (Fig. S8.1C, D). As hyper-transcription is 
one of the hallmarks of cancer, cluster Epithelial_1 was assigned as a tumor core28.  

To further identify the cellular composition of the samples, hierarchical deconvolution was employed. Five 
main types of cell and tissue types were identified (Fig 8.1D), whilst NK cells and mast cells were barely 
present within the tumor region (Fig. S8.1E). The deconvolution revealed that epithelial predicted fractions 
were localized within the H&E annotated tumor region and mainly in clusters Epithelial_1 and Epithelial_2 
(Fig 8.1 B, C,D), Stromal fractions were higher in tumor than normal tissue, whilst in normal tissue stromal 
fraction was predominantly limited to submucosa (Fig 8.1A, B, D). Consistently, the mean distribution of 
deconvoluted cell populations within each cluster and manual annotation showed high epithelial fractions 
in normal tissue and stromal fractions in CRC, in which the predicted epithelial cell fraction is decreased 
from the tumor core to invasive Epithelial_2 and Epithelial_3 clusters (Fig. 8.1E, Appendix II Table S2, S9.3). 
In CRC, high stromal content has been linked to worse disease-free survival as stromal cells support tumor 
growth by extracellular matrix (ECM) modulation, hence elevated stromal signature may indicate stromal 
cells shaping the TME 29,30.  

Among immune cell types, T-cells deconvoluted fractions were mainly present in IC aggregates with lower 
fractions in tumor than normal tissue, whilst T-cells were confined into the epithelial clusters with high 
infiltration in the tumor core (Epithelial_1 cluster) suggesting active communication between T-cells and 
cancer cells (Fig. 8.1D, E, F). 

Meanwhile, deconvoluted B-cells fractions, consistent with the annotated B-cell clusters, were present in 
IC aggregates in both normal and tumor tissue (Fig. 8.1D, E, F). Myeloid signatures were scattered 
throughout the tumor with higher fractions in epithelial clusters than normal counterparts and with the 
highest myeloid fractions appearing to encircle these epithelial clusters consistent with the annotated 
macrophage cluster in tumor tissue (Fig. 8.1C,D,E). In contrast, the myeloid signature in normal tissue was 
mostly present in the submucosa in the vicinity of IC aggregates and in specific spots along the apical 
epithelia (Fig. 8.1A,D). As such, clustering and spot deconvolution revealed the TME heterogeneity with 
substantial disruption of intestinal architecture in CRC tissue together with immune cell infiltration, 
namely T-cells and myeloid cells, adjacent to CRC cells, that indicated immune recruitment in response to 
the ongoing tumorigenic process. 

Transcriptomics changes of CRC tumor clusters reflected EMT and immunosuppressive TME To determine 
transcriptomics changes occurring in CRC development, differential gene expression analysis was 
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performed between the tumor epithelial clusters and their normal counterparts (Appendix II Table S4-S6). 
Next, pathway enrichment analysis of significant differentially expressed genes (DEGs) revealed that 
integrin-mediated signalling was highly enriched along the three epithelial clusters (Fig. 8.2A-B, Appendix 
II Table S7-S9). Integrins play a variety of roles, including cell adhesion, angiogenesis, invasion and 
participate in epithelial-to-mesenchymal transition (EMT) 31 in CRC. Moreover, all epithelial tumor clusters 
showed enrichment of terms related to cell adhesion, cell migration, positive regulation of EMT, and 
negative regulation of canonical Wnt signaling pathway whose dysregulation is extensively associated with 
CRC progression and metastasis (Fig. 8.2A, Appendix II Table S7-S9) 32. Several genes were uniformly 
upregulated in the tumor/epithelial clusters such as cancer-stem cells marker CD4433, gene linked to 
proliferation KLK1034, linked to EMT TFF135, and to development CD8136 or interferon induced IFI6 (Fig. 
8.2C). Furthermore, CD44 was involved in “cell adhesion” term in all epithelial clusters (Fig 8.2A, Appendix 
II Table S7-9). Interestingly, Epithelial_1 cluster showed unique overexpression of CD47 and TP53, whilst all 
epithelial clusters showed different expression patterns of other p53-induced genes (Fig. 8.2C). At the 
same time, increased well-established immunosuppressor Transforming growth factor-beta1 (TGFβ)37 and 
its induced gene TGFBI together with inhibitory immune checkpoint CD27638 suggested an 
immunosuppressive TME within tumor clusters. Epithelial clusters were also characterized by high 
expression of TNF-related genes (TNFRSF6B, TNFRSF12A, TNFAIP) and downregulation of TNFRSF11A, and 
TNFRSF21 (Fig. 8.2C).  

Additionally, elevated AHR in all and KYNU in Epithelial_2 together with high tryptophan deprivation 
signature in tumor regions surrounding the tumor core may indicate immunosuppression through 
tryptophan deprivation (Fig. 8.2C, E)39 .Moreover, KYNU was highly expressed in epithelial and myeloid cells 
of CRC compared to normal tissue in the validation scRNA-seq dataset (Fig. 8.2F). 

To determine potential cell-cell communications within tumor clusters and adjacent spots, differential 
ligand-receptor (L-R) interaction analysis was conducted. Several chemokines and their receptors 
interactions were significantly increased between Epithelial_1 and Epithelial_2 (Fig. 8.2G, Appendix II Table 
S16). Interestingly, a signaling of CD24-SIGLEC10, recognized as “don’t eat me”signal40 in various tumors 
was observed between Epithelial1 and Epithelial2 clusters. (Fig. 8.2G, Appendix II Table S16). Meanwhile, 
Epithelial_3 and the adjacent enriched B-cell cluster showed chemotactic interaction of CCL28-CCR10 
where CCR10 plays a vital role in regulation of IgA response41,42. At the same time, DPP4 peptidase 
responsible for chemokines signaling regulation 43, was found to interact with several chemokines such as 
CXCL9 (Fig. 8.2G). In addition, interaction of CCL18-PITPNM3 between Epithelial 3 and Epithelial 2 clusters 
was found (Fig. 8.2G). Further validation in 8 FFPE and 14 fresh frozen public ST CRC samples confirmed 
increased expression of CD44, CD47, TDO2-KYNU-AHR, PITPNM3, TNFRSF6B, SIGLEC10 in tumor tissue 
compared to normal and stromal tissue (Fig. S8.2B-C)Taken together, CRC epithelial transcriptomic 
changes reflected ongoing EMT, oncogenic alterations in TP53-related genes and Wnt signaling, and 
immunosuppressive TME with Tregs and macrophages infiltration. 
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Figure 8.2. Genes expression deviation among epithelial clusters (A) Location of epithelial clusters annotation  in tumor 
(left) and normal (right tissue), (B) Heatmaps of selected DEGs of epithelial clusters (C) Enrichment charts of selected 
enriched terms in Epithelial_1 (left), Epithelial_2 (middle), and Epithelial_3 (right) clusters. (D) Gene signature scores 
in tumor samples, (E) Spatial plot of KYNU gene expression (left) and tryptophane metabolism signature(right), (F) Box 
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plot of KYNU expression in tumor(T) and normal (N) cell types in validation scRNA-seq dataset, (G) Circo plot of ligand-
receptor interaction of epithelial clusters. 

8.3.2. In-depth exploration of infiltrating T-cells and myeloid cell sub-populations in 
CRC TME 

Considering the predicted high immune cells infiltration within tumor tissue, in-depth exploration of 
immune cells was undertaken. Hierarchical deconvolution showed clear spatial separation of identified 
myeloid cell subtypes included in the scRNA-seq reference dataset. Inflammatory macrophages were 
concentrated within tumor epithelial clusters followed by SPP1+ macrophages, encircling the tumor 
tissue, and conventional DCs (cDCs) residing in the tumor border below (Fig. 3A-B). Furthermore, the 
annotated tumoral Macrophage cluster contained higher SPP1+ macrophage fractions than the normal 
counterpart and other clusters (Fig. 8.3C). Meanwhile, tumoral monocytes and TAMs exhibited higher SPP1 
expression comparing to other myeloid populations in the validation scRNA-seq dataset (Appendix II Fig. 
S3A-B). SPP1+ macrophages, reported to participate in CRC metastasis and ECM remodeling, typically 
present an immunosuppressive M2-like phenotype44,45. 

 Among increased DEGs in the Macrophage cluster compared to its normal counterpart, there were several 
M2-like macrophages-related genes such as SPP1, MHC class II genes (HLA-DRA, HLA-DMB, HLA-DMA, 
HLA, DPB1), apolipoproteins APOE and APOD, CCL18 and CD4, and similarly to epithelial clusters, CD276, 
(Fig. 8.3D, Table S8.17). Moreover, increased MMP2 and other metalloproteinases (MMP11 and MMP14) 
together with enriched cell-cell and cell-matrix adhesion suggested an active ECM remodeling by 
macrophages (Appendix II Table S18). Furthermore, significant L-R interactions within this cluster included 
HLA-F interaction with B2M and CD3D, HLA-A-APLP2, and HLA-A-LILRB2 (Fig. 8.3E). Apart from CCL18-
CCR8 Tregs attracting interaction, Epithelial_2 and Macrophage clusters showed increased T-cells 
apoptosis inducer LGALS1-PTPRC with inhibitory T-cells signaling CD86-CTLA4 and CCL18-CCR3, that 
can impair anti-tumor eosinophiles46-48 (Fig. 8.2G). In contrast, elevated CD226-PVR interaction between 
Epithelial_2 and Macrophage clusters might indicate activation of cytotoxic T-cells 49 (Fig. 8.2G). Similarly, 
apoptotic FAS-FASLG interaction was found between Epithelial_3 and Macrophage (Fig. 8.2G). These 
results highlight the complexity of ongoing interactions between tumor cells and immune cells within CRC 
TME. Collectively, this immunosuppressive macrophages population may “guard” the tumor core, 
suggesting an essential role in the immune regulation of CRC invasive fronts (Fig. 8.1C)50.  

One of the key immune players of the TME are T-cells populations that might either serve as tumor 
suppressors or tumor facilitators 51. Distinct location patterns of T-cells subtypes were predicted between 
normal and tumor tissue. Within annotated IC_aggregate cluster, normal tissue contained higher predicted 
fractions of T cell subtypes (T naïve, and Tregs) and minor content of other T-cell subtypes (Fig. 8.3B-C, 
Appendix II Fig.S3C). Immune cells aggregates cluster was also enriched in myeloid fractions (Fig. 8.1E). 
Meanwhile, Tregs were higher in the tumor region, especially in the tumor core (Epithelial_1) with increased 
Treg chemoattractant CCL22 52 (Appendix II Table S4). Moreover, other upregulated immune-related genes 
included pro-apoptotic serine protease GZMB, CXCL12, CD276, and IgG immunoglobulins (Fig. 8.3D, 
Appendix II Table S19)  
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Figure 8.3. Spatial characterization of CRC myeloid and T-cell infiltration. (A) Spatial plot of annotated of macrophage 
and IC_ aggregate clusters. (B) Spatial plots of deconvoluted fractions of myeloid subtypes, T naïve, and Tregs. (C) 
Boxplots of deconvoluted fractions of SPP1+ macrophages, T naïve, and Treg along annotated clusters. (D) Heatmaps 
of selected DEGs between tumor and normal spots for both clusters. (E) Circo plots of L-R interactions within each 
corresponding cluster. (F) Circo plot of L-R interactions of IC_aggregate cluster with surrounding clusters. 
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L-R interaction within tumor IC aggregate cluster confirmed T-cells homing and Tertiary Lymphoid Structure 
(TLS) formation such as CXCL13-CXCR553, CCL19-CCR7, and CCL21-CCR754 together with leukocyte 
rolling SELPLG-SELL55. Moreover, this cluster exhibited TCR signaling mediated by B2M-CD24756, T-cells 
activation with PTPRC-SEMA4D57, antigen presentation B2M-CD3D, HLA-A-CD3D, HLA-CD3D as well as 
interaction of non-classical MHCI HLA-F with B2M (Fig. 8.3E). Interestingly, another increased interaction 
was CD72-CD5, which plays a crucial in maintaining homeostasis between Bregs and Tregs58. Moreover, 
interaction of CCL5-CCR4 and CXCL12-CCR4 was observed whilst CCR4 is highly expressed on Tregs59. 
Meanwhile, significantly increased interactions between tumor IC_aggregate  cluster and adjacent B_cells-
2 cluster supported active T-cells migration, homing, and activation (CCL19-CCR7, CCL11-CXCR3, IL7-
IL7R), proinflammatory cytokines production (CD14-TLR9), and antigen presentation (HLA-A-CD3G) (Fig. 
8.3F). Moreover, MADCAM-CD44 and TNFSF14-TNFSFR14 supported TLS formation and surrounding 
vascularization (Fig. 8.1A, 8.3F)60.Although TLS formation is usually linked to the favorable prognosis and 
more potent immune response to cancer, increased PVR-TIGIT and PVR-CD96 with the adjacent B_cell 
cluster may promote local immunosuppressive signaling (Fig. 8.3E) 61. Furthermore, a tendency to higher 
expression of CCL18, CCR8, CCL22, CCR4, and LAIR1 in tumor tissue as well as in tumoral IC aggregates 
compared to normal counterparts was validated by using public ST data. (Appendix II Fig.S4A-D). 

8.3.3. CRC invasive trajectory involved TNF and interferon induced gradients 
Further investigation of spatially variable genes with STdeconvolve reference-free deconvolution showed 
an epithelial topic (S100A6, S100A4, MMPs, EPCAM, IL32, CDH1, CD44) that determined the invasive 
margin of CRC within the stroma (Fig. S8.4E). To investigate differential gene expression and L-R interaction 
changes from the tumor core to further beyond the invasive margin, we performed invasive spatial 
trajectory analysis (Fig. 9.4A). Significant descending genes from the tumor core to the end of the invasive 
front included genes involved in CRC progression (S100A10, CD151), tryptophane metabolism (SLC7A5), 
and immune-related genes (CXCL5, HLA-F, IL-32) (Fig.8.4B, Table S8.20). Importantly, observed 
descending gene patterns from S100A10 or CXCL5 supported their upregulation in tumoral epithelial 
clusters (Fig. 8.2C, Appendix II Table S4-6). L-R interactions with descending pattern along the invasive 
trajectory included stromal signaling (ADAM9-ITGA3, COL18A1-ITGA3, FN1-ITGA3, LAMA4-ITGA3), TNF 
signaling (TNF-TRAF2), interactions related to immunosuppression (THBS1-ITGA3, CD151-ITGA3, HLA-A-
APLP2, CD55-ADRA2), and migration (TFF3-CXCR4) (Fig. 8.4C, Appendix II Table S21). For instance, THBS1 
produced by infiltrating monocytes-like cells was found to significantly contribute to immunosuppressive 
environment in a CRC mice model, supporting the impact of infiltrated macrophages located in the 
Macrophage cluster 62.  

Similar to descending genes, genes following early peak expression gradients supported increased 
expression in the tumor epithelial clusters such as CXCL9, CXCL3, MMP9, and S100A2 (Fig. 8.4D, Appendix 
Table S4-6). Furthermore, early L-R peaks included TNF interactions (TNF-TRADD, TNF-TNFRSF1A, 
TNFSF14-TNFRSF6B, and TNFSF14-LTBR) that highlighted the relevant role of TNF signaling along the 
invasive trajectory (Fig8.4E). Interestingly, interferon-induced genes followed different expression patterns 
with linear descending trajectories of IFI27 and IFITM1, early peak of IFI44L and late peak of IFI16, 
suggesting an active role of interferon-related genes shaping the TME along the invasive trajectory (Fig. 
8.4F).  
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Figure 8.4. Spatial characterization of the CRC invasive trajectory. (A) Spatial plots representing the spatial trajectory 
from the tumor core to the invasive margin within stromal tissue. (B) Line plots of selected differentially ascending 
genes within the spatial trajectory. (C) Circo plot of L-R interactions with a descending trajectory. (D) Line plots for 
selected early peak trajectory genes and (E) circo plot of corresponding L-R interactions. (F) Line plots for selected 
interferon-induced genes, (G) for key immune cell markers (H) for complement genes. (I) Circo plot of L-R interactions 
with ascending expression pattern. (J) Line plots for selected MHC genes and (K) for LAIR1 and GPNMB. 
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Lastly, ascending expression patterns indicated macrophage activation at the tumor invasive margin, 
including CD14 and complement genes (C1QA, C1QB, C1QC) (Fig. 9.4G-H). Infiltrated macrophages were 
increased along with HMGB1-CD163 and TNFSF12-CD163 interactions between Epithelial_3 cluster and 
stromal neighboring tissue (Fig. 8.4A,I). CD3E expression pattern confirmed T-cell infiltration along 
Epithelial_2 cluster and between Epithelial_3 and Stromal tissue while immunoglobins (IGHG1, IGHM) 
reflected B-cell infiltration along the invasive margin (Fig. 8.4A,G). Different antigen presentation gene 
patterns were observed with ascending trajectories for MHC class II genes (HLA-DMA, HLA-DRA) in 
contrast to HLA-F descending pattern (Fig. 8.4J). 

Interestingly, LAIR1 expression peak was observed at the Epithelial_3 cluster - Stromal tissue interface that 
may promote T-cell inhibition in the tumor margin (Fig. 8.4K). LAIR1 is an inhibitory receptor that blocks the 
activation of T-cells and macrophages whilst its blockage leads to increased numbers of anti-tumor T-cells 
and stimulates their activation63. GPNMB showed a similar expression pattern (Fig. 8.4K) that was 
previously reported in macrophages within invasive margins of CRC liver metastasis64. Moreover, active T-
cells – myeloid communication in the invasive margin was further supported by the L-R interactions of 
CCL18-CCR8, CCL18-CCR1, and CSF1-CSFR1 (Fig. 8.4E). In fact, CSFR1 is not only crucial for M2 
macrophages differentiation, but also CSFR1+ macrophages were found to aid pancreatic cancer cells 
growth by suppressing T-cells 65,66. Collectively, this CRC invasive trajectory was characterized by active 
immune cell-cell communication that may support CRC invasion and immune evasion. 

8.3.4. Pseudotime analysis revealed altered T-cell signaling and Treg signatures in CRC 
immune cell aggregates 

To investigate transcriptomics changes stemming from immune cell aggregates development from 
physiological conditions to CRC TME, we performed pseudotime trajectory analysis along IC_aggregate 
cluster from normal to tumor tissue. As a result, two developmental trajectory lineages were revealed, 
Lineage 1 from normal lymph nodes to tumoral IC aggregates and Lineage 2 from normal lymph nodes to 
their periphery (Fig. 8.5A-C). DEG analysis between lineages showed that Lineage 1 to tumor IC_aggregates 
(further named “tumor lineage”) contained higher expression of anti-bacterial (LTF), inflammation-related 
genes such as S100A9, complement cascade (C1R, C1S, C3), innate immunity (LSM14A), and anti-tumoral 
against CRC (GZMB, CLEC4A) (Fig. 8.5D, Appendix I Table S22)67-69. Meanwhile, altered NF-KB signaling 
exhibited as upregulation of NFKBIA and downregulation of IKBKB and IKBKG in tumor lineage. Higher 
antigen presentation in tumoral IC_aggregates was presented with upregulation of MHCI genes (B2M, HLA-
A, HLA-E), MHCII genes (HLA-DPB1, HLA-DRA, HLA-DPA1, HLA-DQA1), CD7470, CIITA96, TAP297 and high 
CD99-CD81 interaction involved in immunological synapse and T-cells proliferation71 (Fig. 8.5D). 
Simultaneously, impaired T-cell signaling in tumor IC_aggregate spots was reflected in the  increased 
negative TCR regulator SIT172 and SIRT2 as well as downregulation of co-stimulatory CD28 in tumor lineage 
(Fig. 8.5D). Interestingly, SIT1 was also increased in public ST data with a tendency to higher levels in 
proximal IC aggregates to CRC tissue (Figure 8.4A-D). Furthermore, L-R interactions along the pseudotime 
trajectory indicated increased vascularization (MMP2-PECAM1, TIMP3-CD44) in tumor lineage that are 
involved in angiogenesis (Fig. 8.5E, Appendix I Table S23) as well as several interactions of CXCL12 
(CXCL12-CXCR4, CXCL12-CD4,CXCL12-ITGB1) (Fig. 8.5E). Taken together, the pseudotime trajectory 
reflected the immune cell aggregates development in CRC with altered T-cells activation and enhanced 
Tregs signatures. 
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Figure 8.5. Pseudotime analysis of IC aggregates within normal and CRC tissue. (A) UMAP plot with 
calculated pseudotime along IC_aggregate spots. (B) UMAP plot of IC_aggregate spots with annotation 
according to their location and marked two developmental lineages. (C) Spatial plots with pseudotime in 
CRC and normal tissue. (D) Volcano plot with immune-related DEGs between the end of lineages. 

 

8.4. Discussion 
 Application of spatial transcriptomics in CRC research provides an innovative approach to 
understand spatial coordination of gene expression within TME. For instance, ST and scRNA-seq analyses 
in CRC liver metastasis unveiled that CAFs participate in generating a tumor-specific CXCL13+ CD8+ T-
cells via NOTCH signaling and CXCL13+ T-cells role in TLS formation21. In this study, in-depth ST analysis 
of CRC and normal matched tissue highlighted the intricate spatial complexity within CRC TME. Three 
epithelial clusters were identified spatially confined into the tumor region with unique expression profiles. 
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Several oncogenic pathways were identified such as Wnt signaling and altered expression of tumor 
suppressor TP53 and related genes among CRC epithelial clusters. Increased tumor suppressor TP53 and 
its inducer TP53BP1 within tumor core may promote apoptosis73. Meanwhile down-regulation of TP5313 
and TP53INP2 in Epithelial_2 cluster may counteract TP53-mediated apoptosis 74 by activating β-catenin 
that promotes CRC progression in mice models75. Moreover, high TGF-β5, TGFBI6, and tumor-promoter 
GPC-1 showed that TGF-β signaling may create a favorable TME and potentially participate in  
angiogenesis78. While the CRC stem cell marker CD44 was expressed in all epithelial tumor clusters79, 
specific up-regulation of CD47 in the tumor core may inhibit tumor apoptosis and promote immune 
evasion via interaction with SIRPα, expressed by macrophages80. Moreover, high expression of both CD47 
and CD44 is linked to EMT and hindered response to PD1/PD-L1 inhibitors81. Another “don’t eat me” signal 
of CD24-SIGLEC10 interaction, identified in tumor epithelial clusters, was found to promote tumor 
immune evasion in ovarian cancer82. 
 Ozato et al previously reported the accumulation of SPP1+ macrophages in the invasive front 
contributing to EMT, tumor growth and immunosuppression83. In our study, predicted Tregs infiltration and 
myeloid cells with SPP1+ macrophages surrounding tumor clusters promoted an immunosuppressive 
TME.  Importantly, high tumoral CCL18 expression, mainly from macrophages, but also CRC cells, induced 
CCR8+ Tregs trafficking to tumor site and was reported to impact tumor progression84. CCL18-CCR8 
presented a peak gradient along the invasive trajectory within the Macrophage cluster resulting in CCR8+ 
Treg infiltration in tumor clusters. Within the epithelial tumor clusters, CCL18-PITPNM3 interaction may 
mediate invasion, migration, and EMT as in breast cancer and hepatocellular cancer85,86 whilst CCL18 
binding to CCR1 and CCR3 causes inhibition of chemotactic responses46,87. Another Treg chemoattractant 
CCL22, mainly secreted by mreg DC, was detected within CRC TME supporting tumor-favorable 
environment88,89. Moreover, tryptophan metabolism with TDO2-KYNU-AHR signaling increases 
macrophage-derived CXCL5 in CRC tissue what may promote angiogenesis115 as well as M2 macrophages 
attraction based on the previous studies39. Observed impaired immune response within CRC TME was also 
reflected in high T-cells co-inhibitory CD276 and CTLA4 and CD86-CTLA4 interaction between 
macrophages and epithelial clusters90.  
 TLSs are temporary accumulations of immune cells that develop in non-lymphoid tissue which 
resemble lymph nodes91. Although, their presence usually is linked with the better prognosis237, here we 
demonstrated these immune cell aggregates were associated with impaired T-cell activation and Tregs 
chemoattraction. Within tumoral immune cell aggregates, increased MHC genes and T-cell activation 
genes suggested ongoing active antigen presentation. However, impaired T-cell activation was observed 
with upregulation of inhibitory SIT1 and SIRT2, which were reported in mice models92 and in NSCLC93 to 
inhibit TCR signaling and T-cells effector functions, respectively. Previously, SIT1 was found to be 
differentially expressed in CRC patients with high PD-L1 expression94. However, to the best of our 
knowledge, SIT1 has not been studied in the context of tumor CRC progression. In breast cancer, SIT1 was 
proposed as an independent prognostic marker95 whilst in cutaneous melanoma, SIT1 was proposed to 
play a role in regulating the immune microenvironment96. Considering its inhibitory properties on T-cells 
activation72 and its differential expression in the TLSs we speculate it plays an important role in impairing 
the functional properties of the T-cells located in the tumor vicinity. Moreover, we observed interaction of 
CCL5, CXCL12, and CCL22 with CCR4, that is highly expressed on Tregs59. CCR4+ Tregs in colon 
adenocarcinoma were found to be selectively recruited via CCL2297. Furthermore, CCL22 is highly 
expressed in lymph nodes by various cell populations, including DCs what is crucial for Tregs 
immunosuppresion98. Our findings suggested that CCL22 recruited Tregs, not only to tumoral TLSs, but also 
to CRC tissue, favoring an immunosuppressive TME. 
 The tumoral invasive trajectory to the neighboring stroma was characterized by activation of IFN 
and TNF signaling playing a fundamental role in CRC invasion. For instance, TNF binding to its receptor 
TNFRSF1A (TNFR1) leads to the activation of NF-kB pathway responsible for cell survival and proliferation99. 
Furthermore, TNFSF14-TNFRSF6B100 blocks several pathways including immune responses whilst 
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TNFRSF6B was found to inhibit T-cells chemotaxis and induce apoptosis of DCs via PKC-δ and JNK, 
effectively contributing to the immunosuppressive TME101,102. The role of IFN-related genes in CRC is not 
well established yet. Among identified Interferon-related genes, the early peak of IFI44L may stem from 
CD8+ pre-exhausted T cells within the tumor core as previously it was identified to be differentially 
expressed in pre-exhausted CD8+ T cells in CRC103. Moreover, other high IFN induced genes in tumor 
promoted CRC invasion such as IFITM1, involved in CRC metastasis via CAV-1, whilst IFITM3 was proposed 
as TGF-β pathway intermediate104 and was previously found to play a crucial role in maintenance of Tregs 
suppressive properties105. Further investigation of tumor spots with Treg infiltration determined increased 
apoptosis suppressor IFI6 that may induce CRC proliferation106,107. In esophageal carcinoma, IFI6 was also 
associated with mesenchymal and immunosuppressive microenvironment108, supporting that IFI6 
modulates the immune composition of CRC TME.  
 The limitation of this study lies in the single-paired sample cohort but ST public data could validate 
single-sample findings. Although the used spatial transcriptomics technology does not reach single-cell 
resolution, the number of cells within the spot varies between up to a few cells. To mitigate this limitation, 
cell-type deconvolution was applied and public scRNA seq datasets were implemented in the analysis. 
However, validation at the protein level of identified DEGs such as SIT1 would help to assess its function in 
CRC.  
  In conclusion, CRC TME is enriched in different immunosuppressive signaling pathways, impaired 
T-cells signaling, and Tregs infiltration in the tumor core surrounded by SPP1+ macrophages. In CRC 
invasion, CCL18 played a dual tumorigenic role inducing EMT and recruit Tregs via CCR8 together with 
CCL22-CCR4. At the same time upregulation of SIT1 in TLSs in CRC is reported for the first time.  
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9. Publication IV: Deep proteomics characterization of enriched CD4+ 
T cells in colorectal cancer tumor microenvironment  

Unpublished manuscript 

Authors: Urbiola-Salvador, V., Miroszewska, D.,  Jabłońska, A., Duzowska, K., Drężek-Chyła, K., Zdrenka, M., 
Śrutek, E., Szylberg, Ł., Jankowski, M., Bała, D., Zegarski, W., Nowikiewicz, T., Makarewicz, W., Adamczyk, 
A., Ambicka, A., Przewoźnik,M., Harazin-Lechowicz, A., Ryś, J., Filipowicz, N., Piotrowski, A., Dumanski, JP., 
Chen, Z. 

9.1. Introduction 
Despite significant advances in the diagnosis and treatment of colorectal cancer (CRC), it remains the 
second deadliest and the third most common cancer worldwide1. Recently developed immunotherapies, 
such as immune checkpoint blockade have revolutionized CRC treatment. However, CRC can develop 
resistance through alternative immunosuppressive mechanisms, which result in only a small proportion of 
CRC patients exhibiting complete responses to therapy2. Notably, the tumor microenvironment (TME), 
which consists of CRC cells intermixed with immune and stromal cells, plays an essential role in CRC 
development, progression and immune evasion 3. Therefore, a deeper understanding of the immune 
composition in CRC TME and the mechanisms underlying immune evasion are urgently needed. 

Within the CRC TME, cancer-associated fibroblasts (CAFs) support tumor growth and metastasis as well 
as interact with immune cells though the release of pro-inflammatory and immunosuppressive  
mediators4. Among myeloid cells, M1 macrophages primarily contribute to anti-tumor activity, whereas M2 
macrophages are associated with immunosuppression and tissue remodeling. M2 macrophages can 
recruit regulatory T cells (Treg) cells via CCL20 and Th2 cells via CCL17, CCL18, and CCL22 to the TME5. 
CD4+ T helper cell subsets are essential regulators of immune responses within CRC TME. By inducing 
multiple immunosuppressive mediators such as IL-10, immune checkpoint inhibitors (PD-1, TIM-3, and 
CTLA-4), Th2 and Tregs contribute to CRC immune evasion6. In contrast, Th1 cells can help cytotoxic CD8+ 
T cells to enhance anti-tumor activity and Th1 infiltration is linked to better CRC prognosis7. Importantly, 
metabolic reprogramming within the CRC TME by cancer and immune cells directly affects TME cell 
composition and promotes  immunosuppressives mechanisms. This occurs through metabolic 
deprivation of amino acids, such as tryptophan and arginine and induced high adenosine levels via 
CD39/CD73, leading to the exhaustion of effector anti-tumor cells8. 

Recent advances in mass spectrometry (MS)-based proteomics enable the quantification of thousands of 
proteins with high accuracy and sensitivity, providing valuable insights for clinical applications in colorectal 
cancer (CRC) research9 For instance, proteogenomics analyses resulted in identification of apoptosis 
dysregulation and increased proliferation, finding novel potential therapeutic targets. Interestingly, 
microsatellite instability sustained increasing glycolysis linked to the reduction of CD8+ T cells numbers 
within colon cancer TME9. Moreover, proteomic hypoxic signatures were linked to metabolic 
reprogramming and Epithelial-Mesenchymal Transition (EMT) together with TGFB1 signaling10. Importantly, 
inferred immune score was associated with active MHCII antigen presentation, proteasome processing, 
FOXP3 and CD68 while immune “cold” tumors were characterized with poor survival10. Meanwhile, laser 
capture microdissection (LCM) combined with proteomics allows for Region of Interest (ROI) isolation to 
characterize their specific proteomes within cancer tissue11. LCM combined with proteomics of epithelial 
and stromal regions from normal, adenoma, and CRC tissues demonstrated that stromal adenoma and 
CRC shared similar proteomic features characterized by active antigen presentation and higher 
proportions of CD4+ and CD8+ T cells11. Recently, proteomics analysis of FACS-sorted CD4+ and CD8+ T 
cells from CRC and normal tissues unveiled that increased lipocalin-2 (LCN2) in CRC promotes T cell 
apoptosis via deregulation of iron efflux12. Meanwhile, Huang et al.13 applied immunohistochemistry (IHC) 
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for LCM-based isolation of CAFs and hepatocellular carcinoma cells within the cancer tissue and Data-
Independedent Acquisition (DIA) proteomics demonstrated efficient isolation by representative CAF and 
cancer markers expression.  

In this study, IHC of CD4 followed by macrodissection was applied to isolate ROIs enriched with CD4+ T 
cells and immune infiltration from CRC and normal-matched Formalin-Fixed Paraffin Embedded (FFPE) 
tissue samples. Deep (Data Independent Acquisition) DIA MS-based proteomics analysis was performed 
to determine protein changes involved in CRC development, progression, and associated immune 
infiltration within the ROIs. Several tumorigenic processes were altered, including cell cycle-associated 
pathways, key epigenetic and transcriptional regulators, and elevated levels of anti-apoptotic proteins. 
Importantly, we revealed a complex immune network within the CRC TME, characterized by cancer-
associated inflammation and adaptive immune processes composed of pro-inflammatory and 
immunosuppressive mediators such as CD276 and PVR. Moreover, the CRC TME proteome also reflected 
a heterogeneous cell compositions with the co-existence of immunosuppressive M2 macrophages, Tregs, 
and CAFs as well as increased FGF2 and mast cell activators associated with CRC progression. 
Additionally, inferred Treg fractions were associated with high MHCII antigen presentation proteins, 
inflammatory proteins S100A8 and S100A9, and immunosuppressive IDO1 and ARG1.  

Notably, the CRC TME exhibited metabolic reprogramming, with several immunosuppressive mechanisms 
involved simultaneously, including NT5E-derived adenosine signaling and the deprivation of tryptophan, 
taurine, and arginine. Furthermore, the novel immune-regulatory receptor mast cell expressed membrane 
protein 1 (MCEMP1) was associated with CRC and may play a role in the adhesion and migration of CRC 
infiltrating CD4+ T cells, especially Tregs. 

9.2. Materials and methods 

9.2.1.  Study cohort and sample collection 
23 CRC patients (mean age 59.2, range 42-75 years and 52% males) who had a positive colonoscopy and 
subsequently underwent CRC surgery were included in this study. 15 CRC patients had tumors with 
advanced stages according to the Union for International Cancer Control (UICC) Tumor Node Metastasis 
(TNM) classification. Malignant neoplasm was confirmed by a pathologist. Samples were obtained from 
3P–Medicine Laboratory, Medical University of Gdansk and Bank of Biological Material at Masaryk 
Memorial Cancer Institute, Czech Republic. Tissue samples were collected after surgery, rinsed with PBS 
to remove blood, formalin-fixed and paraffin embedded.  Tissue sections were stored at room temperature. 

9.2.2. IHC, IF staining and ROI selection 
For IHC staining, tissue sections of 5 μm thickness were deparaffinized and stained with anti-CD4 antibody 
(Abcam 133616) with subsequent detection with HRP/DAB Detection IHC kit (Abcam, ab64261) according 
to manufacturer’s instructions. Slides were counterstained with hematoxylin (Sigma-Aldrich, GH5332) for 
1 minute and mounted with Pertex® (Histolab, 00801-EX). Mounted slides were scanned with Axio Scan.Z1 
(ZEISS, Oberkochen (Germany), digital images were uploaded to QuPath v.5.2. as Brightfield image (H-
DAB), CD4+ cells were detected, and ROI areas were marked. Color deconvolution was performed with 
Estimate stain vectors command followed by Positive Cell Detection command to detect CD4+ cells with 
default parameters.For immunofluorescence analysis, FFPE tissues of 5 μm thickness were deparaffinized 
and stained with primary antibodies anti-MCEMP1 (Abcam, ab121447) and anti-CD3 (Biolegend, 300415), 
and secondary Alexa594 (Invitrogen, A-11012). Nuclei were stained with DAPI (Thermofisher, D1306). 
Images were viewed in confocal microscope Leica TCS SP8, and recorded with Leica Application Suite 
X(3.5.2.18963) software. Images were processed in ImageJ (v. 1.54i). 
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9.2.3.  Sample preparation for proteomics analysis 
Selected ROIs were scrap from the glass slide and transferred to a Protein LowBind Eppendorf tube with 3 
µL of lysis buffer (4% SDS, 100 mM Tris-HCl pH 7.6 supplemented with protease and phosphoprotease 
inhibitors) per 10 nL of tissue. Samples were sonicated in an ultrasonicator Qsonica Q700 coupled with a 
cooler system (Qsonica, Newtown, CT, USA). Protein decrosslinking was performed by incubation in a 
thermoshaker for 1 h at 99 °C and 600 rpm. Protein concentrations were measured with the Pierce BCA 
Protein Assay Kit (Thermo Fisher) following manufacturer’s instructions. Disulfide bonds were reduced with 
50 mM DTT and an incubation at 95 °C for 5 min. Samples were prepared following the Filter Aided Sample 
Preparation (FASP) protocol 14 in 10 kDa cut-off Microcon filters (Merck, Rahway, NJ, USA) with digestion 
using  Sequencing Grade Modified Trypsin (Promega, Madison, WI, USA) at a protein:trypsin ratio of 1:50 
overnight at 37 °C. After peptide elution, trypsin activity was quenched by adding trifluoroacetic acid at 
0.1% final concentration. Peptide samples were desalted by STop And Go Extraction (STAGE) Tips protocol 
15 in Empore C18 extraction disks (CDS Analytical LLC, Oxford, PA, USA) and eluted with 60% acetonitrile 
(ACN)/1% acetic acid solution. Samples were dried using SpeedVac and stored at −20 °C until analysis. 

9.2.4. High-pH reversed phase liquid chromatography (RPLC) fractionation 
A pool sample was fractionated in a Gemini high pH C18 column (5μm, 4.6 x 250mm) coupled in a 
Shimadzu LC-20AB HPLC system by gradient of phase B (95% ACN, pH 9.8): 5% for 10 min, 5%-35% in 40 
min, 35%-95% in 1 min, and 95% for 3 min with a at a flow rate of 1mL/min. Eluates were collected every 
minute and concatenated in 10 fractions. 

9.2.5. LC-MS/MS analysis and MS data analysis 
Peptide samples with spiked iRT peptides (Biognosys Inc, Newton, MA, USA) were injected into a Thermo 
UltiMate 3000 UHPLC liquid chromatograph with a trap column to enrich peptides coupled to a self-packed 
C18 column (150μm internal diameter, 1.8μm column size, 35cm column length). Peptides were separated 
by a gradient of phase B (98% ACN, 0.1% FA): 5% for 5 min, 5%-25% in 85 min, 25%-35% in 10 min, 35%-
80% in 5 min, 80% for 10 min, 80%-5% in 5 min at a flow rate of 500 nL/min. Separated peptides were 
ionized with spray voltage 2kV and injected to a tandem mass spectrometer Fusion Lumos (Thermo Fisher 
Scientific, San Jose, CA, USA). Pool fractions were analyzed in DDA detection mode with 60K resolution MS 
scan (350-1500m/z) and MS AGC target of 3e6 with maximal injection time (MIT) 50ms by orbitrap mass 
analyzer that triggered the top 30 precursors. For MS/MS, resolution was 15K (200-2000 m/z) and AGC 
target was set to 1e5 with MIT 50 ms generated by HCD fragmentation with a normalized collision energy 
(NCE) of 30%. The dynamic exclusion was 30 s and MS/MS m/z start was fixed to 100. Precursors for MS/MS 
scan were with positive charge 2-6 and intensity over 2e4. Samples were analyzed in DIA detection mode 
with the same parameters as DDA, except the MS scan was 400-1500 m/z equally divided into 44 
continuous windows and MS/MS resolution was 30K. 

A hybrid spectral library was built with FragPipe (version 21.0) with the DIA_SpecLib workflow and default 
parameters including specific trypsin digestion16. Homo sapiens UniProtKB/Swiss-Prot database (Release 
2024_02) was used as reference. Carbamydomethylation (C) was set as fixed modification. Variables 
modifications included oxidation (M), N-terminal acetylation, phosphorylation (STY), ubiquitination (K), 
pyroglutamic acid (QC), methylation (K), formylation (K), formaldehyde adduct (WYH), carbamylation 
(MLV), and dihydroxylation (WMH). DIA data quantification was performed with DIA-NN (version 1.8.2 beta 
39) using the generated hybrid library with default parameters except protein inference was deactivated, 
while match between runs and peptidoform scoring were used17. 

9.2.6. Proteomics data processing, statistical and bioinformatics analysis 
Proteomics data and statistical analysis was performed in RStudio (version 1.3.1093) (RStudio, PBC, 
Boston, MA, USA) with R (version 4.3.3) (R Foundation for Statistical Computing, Vienna, Austria). 
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Proteomics data report from DIA-NN was used as input and spectral features were filtered followed by data 
preprocessing with MSstats R package (version 4.8.7) with default parameters except imputation was 
deactivated. MSstats preprocessing mainly includes data filtering with low detection rates, logarithmic 
transformation, feature median center normalization, and Tukey Median Polish summarization to protein 
abundances18. MSstats mixed-linear model was applied to test significantly differentially expressed 
proteins (DEPs) between paired CRC and normal-matched tissue samples. Proteins were considered 
differentially expressed with a False Discovery Rate (FDR) < 0.05 cut-off that was controlled by Benjamini 
and Hochberg correction. General linear regression was applied to determine significantly expressed 
proteins between advanced CRC (T3-4) and early CRC TNM stages (T1-2) including tumor location and age 
as confounding factors. Spearman correlation analysis was applied to determine significantly correlated 
proteins with predicted Treg fractions with a p-value < 0.05 cut-off. CIBERSORT deconvolution of immune 
cell fractions 19 was applied with the default LM22 signature matrix using IOBR R package (version 0.99.8) 
in absolute mode. Pathway enrichment analysis supported by active subnetworks was applied to 
determine enriched GO and KEGG terms from DEPs and selectively detected proteins or significantly 
correlated proteins with the pathfindR R package (version 2.3.0) based on the STRING protein-protein 
interaction database and FDR correction20. Cytoscape (version 3.10.2) was used to generate protein 
networks from enriched term proteins based on STRING database. All the figure plots were generated with 
ggplot2 R package (version 3.4.3), except alluvial plot complemented with ggalluvial R package (version 
0.12.5), Uniform Manifold Approximation and Projection (UMAP) plot that was created using the default 
pipeline using 20 Principal Components of Seurat R package (version 4.4.0), and heatmaps were generated 
with ComplexHeatmap R package (version 2.16.0) with z-score normalization. 

9.3. Results 

9.3.1. Deep DIA proteomics characterization of FFPE CRC and normal-matched tissues 
enriched with CD4+ T cells and immune infiltration 

FFPE tissue samples with high immune lymphocyte infiltration were selected and stained with CD4 
antibody to determine CD4 infiltration (Figure 9.1a, Appendix III Figure S1a). ROIs with high percentages of 
CD4 infiltration were isolated from CRC and normal matched tissue slides followed by protein extraction 
and sample preparation by FASP protocol for DIA LC-MS/MS proteomics analysis. As a result, 9249 protein 
groups, supported by spectra from 76448 peptides were included in the spectral library. Following data 
preprocessing and peptide summarization, 7983 protein groups were quantified across the cohort samples 
supported by 51789 peptides with an FDR < 0.01. While most of the protein groups were quantified in both 
cancerous and normal tissues, however, some were selectively expressed (Figure 9.1b, Appendix III Table 
S1). Among the 28 selectively expressed proteins in normal matched tissues, several were related to 
epithelial integrity, such as the mature absorptive cell marker BEST4 21 and a Paneth-like secretory cell 
protein PLA2G10 which down-regulation is linked to CRC 22. Similarly, a recently reported tumor suppressor 
ABCA8 23  was selectively detected in normal tissue together with proteins related to normal immune 
response and Peyer’s patches integrity including CCR10 and CCL19 constitutively expressed in secondary 
lymphoid tissues to attract CCR7 expressing T cells and other immune cells. The absence of these proteins 
reflects the disruption of normal tissue integrity in CRC. 
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Figure 9.1. Deep proteomics characterization of C4+ T cell enriched CRC tissue and normal matched 
tissue. (a) CD4 IHC staining (DAB) of representative CRC and normal matched tissue (left and right) 
counterstained with hematoxylin. Brown color represents cells positive for CD4 expression and their 
corresponding magnifications with high CD4+ T cell infiltration. (b) Venn diagram of quantified proteins 
between both tissue types. (c) Alluvial plot of proteins commonly identified proteins in CRC and normal 
tissue divided in four quantiles according to their cumulative distribution of protein abundance mean. (d) 
UMAP plot of cancer and normal samples. 

Among selectively detected proteins in CRC, ASCL2 and LGR5 were associated with CRC stem-like cells 
with metastatic capacities 24,25, cyclin CDKN2A, epigenetic regulators such as CTCF, and transcriptional 
factors such as MACC1 that may be involved in CRC epithelial mesenchymal transition (EMT) 26-28. Other 
CRC selectively detected transcriptional factors included JUN, JUNB, DACH1 or DACH2 and the cell cycle 
regulator AURKA together with its transcriptional factor, a DNA-binding protein ARID3A 29. Also, 
extracellular matrix (ECM) remodelers were only found in CRC such as cathepsin K (CTSK), 
metalloproteinases MMP1, MMP11 and MMP12 30 as well as sulfatases, SULF1 and SULF2, involved in CRC 
progression 31,32. Proteins linked to apoptosis, such as death receptor 5 (TNFRSF10B), but at the same time 
the decoy receptor TNFRSF6B that protects against apoptosis, were also found selectively expressed in 
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tumor tissues. Interestingly, proteins involved in CRC metabolic rewiring, CRC stromal infiltration with 
associated CAFs, and innate immunity and inflammation were also identified only in CRC (Table 9.1). 

Table 9.1 – Selected proteins involved in metabolic rewiring, stromal infiltration, immunity 

Metabolic protein Function 
SULT2B1 Sulfotransferase involved in epidermal cholesterol and steroids metabolism. SULT2B1 facilitates 

CRC metastasis via SCD1-mediated lipid metabolism activation 33 

FOLR3 Folate receptor and other folic acid derivatives that mediates delivery of 5-methyltetrahydrofolate 
to the interior of cells 

SLC6A6 Membrane protein that mediates sodium- and chloride-dependent transport of taurine 
KYNU Kynureninase is involved in the biosynthesis of NAD cofactors from tryptophan through the 

kynurenine pathway and mediates immunosuppression, a mechanism exploited in CRC via 
mainly tumor-associated macrophages and Tregs  34 

COL10A1/COL11A1 Chains of collagens type X and XI. TGF-β1-SOX9 axis-inducible COL10A1 was associated with 
gastric cancer invasion and progression 35 

S100A12 Pro-inflammatory calcium-binding protein involved in mast cell degranulation, leukocyte 
recruitment, cytokine production, and regulation of leukocyte adhesion and migration. S100A12 
is involved in inflammatory bowel disease (IBD) and CRC development 36 

 

Other immune related proteins were selectively detected such as C5AR1, a complement C5a receptor, 
cytolytic perforin PRF1, Interferon Induced Transmembrane Protein 3 (IFITM3), or chemoattractant 
cytokines CXCL10 and CCL20. Moreover, recently characterized proteins were also detected in CRC 
samples including C19orf53 that plays a role in metabolic imbalance and excessive cell proliferation 37 and 
C19orf59 defined as Mast Cell Expressed Membrane Protein 1 (MCEMP1). 

To investigate the distribution of the cumulative abundance between cancerous and normal tissue, 
proteins were divided into four quantiles. The alluvial plot showed similar patterns of cumulative 
distribution, especially the most abundant proteins (Q1) were shared between cancer and normal 
including histones, keratins, tubulins, and other structural proteins as well as most of low-abundance 
proteins (Q3 and Q4). Importantly, several proteins are in different quantiles between cancerous and 
normal tissues, such as high abundance of adhesion proteins CEA Cell Adhesion Molecule (CEACAM) 6, 
an anoikis inhibitor, and CEACAM5 in CRC (Q1) compared to normal tissue (Q4) suggesting active CRC 
invasion 38,39 (Figure 9.1c). Apart from selective detection of S100A12, other increased S100 proteins family 
n CRC included S100A8 and S100A9 that are also involved in cancer-associated inflammation. In addition, 
UMAP analysis showed that cancer and normal samples were grouped according to their protein 
abundance (Figure 9.1d). Collectively, DIA proteomics analysis of CRC and normal matched tissues 
enriched in CD4+ T cells and immune infiltration consistently quantified over 7900 protein groups.  
Selectively expressed proteins were detected, reflecting the CRC TME, including disrupted tissue integrity, 
oncogenic TFs, cell cycle proteins from uncontrolled CRC cell proliferation, ECM remodeling, metabolic 
rewiring, and prominent presence of pro-inflammatory proteins, cytokines and immunosuppressive 
mechanisms.  

9.3.2. Protein changes in CRC TME reflects a complex network of immune processes 
with cell heterogeneity 

To determine protein changes involved in CRC development within the TME enriched in CD4+ T cell 
infiltration and other immune cells, a mixed-general linear model was applied to compare protein 
abundances between paired tumor and norma-matched samples. 1954 protein groups were found 
increased and 607 with reduced levels in CRC (Figure 9.2a, Appendix III Tale S2). The most elevated protein 
in CRC was IGF2, which is a growth factor involved in cancer invasion secreted by CRC cells and CAFs. 
Additionally, elevated levels of COL12A1, tenascin C (TNC), Latent Transforming Growth Factor Beta 
Binding Protein 2 (LTBP2), SPARC, CD90 together with IGF2 suggested the presence of CAFs, which 
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promote cancer-associated inflammation in highly immune-infiltrated CRC regions 40-44. Similar to 
selectively detected proteins, the most elevated proteins in CRC included CRC stem cell markers such as 
OLFM4 and PROM145,46. Among reduced proteins in CRC, Trefoil Factor 3 (TFF3), Peptide-YY (PYY) , and 
glucagon are crucial for intestine mucosa integrity and nutrient intake as well as multiple keratins and 
mucins reflecting the mucosa disruption of CRC. Supporting CRC tissue disruption, the lack of lamina 
propia is evident by reduced levels of desmin and dermatopontin (Figure 9.2). 

Next, pathway enrichment analysis of GO and KEGG terms using DEPs and selectively expressed proteins 
was conducted to infer the biological processes involved in CRC TME. Both analyses revealed that the top 
terms were associated with splicing, RNA synthesis and translation, cell cycle, DNA repair, proteasome, 
and protein folding indicating that protein alterations reflected ongoing tumorigenic processes (Appendix 
III Figure S1b-c, Appendix III Table S3 and S4). For instance, oncogenes and proteins involved in CRC 
proliferation were elevated, including cyclins CDK1-2,5-7, MKI67, thymidine kinase 2 (TK2), G protein 
subunit gamma 4 (GNG4) 47, and G protein-coupled receptor, class C, group 5, member A (GPRC5A) 48 

among others (Figure 9.2a). Moreover, tumor suppressors were also reduced in CRC such as 
chromogranin-A 49 and intelectin 1 (ITLN1) that can inhibit suppressive myeloid cells 50. Noteworthy, 
metabolic rewiring was observed in CRC protein changes with reduced oxidative phosphorylation and 
increased alternative pathways including amino acids metabolism, central carbon cancer metabolism, 
and purine metabolism (Figure S9.1d). At the same time, several hallmarks of cancer were enriched in CRC 
such as angiogenesis (FLT1, S100P and its regulator MACC151, 52), apoptotic deregulation, cell-matrix 
adhesion with ECM remodeling proteins (MMP10, MMP2, MMP9, NGAL, and ELN53,54), and EMT with 
reduced EPCAM and increased SDBP (Figure 9.2a, 9.2b). Importantly, multiple proteins from enriched 
immune responses in CRC included innate immunity such as (defensins DEFA1 or DEFA355, azurocidin 1 
(AZU1)55, myeloperoxidase (MPO)56, Macrophage Migration Inhibitory Factor (MIF), guanylate-binding 
protein 1 (GBP1), myeloid nuclear differentiation antigen (MNDA) 57, and anti-bacterial LBP and BPI (Figure 
2a). Notably, the complement cascade was enriched in CRC with elevated levels of multiple components 
and regulators such as Factor H, CD55, and CD46 (Figure S9.1d). These results are in agreement with our 
previous LC-MS/MS proteomics analysis of CRC plasma samples in which several of these complement 
proteins were also elevated in plasma compared to healthy controls including C4B, C9 and C5 as well as 
other proteins such as LBP and ITIH4 58. Other enriched immune processes included type I IFN responses, 
IL1 response, IL12 production, monocyte and T cell chemotaxis, Fc gamma receptor, TGFB1 and NF-KB 
signaling pathways, antigen presentation (HLA-A,-B,-C and antigen processing proteins), 
immunosuppressor IL10 production pathway and several negative T cell regulators such as a PD-1 signaling 
mediator CSK binding protein (CBP)59,60, CEACAM1, PTPRJ, GBP1, and immune checkpoints (PVR and 
CD276) (Figure 9.2a, 9.2b). In fact, other immunosuppressive protein elevated in CRC was 5'-Nucleotidase 
Ecto (NT5E) which converts ATP to immunosuppressive adenosine, inhibiting T cell activation61. 
Interestingly, lipocalin 2 (LCN2) was elevated in CRC, and recently, its immunosuppressive function in CRC 
via induction of T cell apoptosis from iron efflux deregulation was reported 12. High levels of nucleophosmin 
3 (NPM3) may promote PD-L1-mediated immune escape in gastric cancer 62. Here, we detected increased 
level of this protein in CRC.  
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Figure 9.2. CRC TME enriched in CD4+ T cells and immune infiltration reflects a complex immune network. (a) Volcano 
plot of differentially expressed proteins (DEPs) between CRC and normal matched tissue with corresponding 
logarithmic fold changes and adjusted p-values (* indicates that the displayed protein is the first from a protein group). 
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(b) Bubble plot of selected GO-BP from DEPs between CRC and normal tissue. (c) Network of innate and adaptive 
immune processes within CRC TME inferred from DEPs present in the GO-BP terms. (d) Bar plot of CIBERSORT 
deconvolution results from cancer and normal tissues. Cell fractions are normalized to 1. (e) Violin plot of significantly 
changed cell fractions between cancer and normal tissues (all of them significant with adjusted p-value < 0.05. 

Importantly, anti-tumor macrophage derived proteins were reduced, including FOLR2 and MARCKS 63,64, 
what indicates reduced levels of M1 macrophages within CRC TME. Regarding B cells, we found reduced 
levels of IgA, and JCHAIN in CRC   which are required for intestinal immunity as well as reduced levels of 
protective proteins such as Fc Gamma Binding Protein (FCGBP) and zymogen 16 (ZG16) (Figure 2a). In 
contrast, IgGs, the BCR signaling transducer CD81 which facilitates clonal expansion and antibody 
production 65, and the IgM signal transducer Immunoglobulin Binding Protein 1 (IGBP1) were elevated in 
CRC. Another relevant reduced protein was Neural Cell Adhesion Molecule 1 (NCAM1), CD56, involved 
mainly in NK cell activation but also in T cells and B cells (Figure 9.2a). CIBERSORT cell fraction 
deconvolution was applied to infer the immune cellular composition in CRC TME and normal tissues. Cell 
fraction deconvolution revealed a complex mixture of immune cell types in both tissue types, including 
diverse T cell subsets, mast cells, myeloid cells, and B cells (Figure 9.2d). Importantly, CRC samples 
showed significantly elevated levels of inferred Treg, monocyte, and activated mast cells but reduced 
resting mast cells, suggesting an immunosuppressive TME in CRC compared to normal tissue (Figure 9.2e). 
Taken together, CRC tissue regions with high CD4+ T cell infiltration are marked by multiple cancer 
transformation pathways and hallmarks, including metabolic rewiring, cell stemness, and apoptosis. 
Simultaneously, an intricate network of innate and adaptive immune processes with proteins involved in 
cancer-associated inflammation and immunosuppressive mechanisms driven by Treg and 
monocytes/macrophages that may facilitate CRC immune evasion. 

9.3.3. CRC progression is associated with mast cell activation, CAFs infiltration and 
antigen presentation alterations 

CD4+ T cells and other immune cells are fundamental players within the TME in CRC progression and 
metastasis 66. To determine protein changes associated with CRC progression, general linear modelling 
was applied to compare between advanced CRC and early TNM stages. As a result, 215 proteins were 
increased in advanced stages and 300 were increased in early stages (Figure 9.3a, Appendix III Table S5). 
Altered protein levels along CRC progression were associated with multiple biological processes, such as 
HIF-1 signaling pathway, positive regulation of I-kappaB kinase/NF-kappaB signaling, cellular response to 
lipopolysaccharide, positive regulation of cell migration, ephrin receptor signaling pathway, and protein 
acetylation among others (Figure 9.3b, Appendix III Table S6, S7). The protein with highest fold change in 
late CRC stages was the secreted trypsin-like serine protease KLK6, that was previously reported being 
associated with poor CRC prognosis 67,68 (Figure 9.3c). Notably, MUC13 previously associated with CRC 
progression, poor prognosis, and immunosuppressive TME69. Here we found it was increased in advanced 
CRC along with its upregulation in cancer compared to normal tissue (Fig 9.3a, Appendix III Table S5). 
Several proteins involved in ribosome functionality were increased in advanced CRC along with higher 
levels of histones, which may reflect higher cell proliferation in advanced stages. At the same time, 
decreased levels of DNA repair proteins, MLH1 and ATM, and increased levels of key transcriptional factors, 
TCF20 and TMF1, involved in androgen receptor signaling, were found in advanced CRC. Metabolic 
alterations were also observed in CRC progression with elevated levels of glycosidases MAN2A2 and 
reduced MAN2A1, these changes were consistent with previous CRC studies 70. Another metabolic enzyme 
increased in late CRC was ADO (Fig. 9.3a, Appendix III Table S5), that converts cysteamine to hypotaurine, 
previously identified as a tumorigenic metabolic pathway in glioblastoma 71. 
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Figure 9.3. Protein changes within CRC TME associated with CRC progression. (a) Volcano plot of plot of differentially 
expressed proteins (DEPs) between advanced CRC and early TNM stages with corresponding logarithmic fold changes 
and adjusted p-values (* indicates that the displayed protein is the first from a protein group). (b) Bubble plot of 
selected GO-BP from significantly DEPs between advanced CRC and early stages. (c) Box and whisker plots of selected 
DEPs between early and late stages (* indicates p-value < 0.05, ** < 0.01, and *** < 0.001. 

Interestingly, several altered proteins were likely derived from cancer-TME interactions and CRC 
heterogeneity. For instance, increased vimentin expression may indicate an active EMT phenotype  whilst 
elevated ASCL2 and AVEN may indicate CRC stemness 72 and anti-apoptotic signaling 73, respectively. 
Importantly, in advanced CRC stages, elevated TNC and FGF2 may be involved in cancer invasion and 
secreted mainly by CAFs 74 (Figure 9.3c). Presence of CAFs in samples with advanced CRC stages was 
further supported by elevated MCAM, which were associated with poor CRC prognosis and correlated with 
angiogenesis75,76. ECM remodeling was also reflected in elevated levels of VCAN in advanced CRC, an ECM 
chondroitin sulfate proteoglycan that its proteolytic forms were previously associated with anti-tumor 
immunity against CRC while recently associated with T cell exhaustion depending on their 
glycosaminoglycan sulfation patterning in breast cancer77,78. Importantly, mast cell activation markers, 
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TPSAB1 and TPSB2 as well as CPA3, which may be involved in cancer angiogenesis and tumorigenesis79,80 
were increased in advanced CRC. Moreover, increased IFI30 and TRAF6 levels in samples of advance stage 
CRC, could indicate ongoing antigen presentation processing 81 and active immune response, respectively. 
Although, TRAF6 was previously correlated with lymphangiogenesis and lymph node metastasis in CRC as 
well as pro-inflammatory cytokine secretion in innate immune responses 82 (Figure 9.3c). 

On the other hand, early stages of the CRC were characterized by the elevation of ITGB6, FOLR2, and 
LGALS9, all indirectly involved in immunosuppression 83,84 (Figure 9.3a, 9.3c).  Noteworthy, MHC-I proteins 
(HLA-A,-C) were decreased with CRC progression (Figure 9.3a, 9.3c, Table S9.5), indicating a well-
established mechanism of immune evasion83.  

Taken together, protein abundancy changes associated with CRC progression suggested tumorigenic 
alteration within the TME including metabolic adaptions, EMT signatures, ECM remodeling with CAF-
related proteins including FGF2, mast cell markers, and relevant immunosuppressive mechanisms 
including LGALS9 and reduction of MHC-I presentation. 

9.3.4. Proteomic changes associated with Treg infiltration in CD4+ enriched CRC 
tissues 

Increased Treg infiltration was observed in the comparison between CRC and normal tissue (Figure 9.2e). 
Considering the fundamental role of Treg infiltration in CRC immune evasion, Spearman correlation 
analysis was performed between CIBERSORT inferred Treg fractions and protein abundances along CRC 
tissues to determine potential protein associations with Tregs. This analysis revealed that 380 proteins 
were significantly positively correlated and 77 were negatively correlated with inferred Treg fractions (Figure 
9.4a, Appendix III Table S8). Pathway enrichment analysis via active subnetworks of significantly correlated 
proteins demonstrated elevated oxidative phosphorylation with mitochondrial respiratory proteins (Figure 
9.4b, Appendix III Table S9), that was reported to support Treg differentiation 85. Other enriched immune 
processes included proteasome processing and high MHCII antigen presentation, Fc−epsilon receptor 
signaling, TCR signaling and T cell cytotoxicity together with apoptosis regulation, cell-cell adhesion, and 
histone deacetylation (Figure 9.4b, Appendix III Table S9). 
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Figure 9.4. Treg fractions and associated protein changes. (a) Heatmap of significantly correlated proteins with Treg 
fractions order by decreasing rho value and samples order in increasing inferred Treg fraction with z-score 
normalization. (b) Bubble plot of selected GO-BP from significant correlated proteins with Treg fractions. (c) Scatter 
plots of selected significant correlated proteins with inferred Treg fractions and relative protein abundance.  

High MHCII presentation, increasing MHCI proteins HLA-A and HLA-F, immunoproteasome subunits 
PSMB8 and PSMB9, and MHC-I processing TAPBP and GILT may indicate the active interaction of innate 
and adaptive immune responses related to Treg presence in the CRC TME (Figure 9.4a, 9.4c, Appendix III 
Table S8). Increasing levels of integrins ITGAM and ITGB2 were associated with Treg fractions, both proteins 
were with reported function in innate immune complement-opsonized pathogens as well as T cell 
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migration86,87. Similarly, FCER1G was linked to Treg content that could indicate the presence of mature 
regulatory DCs, a subset of highly immunosuppressive DCs with high IDO1 production and CXCL9 
deregulation88. In fact, IDO1 and ARG1 were positively correlated with Treg fractions, supporting an 
immunosuppressive metabolic rewiring within enriched CD4+ T cell CRC tissues with high Treg 
fractions89,90. Increasing abundancy of deacetylases SIRT1 and SIRT2 with Treg content may be associated 
with this immunosuppressive metabolic TME91. In contrast, ITGA4 was negatively correlated with Treg 
fractions. Low ITGA4 was reported to be associated with poor CRC prognosis and positively correlated with 
Th17 and immature DCs in CRC92. (Figure 9.4c). Taken together, Treg-linked protein changes within CRC 
TME are associated with antigen presentation with immunosuppressive phenotypes and metabolic 
alterations including tryptophan and arginine T cell depravation. 

9.3.5. CRC TME protein changes are associated with CD4+ T cell pro-inflammatory 
factors, CEACAMs and the novel chemotactic receptor MCEMP1 

Our analysis revealed immune heterogeneity and the inflammatory and immunosuppressive processes 
within CRC TME enriched in CD4+ T cells and other immune cells. To precisely assess the expression 
changes in specific cell population, a complementary analysis of public datasets was performed. A scRNA-
seq dataset from CRC and normal matched tissue of 72 CRC patients 93 were used to infer specific cell 
expression of detected protein changes. The selected protein changes identified in this proteomics 
analysis, were supported by scRNA-seq data among all CRC T-cells subsets as shown in Figure 5a. 
Interestingly, a tendency for higher fractions of LCN2 expressing Treg and CD8+CXCL13+ T cells was 
observed within CRC T cell subsets (Figure 9.5a). Another increased protein identified in CRC tissue 
CEACAM1 was found highly expressed in CRC infiltrating Tregs in scRNA-seq data  (Fig 9.5a, 9.5b). 
Interestingly, the Gram-negative bactericidal BPI, only found in CRC tissues in this study, in scRNA-seq data 
it was mainly expressed by stem-like CRC cells and some macrophages/monocytes, suggesting a role in 
CRC TME. Among proteins associated with the CRC progression in this study, in scRNA-seq data FGF2 was 
mainly expressed by CAFs and CRC cells, GILT was mainly expressed by myeloid cells but also other cell 
types, and tryptases (TPSAB1, TPSB2) and CPA3 were mainly expressed by mast cells but also in epithelial 
and other immune cells (Figure 9.5a, Appendix III Figure S2a). From correlated proteins with inferred Treg 
fractions, ARG1 was only expressed from a minor portion of cells in this scRNA-seq dataset, mainly 
macrophage/granulocytes, low fraction of epithelial cells, and CRC infiltrating Treg and follicular helper T 
cells (Tfol) (Figure 9.5a, 9.5b, Appendix III Figure S2b). Next, a public proteomics dataset from sorted CD4+ 
and CD8+ T cells from CRC and normal-matched tissues12, was analyzed to infer protein changes in CRC 
TME derived from T cells. First of all, we found elevated LCN2 levels in immune CRC TME (Figure 9.2a), 
which is in line with the main findings from Che et al.53. Noteworthy, bioinformatics re-analysis 
demonstrated that, the recently characterized immune receptor MCEMP1, was consistently quantified in 
CD4+ and CD8+ T cells by proteomics and exhibited a trend for higher expression in tumor-infiltrating CD4+ 
T cells (paired t-test: logFC = 0.53, p-value = 0.06), but not in CD8+ T cells, suggesting a relevant role in 
CD4+ T cells within the CRC TME (Figure 9.5c). Similarly, scRNA-seq data confirmed MCEMP1 expression 
in several T-cells subsets as well as in monocyte/macrophages, and granulocytes with a high number of 
Tregs expressing MCEMP1 (Figure 9.5b, 9.5d, Appendix III Figure S2b). Consistently, immunofluorescence 
staining confirmed the co-expression of MCEMP1 and CD3+T-cells within CRC TME (Figure 9.5e). 
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Figure 9.5. Protein changes are associated with specific cell components of CRC TME. (a) Box and whisker plots of 
normalized mRNA expression in scRNA-seq dataset from Pelka et al. 93 in main cell types separated by tumor and 
normal tissues. Each small black dot represents the gene expression of a single cell. (b) Box and whisker plots of 
normalized mRNA expression along T cell subtypes separated from CRC and normal tissue. (c) Paired box plots of 
normalized protein abundances of MCEMP1 between CRC-infiltrating CD4+ and CD8+ T cells and normal 
counterparts, respectively. (d) Box plot of MCEMP1 expression in scRNA-seq data. (e) IF staining of MCEMP+ CD3+ T-
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cells in representative CRC samples. Green arrow double-positive MCEMP1+ and CD3+ T-cell, red arrow – single 
positive MCEMP1+ cell. 

Taken together, our proteomics analysis revealed protein changes that may be associated with specific cell 
subsets within the TME, especially myeloid and T cells, many of which play a relevant role in tumor 
immunity and immunosuppression. 

9.4. Discussion 
Immune cell infiltration plays a crucial role within CRC TME via eliminating tumor cells or supporting tumor 
growth, invasion, and drug resistance among others5. In this study, deep DIA proteomics characterization 
of CRC and normal matched tissue enriched in CD4+ T cells and other immune cells was performed to 
determine protein changes within CRC TME. We analyzed the proteomics changes involved in CRC 
development, progression, and immune infiltration. CRC and normal-matched tissue samples were 
consistently different in their protein composition. Firstly, selectively detected proteins in CRC tissues 
revealed CRC tumorigenic processes with key epigenetic and transcriptional regulators. On the other hand, 
selective expression of a marker of absorptive cells, BEST4 in  normal tissue, and CCL19, specific for 
secondary lymph nodes and previously associated with anti-tumor CD8+ T cells in TCGA datasets and 
breast cancer 94, demonstrated disrupted tissue integrity and reduction of anti-tumor CD8+T cells in 
studied CRC tissue, respectively. Protein changes within TME CRC primarily reflected active cell cycle with 
DNA repair, RNA synthesis, spliceosome and protein refolding, all linked with high proliferation. Moreover, 
key CRC stem-cell markers such as ASCL2, involved in CRC progression, PROM1, and LGR5, for which 
CAR-T cell therapy are currently under development 95, were identified in CRC tissues. Other proteins, 
related to cancer hallmarks, were altered, such as FLT1 associated with angiogenesis and increasing 
microvessels in CRC 96, apoptosis deregulation with anti-apoptotic BCL2L1 and TNFRSF6B associated with 
poor CRC prognosis 97,98 or EMT with EPCAM reduction and transcriptional factor MACC1 via HGF/MET 
signaling 28. 

Importantly, protein expression patterns in CRC TME reflected changes in the cell composition. Although 
several key cellular markers were not detectable due to the heterogenous cellular populations in CRC TME 
and their low abundance, application of CIBERSORT enabled the deconvolution of cellular populations and 
estimation of cells fractions in bulk samples. Inferred immune cell fractions suggested an increased 
immunosuppressive environment compared to normal tissue reflected in higher fractions of Treg. 
Meanwhile, protein changes revealed cell composition changes linked to alterations in innate and adaptive 
immune responses. For instance, innate immune proteins dedicated to intestinal defense against 
pathogens such as ZG16 and FGCBP along with plasma-derived IgA were reduced, while B cells may be 
increased with high IgGs, CD81, and IGBP1 in CRC TME. Also, NK cell marker CD56 was reduced similarly 
to previous studies based on IHC staining99. Among innate immune proteins, BPI was elevated in CRC 
tissues and in CRC stem-like and myeloid cells from scRNA dataset. BPI was previously reported to be 
associated with IBD as anti-angiogenic factor100, however to the best of our knowledge, it was not studied 
in the context of CRC. BPI may play a role within TME infiltrated microbiota or can attenuate inflammation 
via competing with LBP 101. Furthermore, complement cascade members are involved in tolerogenic cell 
death and immunosuppressive TME with recruitment of Treg, M2 macrophages, and myeloid-derived 
suppressor cells (MDSCs) what may be a reason for the elevated complement proteins in enriched CD4+ 
Tcells TME 102. Supporting this complement role in enriched CD4+ T cell TME, elevated soluble Factor H in 
CRC samples was reported to create anti-inflammatory responses while the negative complement 
regulators CD46 and CD55 are responsible for dampening the complement cascade 102. Interestingly, 
increased mast cell activation markers (TPSAB1, TPSB2, and CPA3) in CRC were previously reported being 
associated with angiogenesis and tumorigenesis 79,80. However, the role of mast cells in CRC TME remains 
controversial and further research is needed 103. 



- 86 - 
 

Several CAF-related proteins were increased in CRC tissue, including CD90+ stromal cells that are main 
IL-6 producers, promoting cancer-associated inflammation 42 and also can produce immunosuppressive 
NT5E 104. Furthermore, FGF2 is secreted mainly by CAFs but can also be produced in an autocrine manner 
by CRC cells as observed in the CRC scRNA-seq dataset 105,106. Moreover, increased levels of FGF2 were 
reported in IBD and FGF2 secretion is induced in Tregs to promote tissue repair in an IBD mice model107, 
suggesting an immunosuppressive role in CRC progression. In this study, we reported a novel associations 
of FGF2 with CRC progression. Multiple myeloid related proteins were elevated, including GBP1 and GBP2, 
that are required for autophagosome maturation and activated by interferon type I and II stimulations. In 
fact, GBP1 was associated with immunosuppressive M2 macrophage phenotype in previous studies 108. 
Moreover, GBP1 can inhibit T cell activation by reducing IL-2 production via IFNγ 109. Elevated levels of LCN2 
together with lactotransferrin (LTF) may also counteract exacerbated inflammation as well as promote T-
cell death via ferroptosis 110, 111. Interestingly, high LCN2 expression in infiltrating Treg populations found in 
scRNA-seq data is according to the previous study that demonstrated Treg differentiation via LCN2 
characterized by non-classical HLA-G expression in vitro 112, suggesting additional immunoregulatory 
functions of LCN2 within CRC TME. At the same time, PTPRJ was also increased in CRC while a recent 
proteomics study in circulating immune cells of CRC patients demonstrated that increasing PTPRJ levels 
are responsible of effector CD4+ T cell suppression along CRC progression 113. Meanwhile, decreased 
levels of LGALS9 in advanced CRC in this study reinforces the recently proposed targeting of LGALS9 
signaling as a treatment alternative, with promising results of anti-LGALS9 immunotherapy clinical trials in 
other types of solid tumors  84. 

Increased levels of non-classical MHC-I class HLA-F, which was found to corelate with Tregs fractions, was 
reported to negatively regulate NK cells via alternative antigen presentation of a limited variety of peptides 
114 that may influence to the observed reduced CD56 marker in CRC tissues. In contrast, decreased FOLR2 
in CRC compared with normal tissue and CRC progression may indicate the reduction of FOLR2+ 
macrophages. This population was previously identified to co-localized with CD8+ T cells in breast cancer, 
CRC, and other cancers as good prognostic factor 63. However, another scRNA-seq study showed FOLR2+ 
macrophages associated with Tregs and an immunosuppressive TME in invasive lung adenocarcinomas 115. 
Therefore, further investigation is needed to unveil the role of this FOLR2+ macrophage subpopulation 
within the TME. Meanwhile, inferred Treg fractions were associated with oxidative phosphorylation and 
active antigen presentation from APCs including GILT, that was also increased in late CRC stages. GILT was 
previously linked to tolerogenic responses to breast cancer and melanoma tumor antigens via induction of 
Treg differentiation 116,117. A recent study reported that GILT was also associated with PD-L1 signaling in 
breast cancer 118. This highlights the potential role of GILT in immune tolerance to CRC mediated by APCs.  

Importantly, our data unveiled protein changes enriched in metabolic rewiring within CRC TME. 
Accumulated evidence demonstrated that metabolic alterations are responsible for immune evasion and 
immunosuppressive mechanisms119. In this study, multiple proteins involved in metabolic 
immunosuppression were reported including IDO1 correlation with inferred Treg together with increased 
KYNU and AHR, suggesting active tryptophan deprivation34. Interestingly, SIRT1 and SIRT2 were correlated 
with Treg fractions and previous proteomics studies in cancer mice models determined that SIRT5 
enhances Tregs 91 while SIRT2 can promote T cell exhaustion120. Apart from tryptophan metabolism, 
increased levels of the transporter SLC6A6 in CRC TME might be  involved in a novel immunosuppressive 
mechanism through taurine deprivation, reported in lung cancer 121. Previously, SCL6A6 overexpression 
was found in CRC tissues and associated with chemotherapy resistance in vitro and in vivo 122. Further 
supported by increased ADO, a taurine intermediary producer, in advanced CRC as previously found via 
metabolomics in CRC tissue and serum 123. Another Treg-correlated metabolic enzyme, ARG1, was found 
associated with CD15+ bone-marrow derived cells in CRC and associated with poor prognosis 124,125. 
Recently, ARG1+ granulocytes and IDO1+ monocytes were analyzed in CRC and their spatial pattern 
distribution may be associated with CRC prognosis, however, immunosuppression was not addressed in 
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this tissue microarray multiplex IHC study 126. In our study, ARG1 was positively correlated with Treg 
fractions and scRNA-seq confirmed its expression in myeloid cells as well as Treg and Tfol within CRC TME, 
suggesting effector T cell suppression via arginine deprivation. 

For the first time, the novel chemotactic regulator MCEMP1 was selectively detected within the CRC TME. 
Our re-analysis of public CRC T cells proteomics data 12 showed that increased MCEMP1 protein was 
detected in CD4+ T cells isolated from CRC tissue compared to normal tissue. Moreover, MCEMP1+ T cells 
presence in CRC tissue was confirmed by immunofluorescence. While scRNA-seq from CRC  showed 
MCEMP1 expression mainly in CRC monocyte/macrophage, granulocytes, CRC stem-like cells, 
importantly, several T cells subsets also express MCEMP1, with a high fraction of Tregs. MCEMP1 was 
primarily found in mast cells in which can regulate proliferation within lungs 127,128. Recently, TGFB1-
mediated activation of MCEMP1 was found in classical monocytes and alveolar macrophages in which 
MCEMP1 regulates migration and adhesion 129. A study in a mice sepsis model showed that MCEMP1 is 
upregulated in sepsis and promoted T cell apoptosis and inhibited their viability 130. Interestingly, an in silico 
study in CRC mRNA data showed that FOXP3 and MCEMP1 were correlated with liver metastasis while in 
gastric cancer was included in a gene prognostic signature associated with Treg 131,132. Further studies are 
needed to unveil MCEMP1 function in T cells, especially in infiltrating Treg within CRC TME as well as other 
immune cells. 

This study was limited by the number of involved patients and limited tissue material, although robust 
proteomics analysis ensured deep proteome characterization of the CRC TME. Although bulk proteomics 
analysis of composed tissue samples limits to determine cell specific protein expression and their full 
spatial distribution, the usage of public proteomics and scRNA-seq datasets facilitated to infer the cell 
composition of the CRC TME. However, integration of multi-omics approaches with emerging single-cell 
proteomics and spatial proteomics will provide deeper understanding of CRC underlying immune 
responses. 

In this study, deep proteomics analysis enable us characterized the immune regulatory network that 
included co-stimulatory and inhibitory signals reflecting the complexity of immune responses within CRC 
TME. Moreover, protein signatures linked to CRC progression and Treg content within CRC TME were found. 
Cancer-associated inflammation and immunosuppressive mechanisms are imbalanced with co-existence 
of multiple processes from exacerbated inflammation to immune checkpoints and metabolic deprivation 
immunosuppressive mechanisms. Moreover, proteomics changes within CRC TME enriched in CD4+ T 
cells and other immune cells reflected immune TME heterogeneity with higher inferred fractions of Tregs, 
monocytes, and activated mast cells. Our study unveiled novel immune regulators involved in CRC may 
facilitate the functional validation of immune-regulatory proteins for therapeutical application. 
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10.1. Introduction 
Colorectal cancer (CRC) is the third most common malignancy and the second most lethal cancer, causing 
935,000 cancer-related deaths in 2020 (1). CRC prognosis depends mainly on the tumor stage, location, 
and time of detection. However, despite the huge progress in cancer research, a large number of CRC cases 
are diagnosed at the advanced stage where cancers are aggressive, malignant, and metastatic (2). 

Currently, the most commonly used diagnostic tools for CRC screening and prevention include 
colonoscopy and flexible sigmoidoscopy, as well as the guaiac-based fecal occult blood test or the 
immunochemical fecal occult blood test, also known as the fecal immune test (3). These traditional stool-
based tests have low sensitivity and specificity (4), while colonoscopy and sigmoidoscopy, despite the high 
sensitivity, have relatively low compliance, high cost, and are invasive which limits their efficacy in 
population screening programs (5). Therefore, alternative, non-invasive, and efficient screening strategies 
to improve the early detection of cancers are urgently needed. Until now, several potential blood-based 
protein biomarkers for CRC screening and cancer prevention have been reported, including methylated 
Septin9 (6), extracellular vesicle microRNAs (7), and cell-free circulating DNA (8), but all lack the sensitivity 
and/or specificity for use as a stand-alone marker. 

Advances in proteomic-based technologies in the last decade have expanded the number of candidate 
biomarkers and led to a better comprehension of the CRC progression as well as the identification and 
characterization of related molecular signatures. The most recent advancement of Proximity Extension 
Assay (PEA) allows the quantification of over 3,000 proteins from low amounts of a sample by the 
combination of DNA-conjugated antibodies and next generation sequencing (9). Application of the PEA 
technology has led to the identification of carcinoembryonic antigen (CEA) as one of the best-studied 
blood-based prognostic biomarkers used in clinical practice (10–12). CEA is expressed in the embryonic 
endodermal epithelium, colorectal cancer, and other malignancies, such as inflammatory bowel disease 
(IBD), peptic ulcer, and pancreatitis (13). CEA is a promising plasma biomarker for the detection of CRC 
with high specificity and sensitivity (12, 14), however, due to the limited organ specificity (15), it is not the 
best sole biomarker for population based screening, yet it might be useful in CRC recurrence monitoring 

(16) and metastasis (17). Currently, the trend in biomarkers discovery is to focus on the biomarker panels 
rather than on a single-target protein as the broader spectrum of the analysis may help to address the 
cancer prognosis and detection more precisely. 

It was recently reported that two various multimarker panels consisting of five circulating proteins might 
be used as an efficient tool for the early and late-stage detection of CRC, including advanced adenomas, 
or in the prediction of overall survival in Germany and Chinese cohorts (18, 19). In a recent study, Harlid et 
al. (2021) showed that fibroblast growth factor 21 (FGF21) was associated with early, but not late stages of 
colon cancer, while pancreatic prohormone (PPY) was a promising biomarker for rectal cancer detection 
(20). However, neither FGF21 nor PPY could be used as stand-alone biomarkers for colon or rectal cancer 
but might be used as an efficient tool to discriminate between different subtypes of CRC. Therefore, there 
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is an urgent need for the identification of a reliable blood-based biomarker panel that would detect the 
early stages of CRC as well as assesses the prognosis at the population-based screening. 

Both chronic inflammation, such as IBD, and sporadic, cancer associated inflammation are well-known as 
key factors in CRC progression and development. Inflammation alters the communication between a 
variety of cell types, including innate and adaptive immune cells, epithelial cells, and stem cells. These 
intricate networks of cytokines, growth factors, receptors, and other molecules interaction result in either 
a tumor-promoting or inhibiting environment (21). Thus, in the development of plasma biomarkers for CRC 
diagnosis, prognosis, and immunotherapy, the inflammatory status is essential. 

The purpose of our study was to identify the protein expression changes in the plasma of CRC patients 
compared to healthy controls as well as between the early and late stages of CRC and inflammatory status. 
Therefore, an inflammation panel including 368 proteins was selected to be detected in this study. We 
hypothesized that CRC development, tumor stage, and inflammation-caused changes in protein level will 
be reflected in the circulating blood and as such, we would be able to obtain a panel of biomarkers with 
potential translation into clinics to improve patient care. In this study, we quantified the plasma protein 
profiles derived from 38 CRC patients and their age- and sex-matched 38 healthy subjects using the PEA 
technology and protein panels consisting of 368 oncology- and 368 inflammation-related protein 
biomarker candidates. We quantified 690 proteins, among which 78 differentially expressed proteins 
(DEPs), were elevated and 124 DEPs were reduced in patients with CRC. We found protein signatures 
associated with cytokine interactions, oncogenic signalling pathways, exacerbated apoptosis, as well as 
metabolism reprogramming. Additionally, we determined protein changes linked to cancer-associated 
inflammation and novel potential prognostic biomarkers associated with tumor stages. Linear regression 
model analysis revealed that carbonic anhydrase (CA11), a cluster of differentiation 276 (CD276), colony-
stimulating factor 3 (CSF3), and interleukin 12 receptor subunit beta 1 (IL12RB1), were positively 
associated with inflammatory status, whilst amyloid beta precursor protein binding family B member 1 
interacting protein (APBB1IP) and C-X-C motif chemokine ligand 6 (CXCL6) were negatively associated. 
Moreover, linear regression model analysis of tumor stage indicated high plasma levels of Fms-related 
tyrosine kinase 4 (FLT4), MANSC domain-containing protein 1 (MANSC1), and lysophosphatidic acid (LPA) 
phosphatase type 6 (ACP6), that could be used as potential prognostic biomarkers for advanced CRC. In 
contrast, high levels of interferon γ (IFNG), interleukin (IL)32, and IL17C in early CRC stages indicate that 
these proteins can discriminate between early and late stages, patients. Validation of these identified 
plasma protein changes with larger cohorts will facilitate the identification of potential novel diagnostic, 
prognostic biomarkers for CRC. 

10.2. Methods 

10.2.1. Study cohort 
The study was retrospective and consisted of 38 patients who underwent CRC surgery (mean age: 66.7 ± 
12.3; 42.1% male) between June 2019 and April 2021 and 38 age- and sex-matched healthy subjects. All 
CRC patients had a positive colonoscopy and pathology-confirmed malignant neoplasm of the rectum or 
colon. Among them, 63.2% (24/38) were diagnosed with late-stage CRC (III-IV) according to the Union for 
International Control TNM classification and 28.9% (11/38) had inflammation according to the pathologist 
assessment (Table 11.1). Samples collected from CRC patients and healthy subjects were obtained from 
the 3P–Medicine Laboratory, Medical University of Gdansk (22) and Biobank HARC, Medical University of 
Lodz, respectively. In order to validate the assay in an independent cohort, serum samples from 41 patients 
who underwent CRC surgery (mean age: 58.9 ± 10.1; 43.9% male) were obtained from the Bank of 
Biological Material at Masaryk Memorial Cancer Institute, Czech Republic. Supported by the project 
BBMRI.cz no. LM2023033. Whole blood samples were collected into sterile BD Vacutainer® K2EDTA tubes 
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during the day of the planned CRC resection, centrifuged, aliquoted plasma and serum, and stored at -
80°C until use. 

 

10.2.2. Protein profiling 

Plasma proteins were analyzed using the multiplex PEA technology (Olink® Explore 384-Oncology and -
Inflammation panel, Olink Proteomics, Uppsala, Sweden) (Supplementary Tables 1 and 2). Briefly, the PEA 
technology is a dual recognition approach based on matched pairs of oligonucleotide-labeled antibodies 
that bind to their target proteins. Once the target proteins are bound, the oligonucleotides brought into 
proximity, hybridize and are detected and quantified by using next-generation sequencing (9.20). PEA 
quantifies a large number of proteins (> 3,000) with good precision, using a minimal volume of plasma or 
serum samples, and without loss of specificity and sensitivity. The protein levels are presented in the 
normalized protein expression (NPX) values on a log2 scale. A high protein concentration corresponds to a 
high NPX value. For quality assessment and validation of the PEA technology, the protein level of ACP6 was 
measured by ELISA, while for CSF3, IFNG, IL6, CXCL9, and CCL23 were determined by using Luminex 
MAGPIX technology. 

TABLE 10.1 Clinical characteristics of patients with CRC. 
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10.2.3. Statistical analyses 
Almost all statistical analyses were performed in RStudio (version 1.3.1093) using R (version 4.0.3). First, 
proteins were filtered when the quality control was negative or the calculated NPX values were below the 
respective protein limit of detection (LOD) in at least 50% of samples from one of the study groups. The 
remaining NPX values below the LOD were imputed with the respective LOD/√2. Moderated t-test from the 
R package “limma” (version 3.46.0) was used to test differential protein abundance between CRC patients 
and healthy subjects. Additional analysis was performed using the general linear model regression 
approach with analysis of contrasts using the R package “emmeans” (version 1.6.2.1). A general linear 
model was fitted to the expression of each protein in all CRC patients using tumor stage and inflammation 
as independent variables, and sex as a confounding factor. The false discovery rate (FDR) was determined 
using the Benjamini & Hochberg correction. Proteins were considered differentially expressed when FDR 
adjusted p-value < 0.05. The built-in R function cor.test was used to calculate the point-biserial correlation 
between protein expression and tumor stage or inflammation status, the p-value < 0.05 was considered 
significant. Gene set enrichment analysis with Gene Ontology terms was performed using ClusterProfiler 
(version 4.6.0), while Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis via active subnetworks from STRING database was conducted using “pathfindR” (version 1.6.3), 
with FDR < 0.05. “ggplot2” (version 3.3.5) was used for graphics generation, excluding heatmaps that were 
generated using “ComplexHeatmap” (version 2.6.2). The hierarchical clustering (Euclidean distance) was 
implemented to visualize the patterns of DEPs among samples after the z-score transformation of NPX 
values; DEPs were split by k-means clustering. T test was used for the calculation of continuous variables 
(protein levels) by using GraphPad Prism version 9.0 (GraphPad Software Inc., San Diego, CA, USA). 

10.3. Results 

10.3.1. CRC development causes cytokine and oncogenic signaling pathway changes in 
plasma 

To determine the changes in the protein profiles in peripheral blood caused by CRC development, we 
performed plasma protein analysis by using PEA technology. Out of the total 736 proteins from the 
Inflammation and Oncology Explore panels, after removing repetitions in the panels and after removal of 
proteins with low detection rates among the samples, 690 proteins were quantified. Among them, 78 
proteins were elevated and 124 were reduced in the 38 CRC patients compared with their age- and sex-
matched healthy controls (Figure 10.1A, Supplementary Figure 10.1A, and Supplementary Table 11.3). Of 
the elevated DEPs, dipeptidase 2 (DPEP2), hydroxyacylglutathione hydrolase (HAGH), and agouti-related 
neuropeptidase (AGRP) as well as downregulated DEPs as neutrophil cytosolic factor 2 (NCF2), epidermal 
growth factor-like protein 7 (EGFL7), and ectonucleotide pyrophosphatase/phosphodiesterase family 
member 5 (ENPP5) were the DEPs with the most statistical difference. In line with previous studies which 
were carried out with different technologies for protein detection and quantification (17,23-28), high 
plasma levels of AGRP, FGF21, midkine (MDK), C-C motif chemokine ligand 20 (CCL20), IL6, and CSF3 as 
well as reduced ribonucleotide reductase regulatory TP53 inducible subunit M2B (RRM2B) on plasma level 
of CRC patients were also identified in our study. Importantly, we found novel protein changes including 
high levels of oncogenic proteins such as R-Spondin 3 (RSPO3) and secernin 1 (SCRN1) as well as low 
levels of tumor suppressors such as Ret proto-oncogene (RET) and Rho guanine nucleotide exchange 
factor 12 (ARHGEF12) in CRC patients. These results suggest the association between plasma protein 
levels and protein expression within the tumor microenvironment (TME). 
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Figure 10.1 Colorectal cancer (CRC) development causes cytokine and oncogenic signaling pathway changes in 
plasma. (A) Volcano plot of statistical significance against fold-change of proteins between CRC patients and healthy controls. Dots 
indicate individual proteins and the red and blue dots represent significant up-regulation and down-regulation in patients, 
respectively. (B) Network of KEGG pathway enrichment analysis combined with STRING protein-protein interaction network 
analysis. Green and red proteins indicate significant up-regulation and down-regulation, respectively. (C) Box and whisker plots of 
selected DEPs not previously reported associated with CRC. * indicates statistically significant with an adjusted p-value < 0.05, ** 
indicates an adjusted p-value < 0.01, and *** indicates an adjusted p-value < 0.001. DEP, differentially expressed protein; FC, fold 
change, NPX; normalized protein expression. 
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To investigate the involved pathways and the complex protein-protein interactions among these DEPs, 
KEGG enrichment analysis via active subnetworks was performed. Plasma protein changes were mainly 
associated with the cytokine-cytokine receptor interaction, including high plasma level of T-cell 
chemoattracting chemokine CXCL9 and the immune cell chemoattractant CCL23, as well as several 
signalling pathways including mitogen-activated protein kinase (MAPK), resistance to audiogenic seizures 
(Ras), tumor necrosis factor (TNF), nuclear factor kappa B (NF-κB), and IL17 signalling pathways 
(Figures 11.1B, C, and Supplementary Table 4). Notably, proteins involved in Th17 cell differentiation were 
upregulated in CRC patients, suggesting an active role of this T-cell helper subtype in CRC development. 
Moreover, proteins related to non-fatty liver disease (NAFLD), a disease previously associated with CRC 
risk(29), were enriched (Figure 10.1B and Supplementary Tables 10.3, 10.4). At the same time, high levels 
of apoptosis-associated proteins, caspase-8 (CASP8) and BH3 interacting domain death agonist (BID) were 
discovered, with BID having the second highest fold change in the comparison (Figures 11.1A–C). To reveal 
possible mechanisms of cancer development, DEPs were further evaluated by using gene set enrichment 
analysis. This analysis revealed that the gene ontology terms including oxidative phosphorylation, aerobic 
respiration, respiratory electron transport chain, and ATP synthesis coupled electron transport in 
mitochondria were enriched in CRC patients (Appendix IV Supplementary Figure 1B and Appendix IV 
Supplementary Table5). Moreover, other metabolic proteins were highly elevated in CRC patients including 
HAGH and DPEP2 (Figure 10.1C) which may reflect the metabolism reprogramming due to CRC 
tumorigenesis, a well-known hallmark of cancer (30). 

Next, to distinguish which of the protein changes were a consequence of an altered secretion from a certain 
type of cells and which were a result of destructed tissues or cells released during CRC tumorigenesis, 
from the 202 DEPs, 50 proteins were identified in the human blood secretome from Human Protein Atlas, 
including cytokines that modulate the immune responses within the TME, such as IFNG, IL6, IL15, CCL20, 
CXCL9, and CCL23 (Appendix IV Supplementary Table 6). Some of these cytokines were previously found 
with high plasma levels in CRC such as pro-inflammatory cytokine IL6 which is also required for Th17 
differentiation (26), the pro-inflammatory MDK involved in multiple biological processes (17), and the 
chemoattractant of B- and T-cells CCL20 (25), whereas the detected IFNG is a well-recognized pro-
inflammatory and antitumorigenic protein (31). Interestingly, the elevated plasma levels of the 
chemoattractant CXCL9 and CCL23 in CRC patients were reported for the first time in our study. These 
results suggest that plasma protein changes can reflect the variety of altered processes involved in 
tumorigenesis. Collectively, CRC development causes protein changes in plasma that are linked to several 
signalling pathways, cytokine interactions of underlying immune responses, and altered metabolism. 

10.3.2.  Cancer-associated inflammation alters the plasma protein expression in CRC 
patients 

It is well-known that chronic inflammation may contribute to cancer development. To determine plasma 
protein changes related to inflammatory status in CRC patients, we analyzed DEPs among patients with 
and without inflammation (11 and 27 cases, respectively). Correlation analysis revealed 56 proteins 
significantly correlated with inflammation, among which 7 proteins, CA11, CD276, CSF3, IL3RA, IL12RB1, 
MILR1, and SEMA4C were positively correlated, while 46 proteins including ACP6, APBB1IP, CXCL6, and 
dicarbonyl and L-xylulose reductase (DCXR) were correlated negatively (Figure 10.2A and Appendix IV 
Supplementary Table 7). Among them, elevated IL12RB1 and reduced DCXR showed the highest 
correlation with inflammatory status (Figure 10. 2A and Appendix IV Supplementary Table 7). To confirm 
the association between protein expression and inflammation, a linear regression analysis was used to 
determine the differential expression of these proteins. As a result, 26 DEPs were identified which were 
significantly correlated in the previous analysis (Figure 10.2B and Appendix IV Supplementary Table 8). 
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Figure 

10.2 Plasma protein changes induced by cancer-associated inflammation in CRC patients. (A) Heatmap of proteins with significant 
correlation with inflammation status. Protein expression is transformed with a z-score by row normalization and distributed by 
hierarchical clustering. The correlation coefficients (right) indicate a positive/negative correlation for each protein. (B) Volcano plot 
of statistical significance against fold-change of proteins between CRC patients with inflammation and without inflammation. Dots 
indicate individual proteins and the red and blue dots represent significant up-regulation and down-regulation in CRC patients with 
inflammation, respectively. (C) Box and whisker plots of selected DEPs not previously associated with cancer-related inflammation 
in CRC patients. *: adjusted p-value < 0.05, **: adjusted p-value < 0.01. 
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KEGG pathway enrichment analysis demonstrated that the DEPs were mainly assigned to cytokine-
cytokine interaction, IL17 and Th17 cell differentiation, and Janus kinase (JAK)-signal transducer and 
activator of transcription (STAT) signalling pathways, as well as pentose and glucuronate conversion 
(Appendix IV Supplementary Table 9). It has been well documented that Th17 cells play an essential role in 
inflammation via the production of pro-inflammatory cytokines IL17A, IL17F, IL22, and IL21. Th17 cell 
activity is also associated with an increased risk of CRC tumorigenesis(32). Among the DEPs involved in 
the IL17, Th17 cell differentiation and JAK-STAT signalling pathways, elevated levels of CSF3 and reduced 
CXCL6 were previously found in the serum of CRC patients(27,33), while our study also demonstrates their 
association with cancer-associated inflammation (Figures 10.2A–C). Interestingly, CSF3 is involved in 
inflammation by inducing bone-marrow neutrophil differentiation and its high levels are related to CRC 
tumorigenesis (27). Moreover, we report, for the first time, the association of IL12RB1, CA11, CD276, and 
APBB1IP with cancer-associated inflammation (Figure 10.2C). Accordingly, IL12RB1 and CSF3 were 
detected with high plasma levels in the whole CRC patients compared with healthy controls (Figure 
10.1A and Appendix IV Supplementary Table 3). It is worth noting that IL12RB1, CD276, and APBB1IP are 
involved in cancer surveillance, inhibition of T-cell mediated responses, and T-cell recruitment, 
respectively(34-36), whereas CA11 may induce proliferation and invasion of gastrointestinal tumors (37) 
(Figure 10.2C). In summary, these results suggest that inflammation in CRC patients can influence 
plasmatic protein levels. Furthermore, these proteins may be useful indicators of cancer-associated 
inflammation that may complicate the outcome of CRC patients. 

10.3.3. Determination of potential plasma biomarkers associated with CRC stages 
The main cause of a patient’s death due to CRC is tumor growth and its increased invasiveness, resulting 
in metastasis. Therefore, it is crucial to find prognostic biomarkers for CRC progression. We determined 
the plasma protein changes associated with CRC advance by the comparison of patients with early (I and 
II) and late (III and IV) stages of CRC. The correlation analysis showed that 13 proteins, ACP6, CCL23, C-
type lectin domain family 4 member G (CLEC4G), FLT4, IL1R2, IL6, MANSC1, marginal zone B and B1 cell-
specific protein (MZB1), S100 calcium-binding protein A12 (S100A12), secretoglobin family 1A member 1 
(SCGB1A1), SPARC-related modular calcium-binding protein 2 (SMOC2), thioredoxin domain containing 
15 (TXNDC15), and WAP, follistatin/kazal, immunoglobulin, kunitz and netrin domain containing 2 
(WFIKKN2) were positively correlated with tumor stage, whereas 7 proteins, including IFNG, IL32, integrin 
subunit alpha 11 (ITGA11), ITGAV, selectin P ligand (SELPLG), trefoil factor 2 (TFF2), and transmembrane 
serine protease 15 (TMPRSS15) were correlated negatively (Figure 10.3A). Among them, FLT4 showed the 
best prognostic performance for late-stage CRC with the highest correlation coefficient (Figure 
10.3A and Supplementary Table 10.10). The elevated plasma FLT4, also named Vascular Endothelial 
Growth Factor Receptor 3 (VEGFR3) in the late stage of CRC may be associated with VEGF-mediated 
lymphangiogenesis and angiogenesis Similarly to the analysis with inflammatory status, the regression 
analysis resulted in fewer DEPs than correlated proteins. This analysis revealed that ACP6, FLT4, and 
MANSC1 were elevated in the late stages of CRC, while IL17C, IL32, and IFNG were elevated in the early 
stages (Figures 11.3B, C, and Appendix IV Supplementary Table 11). Notably, the enzyme ACP6 which is 
involved in phospholipid metabolism by hydrolysis of LPA was negatively associated with inflammatory 
status, suggesting that ACP6 may play a role in both inflammation and CRC progression (Figure 10.3D). 

. 
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Figure 10.3 Plasma protein expression differences between early and late stages of CRC. (A) Heatmap of proteins with significant 
correlation with tumor stage. Protein expression is transformed with a z-score by row normalization and distributed by hierarchical 
clustering. The correlation coefficients (right) indicate a positive/negative correlation for each protein. (B) Volcano plot of statistical 
significance against fold-change of proteins between CRC patients with early tumor stage and with late tumor stage. Dots indicate 
individual protein and the red and blue dots represent significant up-regulation and down-regulation in CRC patients with late tumor 
stage, respectively. (C) Box and whisker plots of DEPs that are novel potential prognostic biomarkers associated with cancer stages 
in CRC patients. *: adjusted p-value < 0.05. (D) Venn diagram with the differentially expressed proteins for each comparison: CRC 
patients vs. control, Inflammation vs. Non-inflammation, and Early vs. Late. Black arrows indicate the proteins of interest that are in 
common between comparisons. Red and blue arrows indicate up-regulation and down-regulation for the specified group, 
respectively. C, control; Inf., inflammation; Non-Inf., non-inflammation; P, patient. 
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10.3.4. Validation of identified plasma protein changes with a different cohort 
To validate some of the newly identified plasma protein changes in CRC patients, an independent cohort 
including 41 patients who underwent CRC surgery obtained from the Bank of Biological Material at Masaryk 
Memorial Cancer Institute, Czech Republic was used. Higher concentrations of IL6 and CSF3 among CRC 
patients than in healthy volunteers were confirmed in the validation stage of the study (Figure 10.4A). 
Importantly, increased secretion of IFNG, CXCL9 and CCL23 in the plasma of CRC patients compared to 
healthy subjects was detected in the validation cohort by Luminex (Figure 10.4A), suggesting that elevated 
plasma level of IFNG, CXCL9 and CCL23 might be served as a biomarker of CRC. Importantly, similar as 
detected by PEA (Figure 10.3B), the elevated level of ACP6 in late stage compared with early stage of CRC 
was confirmed in this cohort as well (Figure 10.4B). Taken together, these results indicate that ACP6 might 
be a potential prognostic marker for advanced CRC. Notably, MANSC1 and ACP6 have not been previously 
reported to be associated with CRC development. However, these findings need to be confirmed by using 
bigger validation cohort. 

 
Figure 10.4. Validation of potential candidate biomarkers. (A) Plots with the concentrations of CSF3, IFNG, IL6, CXCL9, and CCL23 in 
CRC patients (P) and healthy controls (HC) (mean ± SEM) detected by Luminex. (B) Plot with the concentrations of ACP6 detected by 
ELISA in CRC patients with early and late stages, respectively (mean ± SEM). T test was used for statistical analysis. *: p-value < 
0.05, ****: p-value < 0.0001, NS: non-significance. 

10.4. Discussion 
Cancer, including colorectal cancer, is the leading cause of death worldwide and the most devastating 
disease as the 21st century begins. Thus, there is an urgent need for the discovery and validation of reliable 
and efficient non-invasive biomarkers for early CRC detection and prognosis prediction, including 
biomarkers to detect cancer-associated inflammation. To determine plasma protein changes in CRC 
patients, by using PEA technology, we quantified 690 proteins, among which 202 were changed compared 
to healthy subjects. 

Among the elevated cytokines in CRC patients, CXCL9 and CCL23 have been identified as novel potential 
biomarkers. The T-cell chemoattractant CXCL9 was previously found elevated in CRC tissues compared to 
normal colon tissues and it was associated with tumor differentiation and invasion, lymph node and distant 
metastasis, as well as with vascular invasion (38). An enhanced expression of CXCL9 in cancer tissue than 
healthy tissue was also observed in the second Chinese study, where CXCL9 expression levels were 
associated with tumor stage and survival (39). Importantly, CXCL9 may also recruit T-cells to the TME and 
exerts antitumor activity (40). The chemokine, CCL23 has been found as a cytokine with both, pro- and anti-
cancer properties. It can induce angiogenesis by activating C-C Motif Chemokine Receptor 1 (CCR1) on 
vascular endothelial cells and increase the proliferation of cancer cells, but also, it can promote immune 
infiltration (41). However, what type of immune cells and T-cells are attracted to the TME by CCL23 and 
CXCL9, respectively, requires further studies. A strong elevation of CCL23 protein was noticed in rectal 
cancer compared to non-rectal cancer consisting of ascending, transverse, and sigmoid colon (42), 
while CCL23 expression was not detected in colon adenocarcinoma cells in a second study (43). 
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Interestingly, none of the previous studies reported high CXCL9 and CCL23 levels in the plasma of CRC 
patients. 

Apart from cytokines, plasma levels of other immune-related proteins were changed in CRC patients 
compared to the healthy controls, such as DPEP2 and Peroxiredoxin 6 (PRDX6), which have not been 
previously reported as plasma diagnostic biomarkers. The protein expression of DPEP2, a dipeptidase 
involved in leukotriene metabolism, was recently found as a modulator of macrophage inflammatory 
responses, protecting mice against Coxsackievirus B3-induced viral myocarditis (44). Interestingly, DPEP1, 
the paralog of DPEP2 was up-regulated in CRC tissue at mRNA and protein levels and high DPEP1 
expression was significantly correlated with cancer stage, location, and poorer prognosis (45), while no 
association of DPEP2 with CRC has been detected. Similarly, elevated PRDX6, a metabolic enzyme, may 
modulate inflammation and immune responses through the regulation of antioxidants and reactive oxygen 
species (46). It was suggested that PRDX6 may promote CRC invasiveness and aggressiveness by inducing 
an oxidizing TME (47). Importantly, we found two mediators of apoptosis, CASP8 and BID, which presented 
high plasma levels in CRC patients compared to healthy subjects, with BID having the second highest fold 
change. Recently, circulating CASP8 was identified with high expression in pre-operative serum samples 
of prostate cancer (48). BID, belonging to the B-cell lymphoma 2 (BCL-2) family, is a key regulator of 
apoptosis and a factor associated with CRC initiation and progression (49). It was found that high 
expression of proapoptotic BID was a predictor of overall survival in patients with CRC, whereas combined 
expression of BAD and BID was associated with disease-free survival rates and overall survival (50). 
However, further studies are needed to investigate whether the elevated plasma CASP8 and BID are 
associated with an exacerbated apoptosis of peripheral blood mononuclear cells (PBMC) among these 
patients, similarly as in the case of melanoma patients (51). Collectively, the altered cytokines and 
immune-related proteins suggest an active modulation of the immune system in CRC patients at the 
systemic level as well as a systemic inflammatory status. 

It is well-known that several signalling pathways, such as Ras, NF-κB, and MAPK are altered in CRC patients 
leading to oncogenesis (52), which was also confirmed in our study at a systemic level. Interestingly, 
several oncogenic proteins were elevated in plasma, such as SCRN1 and RSPO3, whereas previous studies 
determine their overexpression in CRC tumor tissue (53, 54). SCRN1 accelerates tumor progression by the 
regulation of exocytosis of matrix metalloproteinase-2/9 (MMP-2/9) (55), while RSPO3 is an oncogenic 
driver that causes CRC and extensive crypt hyperplasia, concomitantly stimulating stem cells and 
supportive niche cells (56). It was found that overexpression of RSPO2 and RSPO3 was presented by 4-10% 
of colon subjects (54) and recurrent R-spondin fusions in colon cancer activate the Wnt signaling and 
increase the tumorigenesis (57). Additionally, lower plasma levels of potential tumor suppressor proteins, 
such as RET and ARHGEF12 were detected in CRC patients. RET, is a transmembrane receptor tyrosine 
kinase and a receptor for the GDNF-family ligands, which downregulation in CRC tissue compared to 
healthy tissue was noticed (58). CRC patients with somatic RET mutations exhibited a lower incidence of 
liver metastasis but a higher incidence of peritoneal metastasis and more frequently exhibited mucinous 
histology (59). On the other hand, a germ-line or somatic RET mutation was linked with more intense and 
complete angiogenesis in patients with advanced medullary thyroid cancers (60). ARHGEF12, also known 
as leukemia-associated Rho guanine-nucleotide exchange factor (LARG), is underexpressed in CRC tissue 
and is associated with reduced cell proliferation and a slower migration rate in cancer cells (61). Moreover, 
it was found that ARHGEF12 regulates cell adhesion and structure morphogenesis in esophageal 
squamous cell carcinoma tissues (62) and plays a key role in erythroid regeneration after chemotherapy in 
acute lymphoblastic leukemia patients (63). These proteins can be potentially used as an oncogenic 
protein signature for CRC diagnosis in plasma. Apart from oncogenic pathways, NAFLD was also enriched 
in this cohort. Meta-analyses revealed that NAFLD was associated with an increased risk of gastrointestinal 
cancers (64) and colon cancers, especially in the right-sided colon (29). 
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More importantly, our data demonstrated the upregulation of Th17 cell differentiation in CRC patients. Th17 
activity has been linked to CRC tumorigenesis and poor prognosis (65). It is well-known that chronic 
inflammation contributes to cancer development. We identified upregulation of IL12RB1 and CSF3 in Th17 
differentiation and IL17 signaling, indicating their participation in CRC-related inflammation. It is worth 
noticing that CSF3 expression was previously found elevated in the serum of CRC patients (27). An 
increased gene expression of CSF3 was also observed in CRC tissue from two Consensus Molecular 
Subtypes (microsatellite instable immune and mesenchymal), where it was associated with regulators 
(e.g., CXCL5) of invasion (66). IL12RB1, a subunit of the interleukin 12 receptors is associated with tyrosine 
kinase 2 (TYK2), which plays a pivotal role in immunity to viral infection and cancer surveillance (34). It was 
found that elevated expression of tumor tissue IL12RB1 was associated with lung cancer progression (67), 
whereas its correlation with CRC development has not been reported. Moreover, IL12RB1 contributes to 
both the IL12- and IL23-signaling pathways and is involved in both Th1 and Th17 cell differentiation (68). A 
carbonic anhydrase, CA11, was also associated with inflammation which overexpression promotes the 
proliferation and invasion of gastrointestinal tumors without any previous association with CRC in plasma 
(37). Importantly, the immune checkpoint inhibitor CD276, also called B7-H3 was also linked to 
inflammation. CD276 was previously reported with high expression in CRC tissue and may contribute to 
the tumor evasion of T-cell mediated responses (35, 69) and has been already proposed as a target for 
immunotherapy (70). The overexpression of this immune checkpoint molecule in our study further 
indicates the importance of this protein in the personalized medicine and immune-checkpoint therapy 
aspect. 

In contrast, the reduced plasma level of CXCL6 and APBB1IP in CRC patients with inflammation was 
observed in our study. It was recently found that low serum CXCL6 levels were associated with an increased 
risk of CRC development (33), while CXCL6 expression is not altered in CRC tissue (71). The APBB1IP is a 
Rap1-binding protein that acts as a regulator of leukocyte recruitment and pathogen clearance through 
complement-mediated phagocytosis (36). It was shown that expression of APBB1IP was correlated with 
the prognosis of various cancer types and its upregulation has been demonstrated as associated with 
increased immune cell infiltration, especially CD8+ T cells, natural killer (NK) cells, and immune regulators 
(36). Bioinformatics analyses revealed that APBB1IP may be used as a potential biomarker for 
osteosarcoma metastasis (72) and suggested its potential role in the evolutionary mechanisms of head 
and neck squamous cell carcinoma related to inflammation and TME (73). Moreover, cancer-related 
inflammation may cause the downregulation of APBB1IP decreasing the recruitment of leukocytes to the 
TME. In this study, for the first time, we reported the association of reduced plasma APBB1IP level with CRC 
and inflammation, suggesting that APBB1IP could be a potential biomarker for inflammation-associated 
CRC. 

The next two elevated plasma proteins, MANSC1 and ACP6, identified in our study have never been 
suggested as associated with CRC risk. Expression of bone marrow MANSC1 was detected in patients with 
different hematologic malignancies such as acute myeloid leukemia, myelodysplastic syndromes, and 
primary myelofibrosis, but no significant correlations between the expression of the gene and survival were 
observed (74). In contrast, an association between high expression of MANSC1 and a positive prognosis for 
overall survival was found in patients with non-small cell lung cancer (75). A functional MANSC1 Single 
Nucleotide Polymorphism has been also identified in patients with overall prostate cancer and non-
advanced prostate cancer in a genome-wide association study (76). The metabolic enzyme ACP6 
hydrolyzes LPA to monoacylglycerol and plays a role in regulating lipid metabolism in the mitochondria 
(77, 78). It has been recently demonstrated that overexpression of ACP6 in hepatocellular carcinoma tissue 
was positively correlated with clinical progression and worse overall survival of examined patients (77). On 
the other hand, decreased expression of ACP6 was found to contribute to increased cell mortality and 
disease progression in high-grade serous ovarian cancer and esophageal squamous cell carcinoma 
(78, 79). It was found that CRC cells have abnormal LPA receptor expression that may be associated with 
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enhanced proliferation, survival, and invasion of CRC cells (80). These results suggest that ACP6 may play 
a key role in oncogenesis. A positive correlation of plasma ACP6 with the advanced stage of CRC has been 
revealed for the first time in our study. Moreover, ACP6 was reduced in CRC patients with cancer-related 
inflammation. The function of ACP6 in cancer-related inflammation and CRC tumorigenesis needs to be 
further investigated. 

More interestingly, three pro-inflammatory cytokines, IL32, IL17C, and IFNG, were increased in the early 
stages of CRC compared to late-stage patients in the Polish cohort. IL32 is an intracellular pluripotent 
cytokine, expressed in various cell types, which affects many cellular and physiological functions such as 
cell death and survival, angiogenesis, inflammation, and response to pathogens (81). Increased levels of 
IL32 were found in cancer tissue (82, 83), and primary CRC lymph nodes metastasis (84). Moreover, IL32 
can stimulate NK and T-cell cytotoxicity against primary solid tumors, as well as increase T-cell infiltration 
(85). In our study, we observed increased circulating IL32 associated with the early tumor stage, indicating 
that IL32 may serve as a biomarker for the early stage of CRC. The second pro-inflammatory cytokine, 
IL17C, a member of the IL17 family, plays an essential role in immunopathology, autoimmune diseases, 
and cancer progression (86). It was found that IL17C is higher expressed in CRC tissue and induces tumor 
angiogenesis of intestinal endothelial cells via VEGFR2 production, subsequently enhancing cell invasion 
and migration of CRC cells (87, 88). Moreover, elevated levels of serum and tissue IL17C were observed in 
patients with active IBD, which can result in cancer progression (87). Among these patients, the production 
of IL17C is induced by the synergic effect of IL17A and TNF-α (89). Therefore, high circulating IL17C may be 
associated with tumorigenesis from IBD to early stages of CRC. Lasts of these cytokines, IFNG, is critical 
to both innate and adaptive immunity (90). IFNG was reduced in PBMC of patients with recurrent CRC, with 
the most significantly reduced expression in stage IV tumors (91). On contrary, the upregulation 
of IFNG mRNA in late-stage CRC tissue and peripheral blood of patients with CRC was observed in another 
study (92). IFNG is a well-established anti-tumor factor with controversial findings in CRC at mRNA and 
protein levels. Several studies did not find a significant association between circulating IFNG and CRC 
development (93–95). In contrast, our analysis showed high levels of IFNG in CRC patients supporting 
previous findings (31). Moreover, we found high levels of IFNG in the early stages of CRC, suggesting a 
higher anti-tumor activity of lymphocytes than in the late stages. Taken as a whole, these findings indicate 
that ACP6, FLT4, MANSC1, IFNG, IL17C, and IL32 may be used as promising prognostic biomarkers that 
distinguish early-stage from advanced CRC. Moreover, IFNG can be a potential biomarker for early 
detection of CRC due to its discrimination between early-stage patients with advanced CRC patients as 
well as healthy controls, which has not been reported before. 

In this study, the application of PEA technology enabled us to detect 690 proteins from a low amount of 
plasma of CRC patients and healthy subjects. Despite the sensitivity and accuracy of PEA, this technology 
is limited by the availability and specificity of antibodies, and more importantly, the number of preselected 
proteins. Women are dominant in both study groups, which is different concerning the known population 
with CRC. We lacked information on family history, which is known as one of the best predictors of CRC 
risk. Future studies should be conducted to verify our results on a larger number of samples and by using 
PEA or other quantitative methods. 

In conclusion, we identified plasma protein changes in CRC patients related to cytokine interactions, 
oncogenic pathways, Th17 activity, metabolism reprogramming, as well as cancer-related inflammation 
with potential usage in CRC diagnosis. We also validated in an independent cohort that ACP6 level was 
elevated in advanced CRC patients. Further study using larger cohort is needed to confirm whether FLT4, 
IFNG, IL17C, IL32, and MANSC1 may be used as potential prognostic biomarkers to discriminate early-
stage and advanced CRC. 
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11.1. Introduction 

Colorectal cancer (CRC) is the third most incident malignancy and the second most deadly cancer 

worldwide.1 Despite the great advances in CRC treatment with recently developed immunotherapies, 

about 20% to 25% of diagnosed CRC patients present advanced cancer stages and metastasis that is 

linked to a 5 year survival rate lower than 10% and low therapeutic response.2,3 In contrast, diagnosis at 

early stages leads to reduced tumor-related mortality and a 90% 5 year survival rate after radical surgical 

resection.4 Apart from the disease stage at diagnosis, CRC prognosis depends on multiple factors such as 

location, genetic factors, molecular expression profiles, tumor immune infiltration, and inflammation.3 The 

low therapeutic response to immunotherapies such as immune checkpoint inhibitors may be caused by 

the influence of other non-targeted inflammatory and immunosuppressive mechanisms.5 Notably, cancer-

associated inflammation is considered a well-established hallmark of cancer, especially in 

CRC.6 Inflammatory modulators including chemokines, cytokines, and growth factors influence the 

interactions between cancer cells and the tumor microenvironment driving tumor progression and the 

immune response.7 Moreover, CRC progression can promote systemic inflammation impacting other 

organs and facilitating metastasis.6 

Currently, the gold standard for CRC prevention is colonoscopy complemented with fecal occult blood 

tests.8 However, colonoscopy is expensive and has poor patient compliance, due to its invasiveness and 

risks, while stool-based tests have low sensitivity and specificity.4,9 Therefore, alternative, non-invasive, 

cost-effective, and easily measurable CRC screening strategies are urgently needed. Mass spectrometry 

(MS)-based proteomics approaches have been successfully applied to determine blood-based biomarkers 

of CRC development and progression.4 MS-based proteomics characterization of low-abundance proteins 

in serum/plasma is limited by the high dynamic range of protein concentrations over 9 orders of magnitude 

with 99% of the total protein content from only 20 abundant proteins.10 However, the technological 

evolution of high-resolution MS instruments such as time-of-flight (TOF) or Orbitrap provides the possibility 

to discover blood-based biomarkers with high sensitivity and specificity.11 

Nowadays, the most common blood protein biomarker used in clinical CRC diagnosis is 

carcinoembryonic antigen (CEA), but its accuracy requires improvement.12 Interestingly, untargeted 

tandem MS coupled with liquid chromatography (LC-MS/MS) proteomics strategies could discover novel 

potential CRC biomarkers that can be validated by using targeted MS techniques as well as antibody-based 

assays.4 For instance, proteomics analysis discovered that several SERPIN family members are altered in 

patients with CRC and adenomatous polyps which were validated as potential diagnostic biomarkers by 

ELISA.13 Moreover, plasma proteomics analysis combined with neural network classification identified 5 



- 111 - 
 

candidate biomarkers to distinguish between CRC stages.14 Another glycoproteomics study detected 

novel diagnostic biomarkers including elevated levels of complement C9 and fibronectin improved the 

diagnostic performance of a commercial CEA CRC biomarker.15 In addition, targeted proteomics analysis 

in a non-metastatic CRC cohort determined a 5 protein signature with efficient discrimination of CRC 

cases from healthy subjects.16 However, despite advances in CRC biomarker discovery and validation by 

proteomics, further studies are needed in larger cohorts to implement reliable biomarkers in clinical 

practice. 

The aim of this study was to discover novel plasma protein signatures involved in CRC development 

and progression by untargeted LC-MS/MS proteomics analysis. Importantly, we identified significant 

changes in plasma protein levels associated with cholesterol metabolism, members of the SERPIN family 

as well as increased levels of complement cascade proteins in CRC patients versus healthy subjects. 

Furthermore, high complement C5 levels were confirmed in the validation cohort, being a potential 

diagnostic CRC biomarker. Plasma protein levels of 11 proteins, including complement C8A and serpin 

family A member 4 (SERPINA4) were linked to cancer-associated inflammation, while 4 proteins, including 

C8A and C4B, distinguished early from advanced CRC stages. 

11.2. Materials and Methods 

11.2.1. Study cohorts and design 

This multi-center retrospective study included 36 patients with CRC surgery (age mean: 66.1 ± 11.6 years; 

44.4% male) from June 2019 to April 2021 and 26 healthy subjects (age mean: 61.1 ± 10.5 years; 42.3% 

male) in the discovery cohort. Included patients were with positive colonoscopy and pathologist-

confirmed malignant neoplasm. Patients with prior neoadjuvant therapy administration were excluded 

from the analysis. 69.4% (25 of 36) of diagnosed patients were with advanced CRC stages (III-IV) according 

to the Union for International Control of Cancer TNM classification and 30.5% (11 of 36) presented cancer-

associated inflammation post-operatively assessed by pathologists. Blood samples of healthy subjects 

and CRC patients were obtained from Biobank HARC, Medical University of Łódź and the 3P–Medicine 

Laboratory, Medical University of Gdańsk.17 The independent validation cohort included 60 CRC patients 

(age mean: 61.8 ± 11.4 years; 51.7% male) without neoadjuvant therapy and 44 sex-and-age-matched 

healthy subjects. Serum samples were obtained from the Leipzig Medical Biobank, Germany and the Bank 

of Biological Material at Masaryk Memorial Cancer Institute, Czech Republic. The collection of whole blood 

samples was with sterile BD Vacutainer® K2EDTA tubes or Sarstedt S-Monovette® 2.7 mL, K3 EDTA (LMB) 

before the CRC resection followed by centrifugation, aliquoting, and storage at -80°C until use. 

11.2.2. Sample preparation for mass spectrometry 

Proteins were extracted from plasma samples with lysis buffer (1% SDS, 50 mM DTT, 100 mM Tris-HCl pH 

8.0) (Merck KGaA, Darmstadt, Germany) containing phosphatase and protease inhibitors (Thermo Fisher 

Scientific, Waltham, MA, USA) followed by an incubation at 95°C for 10 minutes. Protein concentrations 

were determined at 280 nm in a μDrop plate with a Multiskan Thermo Nanodrop. Then, 100 μg of proteins 

were transferred to Microcon 10 kDa filters (Merck KGaA) and were processed based on the Filter Aided 

Sample Preparation (FASP) protocol.18 Briefly, 3 washes with 200 µl of urea buffer (8 M urea,100 mM Tris-

HCl pH 8.5) at 10 000 rcf for 20 minutes at room temperature (RT) were applied to the protein mixtures. Free 

cysteines were alkylated by incubation in the darkness for 20 minutes at RT with 55 mM iodoacetamide 
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(100 µl) in urea buffer (Merck KGaA). Samples were centrifuged at 10 000 rcf for 15 minutes and washed 3 

times with urea (100 µl) and 2 times with digestion buffer (50 mM Tris-HCl pH 8.0). Afterward, the filters 

were transferred into new tubes and proteins were digested by incubation at 37°C with 1 μg of Sequencing 

Grade Modified Trypsin (Promega, Madison, WI, USA) in 60 µl of digestion buffer overnight. Then, the elution 

of peptides was performed with the same centrifugation conditions and washed 2 times with 125 and 

100 µl digestion buffer. Next, 0.1% trifluoroacetic acid quenched trypsin activity. Peptide concentrations 

were measured as previously and 20 μg of peptides were desalted with STop And Go Extraction (STAGE) 

Tips19 in Empore C18 extraction disks (3M, Neuss, Germany). Peptides were eluted with 60% acetonitrile 

and 1% acetic acid. Desalted peptides were dried in a SpeedVac at 45°C and samples were in storage at 

−20°C until analysis. 

11.2.3. LC-MS/MS analysis 

LC-MS/MS analysis of prepared samples was performed with a TripleTOF 5600+ mass spectrometer 

(SCIEX, Framingham, MA, USA) and with an EkspertMicroLC 200 Plus System (Eksigent, Redwood City, CA, 

USA). AB SCIEX Analyst TF 1.6 software was used to control the LC-MS/MS system. Samples were run in 

triplicates with 1.5 µg injected peptides in each technical replicate. Analyses were in a ChromXP C18CL 

column (3 μm, 120 Å, 150 mm × 0.3 mm) at 5 µl/minute and 35°C, for 60 minutes with an 11% to 35%. 

acetonitrile gradient in 0.1% formic acid. TripleTOF 5600+ was set in data-dependent acquisition mode and 

the m/z range of the TOF MS survey scan was at 400 to 1200 Da with an accumulation time of 250 ms. The 

selection for collision-induced dissociation (CID) fragmentation was set to a maximum of top 20 precursor 

ions with +2 to +5 charges. The exclusion of precursor ions from reselection was for 5 seconds after 2 

occurrences. Product ions spectra were acquired between 100 and 1800 Da with 50 ms accumulation 

time. 

11.2.4. MS data analysis 

Acquired raw SCIEX files were converted to mzML format with MSConvertGUI 3.0 and analyzed using 

PeaksStudio Xpro 10.6 software (Bioinformatics Solutions, Waterloo, ON, Canada). Peptide sequence 

search was against the Homo sapiens UniProtKB/Swiss-Prot database (release 2022_03) for trypsin 

digested peptides with maximum 3 missed cleavages per peptide. Carbamidomethylation was as fixed 

post-translational modification (PTM), whereas N-terminal acetylation and methionine oxidation as 

variable PTMs. Peptide and protein identification was with a <1% false discovery rate (FDR). Label-free 

quantification was performed based on the integration of the peptide areas under the curve (AUC).  

11.2.5. Complement C5 validation 

Complement C5 serum concentrations were quantified in the validation cohort by an ELISA kit with a 

coated antibody to human C5 (Abcam ab125963, Cambridge, UK) commercially available, following 

manufacturer’s instructions. 

11.2.6. Proteomics data and statistical analysis 

Statistical analysis was performed with R (version 4.0.3) (R Foundation for Statistical Computing, Vienna, 

Austria) in RStudio (version 1.3.1093) (RStudio, PBC, Boston, MA, USA). Data preprocessing was performed 

by summarization of technical replicates with medians and logarithmic transformation of relative 

abundances. Proteins with missing values in over 50% of patients and 50% of healthy controls were filtered. 

Random forest imputation was applied to the remaining missing values with the “missForest” R package 

(version 1.5) followed by quantile normalization. Differences in protein levels between groups were 
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analyzed by the general linear model regression approach with contrast analysis with the “emmeans” R 

package (version 1.6.2.1). First, for each protein, a general linear model was generated to fit its expression 

to determine significant changes in CRC patients compared to healthy volunteers including age as a 

confounding factor. Then, for each protein expression, a general linear model was generated including only 

CRC patients with the independent variables inflammation and tumor stage while sex was considered a 

confounding factor. FDR control was applied with the Benjamini & Hochberg correction. Significant 

changes were considered with FDR-adjusted P value < .05. Point-biserial correlation of protein abundance 

with inflammation status or tumor stage was calculated with the built-in R function cor.test and correlation 

was significant with a P value < .05. Principal Component Analysis (PCA) was performed using prcomp 

built-in R function and PCA visualization using “factoextra” R package (version 1.0.7). Functional 

annotation of biological process and cellular component GO terms was performed by a 2-sided 

hypergeometric test with FDR correction using the Cytoscape cluGO plugin (version 2.5.7). Pathway 

enrichment analysis of KEGG terms supported by active subnetworks was applied with the R package 

“pathfindR” (version 1.6.3) using the STRING database and FDR correction. The generation of graphics was 

with the R package “ggplot2” (version 3.3.5), with the exception of heatmaps generation by the R package 

“ComplexHeatmap” (version 2.6.2). The construction of the protein network was with Cytoscape (version 

3.8.2) using the STRING database and a 0.7 confidence cut-off. 

11.3. Results 

11.3.1. Identification and quantification of the plasma proteome of CRC patients using 
LC-MS/MS 

To study the protein profile changes in blood involved in CRC development, we applied LC-MS/MS 

proteomics analysis to plasma samples of 36 CRC patients and 26 healthy controls. As a result, 322 

proteins were identified with at least 1 unique peptide with FDR <.01, from which the majority of proteins 

were identified in both groups (Figure 11.1A; Appendix V Supplemental Table S1). Interestingly, IgGFc-

binding protein (FCGBP), which is a mucin responsible for innate immune defense in the intestine and is 

associated with CRC metastasis by promoting cell adhesion, was only identified in CRC patients.20 

After filtering proteins with high % of missing values, 138 protein groups were quantified. The relative 

protein abundance was reproducible along technical replicates with high Pearson’s correlation 

coefficients (Figure 11.1B). LC-MS/MS analysis quantified proteins in a high dynamic range of 

concentrations from high-abundance albumin in the range of mg/mL to chemokines such as C-X-C motif 

chemokine ligand 7 (CXCL7) in the range of ng/mL (Figure 11.1C). 

Functional annotation of the identified proteins determined that the majority were from the 

extracellular organelles, blood, and lipoprotein microparticles, as well as the vesicle/vacuolar lumen 

(Figure 11.2A). However, proteins from the plasma membrane, cytoplasm, and nucleus, such as histone 

H4, were also detected that may circulate in the peripheral blood due to tissue damage and cell turnover. 

(Appendix V Supplemental Table S2). Identified proteins were included in several biological processes such 

as blood coagulation, homeostasis, proteolysis, and several metabolic processes including cholesterol 

and fatty acid metabolism, vesicle-mediated transport, cell death as well as humoral immune and 

inflammatory responses (Figure 11.2B). Interestingly, over-represented biological process GO terms were 

associated with different humoral immune and inflammatory responses due to the presence of 

immunoglobulins, complement proteins, and some chemokines such as CXCL7 (Figure 11.2C; Appendix 
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V Supplemental Table S2). Overall, our proteomics analysis identified plasma proteins associated with 

different biological processes including immune responses and quantified 138 proteins in a high dynamic 

range of concentrations with high reproducibility. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.1. LC-MS/MS analysis of plasma proteome from CRC patients and healthy controls. (A) Venn 

diagram of identified proteins in CRC patients and healthy individuals. (B) Representative scatter plots of 

log-transformed areas for the 3 technical replicates from a CRC patient (P1) with their corresponding 

Pearson correlation coefficients and P values. (C) Abundance protein ranking plot with the mean of log-

transformed areas from healthy subjects (red) and CRC patients (blue). 
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Figure 11.2. Functional annotation of the identified plasma proteins. (A) Interaction network of over-

represented cellular component Gene Ontology (GO) terms with an organic layout. (B) Interaction network 

of over-represented GO terms of biological processes with an organic layout. (C) Amplification of the 

subnetwork of GO terms from immune and defense responses with a tree layout. 
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11.3.2. CRC development causes protein plasma changes associated with the 
complement cascade and cholesterol metabolism 

To determine whether the plasma levels of quantified proteins differs in CRC patients versus healthy 

volunteers, PCA was performed. PCA showed a clear separation of plasma from CRC patients and healthy 

subjects, indicating that CRC development affects the protein plasma profiles in examined patients (Figure 

11.3A). To unveil these protein changes, differential protein expression analysis was applied, resulting in 

17 proteins with enhanced levels and 20 decreased proteins in CRC patients versus healthy volunteers 

(Figure 11.3B, Supplemental Table S11.3). Among the differentially expressed proteins (DEPs), inter-alpha-

trypsin inhibitor heavy chain (ITIH)3, leucine-rich alpha-2-glycoprotein (A2GL), C9, and 

lipopolysaccharide-binding protein (LBP) showed the highest levels in CRC patients, while apolipoprotein 

(APO) A4, acid labile subunit (ALS), and kallikrein B1 (KLKB1) showed the lowest levels compared to healthy 

controls. ITIH3, a hyaluronan essential for multiple cellular processes, which transports and regulates 

hyaluronan turnover in the blood circulation, was found with the highest fold change. Unsupervised 

hierarchical clustering showed that these 37 DEPs separated CRC from control samples (Supplemental 

Figure S11.1). Pathway enrichment analysis of KEGG terms by active subnetworks revealed that 

complement and coagulation pathways were activated with elevated protein levels (C4B, C5, C1QB, and 

C9) in CRC patients (Figure 11.3C, Appendix V Supplemental Table S4). Moreover, cholesterol metabolism, 

vitamin digestion, and adsorption were down-regulated in CRC patients, involving 2 apolipoproteins, 

APOA2 and APOA4 (Figure 11.3B and C). Both APOA2 and APOA4 are associated with obesity and 

hypercholesterolemia that are independent risk factors for CRC development.21,22 Similarly, the STRING 

protein-protein interaction network showed the interaction between the complement proteins with 

elevated levels (Figure 11.3D). In addition, SERPINC1 was the most interconnected node linking 

complement proteins to other DEPs in the network. SERPINC1, also called antithrombin III, is the main 

inhibitor of blood coagulation which can attenuate inflammatory responses.23 Collectively, our analysis 

indicates that development of CRC causes plasma protein changes which are associated with 

complement cascade and cholesterol metabolism. 
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Figure 11.3. Colorectal cancer (CRC) development causes plasma protein changes involved in complement cascades 
and cholesterol metabolism. (A) Principal Component Analysis of CRC patients and healthy subjects using the relative 
abundances of all quantified proteins. (B) Volcano plot of statistical significance against fold-change of proteins 
between CRC patients and healthy individuals. Colored dots indicate statistically differentially expressed proteins 
(DEPs) calculated by the general linear model approach. (C) Dot plot of KEGG pathway enrichment combined with 
STRING protein-protein interaction network analysis from DEPs between CRC patients and healthy subjects. (D) 
Protein-protein interaction network of DEPs between CRC patients and healthy individuals from STRING database 
query with a 0.7 confidence cut-off. The size of nodes indicates the degree of connectivity of the nodes. The red and 
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blue dots/nodes represent up-regulation and down-regulation in CRC patients, respectively. FC, Fold Change; p, p-
value; PC, Principal Component. 

11.3.3. Plasma protein changes linked to cancer-associated inflammation in CRC 
patients 

Inflammation is a well-established hallmark of cancer that influences CRC progression. To analyze protein 

changes in plasma associated with inflammatory status, the protein levels were compared between CRC 

patients with cancer-associated inflammation (11 of 36 cases) and without. First, correlation analysis 

determined significant correlation of 18 proteins with cancer-associated inflammation, including 9 

proteins correlated positively such as C8A, A2GL, and ceruloplasmin (CERU), while another 9 proteins 

including retinol-binding protein 4 (RET4) were correlated negatively (Figure 11.4A, Appendix 

V Supplemental Table S5). 
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Figure 11.4. Plasma protein changes induced by cancer-associated inflammation in CRC patients. (A) 
Heatmap of proteins with significant correlation with inflammatory status. Protein expression is 
transformed with a z-score by row normalization and distributed by hierarchical clustering. The correlation 
coefficients (right) indicate a positive/negative correlation for each protein. (B) Volcano plot of statistical 
significance against fold-change of proteins between CRC patients with inflammation and without 
inflammation. Dots indicate individual proteins and the red and blue dots represent significant up-
regulation and down-regulation in CRC patients with inflammation, respectively. 

To determine the link between protein abundance and cancer-associated inflammation, the differential 

protein expression was evaluated by linear regression analysis. This analysis resulted in 11 DEPs that were 

previously identified with significant correlation (Figure 11.4B, Appendix V Supplemental Table S6). Some 

downregulated proteins were SERPIN family members, for example, SERPINA4 (KAIN) and SERPIND1 

(HEP2). Noteworthy, SERPINA4 is an anti-angiogenic and anti-inflammatory agent that was decreased in 

CRC patients versus healthy volunteers and its downregulation was common in inflammatory processes 

as well as in cancer.24 Additionally, C8A and immunoglobulin heavy constant gamma 2 (IGHG2) may be 

related to cancer-associated inflammation thus promoting an exacerbated immune response in these 

patients. Collectively, this analysis determined plasma protein signatures in CRC patients linked to cancer-

associated inflammation. 

11.3.4.  Evaluation of plasma protein signatures linked to CRC stages 

The main complication of CRC development is tumor progression and metastasis, resulting in increased 

CRC mortality. Therefore, CRC prognostic biomarkers are urgently needed. Plasma protein changes linked 

to CRC progression were determined by comparing protein levels in early-stage patients (I and II) versus 

late-patients (III and IV). Correlation analysis indicated that 5 proteins were correlated positively, while 6 

proteins were correlated negatively (Figure 11.5A, Appendix V Supplemental Table S7). Among them, 

enhanced fibrinogen alpha chain (FIBA) levels in late CRC stages and their association with distant 

metastasis were previously reported.25 Also, increased alpha-1-acid glycoprotein 2 (A1AG2) was linked to 

shorter survival rates in a CRC cohort.26 Similar to the previous comparison, the regression analysis 

showed that only were 4 DEPs (Figure 11.5B, Appendix V Supplemental Table S8). Among them, C8A and 

C4B may play a relevant role in CRC progression, while the immunoglobulin IGHG2 may be associated with 

the immune response in CRC early stages by promoting inflammation as enhanced levels were linked to 

cancer-associated inflammation. Taken together, we found 4 potential biomarkers that can potentially 

discriminate early from late CRC stages. 
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Figure 11.5. Plasma protein expression differences between early and late stages of CRC. (A) Heatmap of 
proteins with significant correlation with tumor stage. Protein expression is transformed with a z-score by 
row normalization and distributed by hierarchical clustering. The correlation coefficients (right) indicate a 
positive/negative correlation for each protein. (B) Volcano plot of statistical significance against fold-
change of proteins between CRC patients with early tumor stage and with late tumor stage. Dots indicate 
individual proteins and the red and blue dots represent significant up-regulation and down-regulation in 
CRC patients with late tumor stage, respectively. 

11.3.5. Complement protein C5 plasma levels are enhanced in CRC patients 

Among the complement proteins, we found elevated C5 levels in plasma of CRC patients versus healthy 

volunteers by LC-MS/MS analysis (Figures 11.2B and 11.6A). To validate this finding, C5 concentrations 

were measured by ELISA in an independent validation cohort, including 60 CRC patients and 44 healthy 

subjects (Figure 11.6B). ELISA results confirmed LC-MS/MS findings. In fact, C5 proteolytic degradation 

promotes the release of the anaphylatoxin C5a that is an inflammatory mediator.27 Noteworthy, a peptide 

from C5a was also enhanced in CRC patient’s plasma (Figure 11.6C). Collectively, the enhanced plasma 

level of complement C5 is a novel promising biomarker for CRC diagnosis and may promote release of the 

pro-inflammatory C5a. 
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Figure 11.6. Complement protein C5 is a potential diagnostic biomarker for CRC. Box and whisker plots of 

(A) log-transformed areas of C5 in the discovery cohort calculated the significance by general linear model 

approach, (B) C5 concentrations measured by ELISA in the validation cohort calculated by Student t-test, 

and (C) log-transformed areas of a quantified peptide from C5a with the sequence AFTECCVVASQLR in the 

discovery cohort for CRC patients and healthy subjects calculated by Student t-test. * indicates statistical 

significance with a P value < .05, and *** indicates a P value < .001. 

11.4. Discussion 

In this study, we performed LC-MS/MS analysis to characterize the protein changes in plasma involved in 

CRC development by unbiased proteomics characterization of CRC patients and healthy individuals. Not 

only secreted proteins were detected but also released intracellular proteins from damaged tissues and 

cell turnover. Moreover, we quantified 138 proteins with high reproducibility and a high dynamic range of 

concentrations from ng/mL to mg/mL. 

Several plasma proteins were identified with significant changes in CRC patients compared to healthy 

individuals. These findings were consistent with previously published data performed with LC-MS/MS as 

well as antibody-based techniques including ELISA and Western blot.13–16,28–30 For instance, ITIH3, the DEP 

with the highest fold change, was reported as increased in CRC patients’ serum and serum of a CRC mice 

model,14,16,31 while another study showed opposite results.28 Despite the role of ITIH3 in CRC development 

has not been determined yet, ITIH4 was found upregulated in CRC tissue versus normal-matched tissue 

and seems to be involved in the extracellular matrix remodeling and the systemic inflammatory response 

during CRC development.28 Moreover, an increased level of several SERPIN family members was observed 

in the examined CRC cohort, which is consistent with previously reported data.13,29 Among them, 

SERPINC1 might play a central role in the systemic response to CRC as it is the most interconnected node 

in the protein-protein interaction network. Moreover, SERPINC1 downregulation may avoid its suppressive 

tumor activity and inhibit tumor angiogenesis and proliferation.13 Interestingly, another family member, 

SERPINF1 also revealed a link to cancer-associated inflammation. It was reported that this antiangiogenic 
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protein was downregulated in CRC tissue and sera and its low levels were associated with a poor survival 

prognosis.30 

Importantly, in this study, the increased level of the complement cascade and its components were 

found in CRC patients. This indicates that these proteins might play a relevant role in CRC development. 

Enhanced level of the complement proteins such as C9,15 complement component 4 binding protein alpha 

and beta (C4BPA and C4BPB)13,32 was previously reported in CRC patients while increased C1QB is novel. 

C1QB was found upregulated in tumor tissue versus normal-matched tissue but not in CRC patients’ 

plasma.33 Another novel complement protein with enhanced plasma level is C4B, which is a non-

enzymatic component of C3/C5 convertases and was reported as upregulated in the serum of ApcMin/+ CRC 

mice versus wild-type mice.31 In our study, increased C4B was found in advanced-stage CRC patients, 

suggesting that this complement protein might play a key role in the disease progression. In addition to 

C4B, another member of the complement cascade, C8A, was also enhanced in the advanced stages of 

CRC patients. C8A is a key constituent of the membrane attack complex that regulates the pore formation 

in target cells and regulates the underlying innate and adaptive immune responses.27 The 

high C8a expression was previously reported in CRC metastasis compared to the primary tumor which 

supports its potential role in CRC progression.34 Moreover, the C8A level was also enhanced in patients 

with cancer-associated inflammation, suggesting that this complement protein is linked to the systemic 

inflammation promoted by CRC to facilitate metastasis from the primary tumor. More importantly, 

enhanced C5 was found in CRC patients’ plasma, which was confirmed in the validation cohort. Increased 

C5 expression in colon tissue versus normal-matched tissue and its association with metastasis was 

recently reported in another study.34 Proteomics analysis also revealed an enhanced level of a peptide 

corresponding to the C5A anaphylatoxin in examined CRC patients. Although there were no previous 

reports associating C5A with CRC, another complement anaphylatoxin, C3A, was proposed as a potential 

CRC diagnostic biomarker.35 Moreover, several studies suggest that C5A may promote CRC tumorigenesis, 

metastasis, and immunosuppressive microenvironment within the tumor.35–37 However, further validation 

studies are needed to confirm the association between C5A plasma levels and CRC. Another enriched 

pathway in CRC patients was cholesterol metabolism, with 2 downregulated apolipoproteins APOA2 and 

APOA4, that were previously reported.38 It was found that APOA2 polymorphisms were associated with 

CRC prognosis and might play a relevant role in disease development and progression.39 These proteins 

were also related to metabolic syndrome which is a well-established CRC risk factor.40 

Interestingly, our analysis reported novel plasma protein changes associated with CRC development. 

For instance, serum amyloid A4 (SAA4), one of the major acute-phase reactants, was enhanced in CRC 

patients versus healthy individuals. The increased circulating levels of SAA have been linked to several 

inflammatory conditions including neoplasia.41 SAA4 was only detected in CRC tissue but not in normal 

tissue, suggesting a potential role in tumorigenesis.42 Another enhanced acute-phase response protein 

was LBP, which promotes cytokine release in response to bacterial lipopolysaccharide.43 Noteworthy, our 

recently published study demonstrated the increased level of several pro-inflammatory cytokines in the 

same CRC cohort by proximity extension assay.44 It was previously found that LBP polymorphisms were 

associated with CRC susceptibility45 and high serum levels were associated with obesity.46 

Our analysis identified novel links between plasma protein levels in CRC patients and cancer-

associated inflammation. The secreted glycoprotein A2GL, also called LRG1, was upregulated in CRC 

patients with positive inflammatory status and overall CRC patients versus healthy individuals.13 LRG1 was 
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also overexpressed in CRC tissue where it induced cancer proliferation.47 Hence, it has been suggested 

that LRG1 plays an important role in CRC progression and may have an exacerbated pro-inflammatory 

effect in patients with cancer-associated inflammation due to its link to the acute-phase 

response.48 Another enhanced protein in positive-inflammation CRC patients was CERU while higher levels 

in CRC patients versus healthy individuals were revealed in another study.49 The metalloprotein CERU 

binds copper in plasma and is associated with inflammatory responses by promoting nitric oxide synthase 

activity and cytokine secretion.50 On the contrary, this study found low levels of the retinol-binding protein 

4 (RBP4), which is related to cancer-associated inflammation. Downregulation of RBP4 in CRC patients 

versus healthy individuals in serum and tumor tissue was previously reported.51 Other adipokines with 

antitumorigenic effects such as adiponectin (APOD) was also reduced in cancer patients and RBP4 may 

play a role in the reduction of inflammation.52 A lower level of APOD, a protein associated with cancer-

associated inflammation, was also observed in our cohort. This blood transporter was inversely correlated 

with CRC tumorigenesis and was associated with early stages of CRC, however, further functional studies 

are needed to elucidate its role in CRC development.53 

A comparison early-stage and late-stage CRC patients revealed 4 potential biomarkers associated with 

cancer progression, including C4B, C8A, APOC2, and IGHG2. The lipoprotein metabolism regulator, 

APOC2, was found elevated in advanced stages of cancer for the first time, while it was previously 

described as a potential biomarker of CRC development.14 On the contrary, IGHG2 plasma levels were 

increased in CRC early stages and in patients with cancer-associated inflammation. The IGHG2 expression 

was previously detected enhanced in cancer tissues of CRC patients but not in plasma.54 Further analysis 

in larger cohorts will validate our findings to determine the suitability of these potential biomarkers to 

predict the cancer stage and the association with inflammation. 

By using LC-MS/MS proteomics analysis, we quantified 138 plasma proteins in CRC patients and 

healthy subjects. However, the high dynamic range of proteins limited the quantification of proteins with 

low abundance. Moreover, due to the relatively low number of patients in the discovery CRC cohort, further 

validation of the novel potential biomarkers in a larger validation cohort by targeted MS techniques or other 

quantitative methods such as antibody-based strategies is required. The discovery cohort was also limited 

by the higher percentage of women, while CRC incidence is higher in men. Finally, CRC family history 

information and molecular expression profiles of the tumor were missing, which are relevant factors in CRC 

development and progression. 

In this study, LC-MS/MS plasma proteomics application in CRC patients identified novel protein 

signatures compared to healthy subjects including complement proteins as well as proteins such as SAA4 

and LBP associated with pro-inflammatory conditions. Importantly, we confirmed the enhanced levels of 

C5 in patients of a validation cohort as a potential diagnostic biomarker of CRC. Moreover, several proteins 

were linked to cancer-associated inflammation and tumor stages that may be prognostic biomarkers after 

further validation in larger cohorts to apply them in clinics to improve patient care. 
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12.1. Introduction 
In 2020, according to the International Agency for Research on Cancer, over 19 million new cases 

and 10 million deaths caused by cancer were estimated to occur worldwide. Breast, lung, and colorectal 
cancer (CRC) were assigned as the most commonly occurring types of cancer [1]. There are many known 
risk factors of cancer, both independent from lifestyle e.g., genetic predisposition or random DNA 
mutation, and lifestyle dependent such as tobacco smoking habits, lack of exercise and obesity, exposure 
to radiation, or poor diet [2]. Despite some differences in the mortality rate due to cancer between 
developed and developing countries, undeniably this issue concerns the global population  [1]. For some 
types of cancers, inflammation is associated with tumor development, either as a cause or a consequence 
of ongoing tumor growth. Regardless of the origin, the inflammation and immune cells in the tumor 
microenvironment (TME) play an important role in cancer development [3], [4]. Helper T (Th) cells, essential 
moderators of the immune response, exhibit a dual role in cancer progression and immunity. The cluster of 
differentiation (CD)4+ T cells orchestrate immune responses against tumors and can differentiate into 
different subsets within TME [5]. Th1 lymphocytes, as the main producers of interferon-γ (IFN-γ), play the 
major role in anti-tumor response by activating innate immune cells such as macrophages and natural 
killer (NK) cells, promoting proinflammatory phenotype of macrophages, and inducing expression of major 
histocompatibility complex (MHC) class II on the surface of antigen-presenting cells (APCs). In addition, 
Th1, via the production of IFN-γ, induce the differentiation of cytotoxic CD8+ T cells and inhibit T regulatory 
lymphocytes (Tregs) function [6]. Th2 lymphocytes are the key players in host immunity and tissue repair 
signaling. Signatory cytokines produced by Th2 cells, interleukin (IL)-4, IL-5, IL-9, and IL-13, participate in 
B cell proliferation and immunoglobulin E (IgE) production. They are also associated with the pathological 
states of chronic inflammation e.g., asthma [7]. Their role in cancer clearance has been linked with the 
recruitment of eosinophils, neutrophils, and macrophages at tumor sites via IL-4 signalling [8]. 

Another subset of CD4+ T cells, Th17, are the main producers of IL-17 and play a key role in the host 
defense against pathogens, especially in the gut [9]. Th17 cells have been linked with the induction of a 
protumor environment [10], however, preclinical and clinical studies demonstrate that Th17 cells 
contribute to the recruitment of effector cells such as neutrophils to TME [11]. Therefore, the role of Th17 
in cancer progression remains controversial and requires further studies [12]. On the other hand, Treg cells 
are a subpopulation of T cells that are engaged in sustaining immunological self-tolerance 
and homeostasis. They can suppress and downregulate the immune response, as such, they participate in 
promoting the tumor favorable conditions [9], [13]. Moreover, Treg cells' phenotypic plasticity facilitates 
the conversion to different subsets with superior immunosuppressive activity such as IL-17 producing Treg 
and latent-associated peptide (LAP)+ Treg cells [14]. More recently, other novel T cell subsets such as Th9, 
Th22, and follicular Th cells have been suggested to affect the TME with controversial effects, regarding 
their anti-tumor or protumor activity [15], [16]. Despite the great advance in cancer immunology in the last 
few years, a better understanding of the TME heterogeneity and the complexity of immune cell 
interactions is needed. 

Cancer immunotherapy with monoclonal antibodies (mAbs) that block the interaction of 
programmed cell death protein 1 (PD-1) with its ligand PD-L1 has shown clinical response in a wide range 
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of solid and hematological cancers [17]. However, only a minority of patients exhibit dramatic positive 
responses. The low response rate can be linked to other immunosuppressive mechanisms and an array of 
factors affecting immunotherapy effectiveness such as tumor genomic instability, immune phenotype, 
level of inflammation, microbiome, T cell memory, or even sunlight exposure [18]. Therefore, a 
comprehensive understanding of the role of T cells in TME is needed to discover novel targets and 
biomarkers for the effective treatment of cancer. 

High-dimensional and high-throughput techniques are promising tools in unraveling this issue [19]. 
Omics-based strategies such as transcriptomics have been applied to uncover the immune 
surveillance mechanisms and immune profiling in various cancer types [20], [21], [22], [23]. However, the 
knowledge about the mechanism of gene regulation at the posttranscriptional, translational, and 
posttranslational levels is still limited. Poor levels of concordance between changes in protein abundance 
and mRNA expression have been reported, especially in CD4+ T cells [24], [25]. Therefore, with steady 
progress in proteomics technology, proteomics analyses can provide a more comprehensive view of T cells' 
fate in cancer progression through simultaneous detection, identification, and quantification of thousands 
of proteins in a single study. In particular, tandem mass spectrometry (MS) coupled with liquid 
chromatography (LC-MS/MS) provides an integrated system for proteomics analysis with improved 
sensitivity and moderate throughput [26], [27]. 

Nowadays, two basic proteomics strategies are commonly used in cancer research: MS-based and 
antibody-based. Bottom-up proteomics is currently the predominant MS-based strategy, which is applied 
to discovery research aiming at the deep identification of a given proteome in an exploratory and unbiased 
manner. In contrast, antibody-based strategies are widely used in targeted approaches, which can detect 
preselected proteins from a given sample, ideally, with high sensitivity, selectivity, quantitative accuracy, 
and reproducibility. However, antibody-based approaches are limited by the number of proteins that can 
be detected simultaneously and the availability of antibodies. MS-based strategies can potentially detect 
hundreds or thousands of proteins to establish novel biomarkers, potential drug targets, and other 
research efforts [28]. So far, neither of the two strategies has achieved the detection of the whole proteome. 
In this review, we focus on different proteomics approaches, including antibody-based and MS-based 
strategies, for immune characterization of cancer states with an emphasis on CD4+ T cells. Finally, we will 
present novel single-cell proteomics approaches with great potential in cancer immunology. 

12.2. A brief overview of proteomics 
Proteomics is a large-scale analysis of the sum of proteins from an organism, tissue, cell, or 

biofluid [29]. Clinical proteomics aims at understanding how their abundance, expression, localization, 
posttranslational modifications (PTMs), and molecular interactions cause disease to improve patient 
care [30]. Various protein identification techniques have been applied to study proteins involved in cancer 
formation and progression such as flow cytometry (FC), mass cytometry (MC or CyTOF; cytometry by time-
of-flight) [31], [32], and immunohistochemistry (IHC) [33]. However, these strategies are limited by their 
multiplexing capacity and the availability and quality of specific antibodies [27]. 

Bottom-up proteomics is currently a predominant strategy that utilizes protein digestion before MS 
analysis. The general sample preparation workflow in bottom-up proteomics (Fig. 12.1) consists of protein 
extraction, solubilization with detergents, reduction of disulfide bonds, alkylation of free cysteines, and 
lastly enzymatic digestion (normally trypsin) conducted in-solution or filter-aided. Then, obtained peptides 
are desalted with reversed phase C18 tips [34], [35]. This workflow can be combined with fractionation 
steps at protein and peptide levels with different biochemical approaches such as two-dimensional 
electrophoresis (2-DE), strong cation exchange, or enrichment of peptides with PTMs (e.g., 
phosphorylation, acetylation, glycosylation) [36]. The resulting mixtures of peptides are identified and 
quantified in the mass spectrometer by the analysis of mass-to-charge ratios of molecular ions. 
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Figure 12.1. Bottom-up proteomics workflow. Protein mixtures are extracted from patient samples, tumor model samples, or cell 
culture. Proteins are solubilized, disulfide bonds are reduced, free cysteines are alkylated, and proteins are digested with enzymes. 
Alternatively, proteins and peptides can be fractionated or enriched in posttranslational modifications (PTMs). Peptide mixture is 
desalted with reversed phase C18 tips and prepared for tandem mass spectrometry coupled with liquid chromatography (LC-
MS/MS) analysis. LC separates peptides that are ionized by electrospray ionization (ESI) and analyzed in the mass spectrometer, 
generating MS1 and MS2 spectra. Data visualization and analysis allow the identification and quantification of differentially 
expressed proteins as well as the identification of enriched pathways and protein interaction networks. Proteomics analysis has 
several applications in cancer research such as the discovery of underlying molecular mechanisms, therapeutic targets, and 
biomarkers as well as improvement of diagnostics, prediction, prognostic, and therapy monitoring. 

LC-MS/MS has revolutionized proteomics because of the great advances in reproducibility, high 
resolution, high mass accuracy, improvement of scanning modes, and excellent sensitivity. The 
combination of nano-LC technology or capillary electrophoresis with electrospray ionization (ESI) enables 
the identification and quantification of thousands of proteins from one single injection in high-resolution 
mass spectrometers [27], [37], [38]. This progress in clinical proteomics accelerates the study of the 
underlying mechanisms of cancer as well as biomarkers discovery and, at the same time, improves 
diagnostic, prediction, prognostic, and monitoring efficacy of novel immunotherapies [26], [39], [40]. 

MS Imaging is a cutting-edge technology that incorporates matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) with micrometer laser beams that shed on frozen or 
Formalin Fixed Paraffin-Embedded (FFPE) tissue samples. Each laser-excited spot generates ionized 
proteins/peptides which are generally identified by MALDI-TOF. Thus, tissue images are generated via a 
raster scan in which each spot is associated with its mass spectrum, providing the spatial distribution and 
relative abundance of the analytes over the entire tissue section [41]. MS Imaging is mostly non-destructive 
and can be combined with histological staining to study regions of interest or digital PCR [42], [43]. This 
technique can resolve the complexity of spatial protein patterns and other biomolecules (lipids, glycans, 
and metabolites) within the TME in an untargeted manner [44], [45], [46], [47]. Interestingly, recent 
technical advances in laser resolution enable the measurement of analytes at the single-cell level [48]. 
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However, its wider application is currently limited by the required heavy instrumentation, non-standardized 
workflows, and its suboptimal quantification capability [49]. 

Another approach is top-down proteomics that identifies intact proteins by the combination of 
different protein separation techniques with LC-MS/MS, where the proteins are ionized and subsequently 
fragmented. However, the sensitivity is about 100-fold lower than bottom-up proteomics with lesser 
proteomic coverage and throughput due to its lower efficiency to fragment intact proteins [50], [51]. 

12.3. MS-based proteomics approaches applied to study immune 
responses in cancer 
Upregulation of immune checkpoints (IC) such as cytotoxic T cell antigen-4 (CTLA-4) and PD-1 

molecules within the TME is considered as the major immunosuppressive mechanism that inhibits effector 
T cell functions [52]. Apart from that, the TME is enriched in soluble factors such as tumor growth factor-β 
(TGF-β), IL-10, and CD73-derived adenosine which potently suppress T cell anti-tumor functions and 
promote the conversion of naïve CD4+ T cells into Tregs [53], [54]. Moreover, metabolic restriction of T cells 
by nutrient competition from tumor cells inhibits effector T cell anti-tumor functions [55]. MS-based 
discovery proteomics can contribute to elucidating the most relevant proteins, molecular mechanisms, 
and pathways involved in immunosuppression, which will lead to the identification of novel targets for 
potential immunotherapy. This section describes various MS-based proteomics approaches and their 
application in the analysis of the immune responses in cancer by characterization of T cells, the tumor-
infiltrating lymphocytes (TILs) as well as biofluids in mice models and clinics. 

12.3.1. The potential of MS-based proteomics approaches in preclinical cancer model 
studies for discovery research 

Preclinical studies in mice models are an essential milestone towards novel therapeutic strategies in 
humans as well as to uncover molecular mechanisms involved in the disease progression. Despite the 
great potential of proteomics to discover novel therapeutic targets, proteomics analysis has not been 
broadly applied in mice models in the research field of cancer immunology. Interestingly, a few bottom-up 
proteomics studies exemplify its ability to characterize T cells originating from spleen and lymph nodes in 
cancer mice models, providing novel insights in this field. For instance, proteomics analysis of T cells in a 
mice model of colitis-associated colorectal cancer (CAC) demonstrated that sirtuin 5 (SIRT5) 
downregulates numerous proteins related to the T cell receptor signaling pathway and enhances 
immunosuppressive Treg cell differentiation. However, further studies are needed to evaluate the broader 
role of SIRT5 in cancer immunotherapy. In addition, bottom-up proteomics analysis can be applied to 
reveal PTMs involved in tumor immunosuppression. MS-based proteomic analysis of SIRT2-
immunoprecipitated proteins and acetyl-lysine peptides demonstrated that SIRT2 suppresses key 
metabolic enzymes by deacetylation in T cells, promoting a T cell exhausted phenotype. These findings 
were validated in melanoma and lung cancer mice models as well as in vitro in T cells originating from 
healthy donors and TILs isolated from non-small cell lung cancer patients, which revealed that 
pharmacologic inhibition of SIRT2 can enhance cancer immunotherapies [56]. Interestingly, the sirtuins 
family has been associated with cancer progression and metastasis through different 
mechanisms [57], [58], [59]. Application of bottom-up proteomics in an arginase 2 (Arg2)−/− T-cell-specific 
knock-out in CRC and melanoma xenograft models discovered the immunosuppressive function of 
mitochondrial ARG2 in CD8+ T cells. Arg2-deficient CD8+ T cells were synergized with PD-1 blockade, 
unveiling the potential application of ARG2 inhibition as novel immunotherapy [60]. Bottom-up proteomics 
has also been applied to study the immune response to treatment in a breast cancer mice model. Shotgun 
MS analysis of mice serum revealed that cryo-thermal therapy induces acute phase response with IL-6 
activation, promoting Th1 anti-tumor activity [61]. 
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Application of shotgun proteomics in hyperactive platelets derived from CAC mice revealed an increased 
level of protumor serum amyloid A (SAA) proteins, suggesting a novel target to treat CAC patients at early 
clinical stages, or even to prevent cancer development [62]. Also, bottom-up proteomics analyzed 
extracellular vesicles (EVs) from tumor-associated macrophages (TAMs) derived from a CRC mouse model. 
Surprisingly, TAM-EVs possessed a proteomic signature that was associated with inflammation and 
immune response through Th1/M1 macrophage polarization [63]. Both studies show the broad application 
of MS-based proteomics in the analysis of innate immune cells which influence the cancer immune 
response. 

The abovementioned studies show the potential application of MS-based proteomics in 
preclinical cancer mice models to understand molecular mechanisms involved in immunosuppression, in 
the studies on the effect of therapies at the protein level as well as in the discovery of novel therapeutic 
targets for immunotherapy. However, instead of inferring their activity from peripheral blood, further 
proteomics analysis of TILs will provide more valuable information of T cell functions within the TME. 

12.3.2. MS-based proteomics application in clinical studies to characterize cancer 
immune responses 

The advancement of shotgun MS-proteomics enables better characterization of TILs in clinical samples. 
First step towards this goal was the development of the simple and integrated spin tip-based proteomics 
technology (termed SISPROT) combined with laser-capture microdissection technology (LCM) [64]. LCM-
SISPROT provided spatial proteome profiling of cancer cells, enterocytes, lymphocytes, and smooth 
muscle cells of both normal and CRC tissue obtained from the same patient. Each cell type possessed an 
individual proteomic signature such as immune processes enrichment in lymphocytes. Interestingly, the 
spatial proteomic composition from the same cell type showed expression fluctuations across micrometer 
spatial distance which highlights the heterogeneity of TME [64]. This proof-of-concept study demonstrates 
the technical advancement towards high-throughput proteomics characterization of TILs. The next step is 
the application of LCM combined with shotgun proteomics in studies of clinical importance. For instance, 
this approach has been recently applied to compare the proteomes of microdissected TILs from 3 
metastatic melanoma patient samples (IFN-γ-high, lymphocyte activation gene-3 (LAG-3)-high, and none), 
showing that only the IFN-γ-high sample was enriched in different inflammatory pathways [65]. 

It is well known that tumor-secreted factors and exosomes enrich immunosuppressive cells within 
the tumor-draining lymph nodes, leading to defective local T cell priming [66], [67]. Further characterization 
of the tumor-draining lymph node cellular and protein composition is needed to release T cell inhibition 
and to develop potential immunotherapy. MS-based proteomics has been recently applied to characterize 
the pathophysiology of perfused breast cancer patient-derived axillary lymph nodes (ALNs) sustained ex 
vivo using normothermic perfusion [68]. Neutrophil degranulation and extracellular matrix degradation 
pathways were enriched in metastatic ALNs compared to reactive ALNs. Similar results of enriched 
pathways were observed in metastatic lymph nodes from pancreatic ductal adenocarcinoma and prostate 
cancer [69], [70]. These studies demonstrate that MS-based proteomics is a powerful tool to characterize 
biofluids such as perfusates from tissue, facilitating the protein characterization of lymph nodes. MS-
based shotgun proteomics analysis has also been applied to study the cellular composition of tumor-
draining lymph nodes, such as Treg cells from Sentinel Nodes (SN) compared to non-SN Tregs in bladder 
cancer patients [71]. It was found that SN-resident Tregs were enriched in growth and immune signaling 
pathways with IL-16 playing a central role. Moreover, Treg cells in vitro exposition to 
tumor secretome increased the IL-16 processing into its bioactive form through caspase-3 activation, 
reinforcing Treg suppressive capacity [71]. 

Currently, MS imaging has been applied to study the protein heterogeneity as well as spatial 
pattern in multiple solid tumors, focusing on sub-histological classification as well as the discovery of new 
candidate biomarkers [72], [73], [74], [75]. In breast cancer patients' samples, MS imaging revealed a 
correlation between high intra-tumor heterogeneity, high level of TILs, and better prognosis [76]. These 



- 131 - 
 

findings suggest that unveiling the proteome heterogeneity is crucial for defining the extent of cellular 
heterogeneity within the TME. In recent years, MS imaging has been approved as a powerful tool to 
characterize immune cell population changes and to identify protein signatures in response to 
immunotherapy. Berghmans et al. [77] used MS imaging to measure anti-PD-L1 immunotherapy response 
in non-small cell lung cancer patients. Downstream analysis and IHC validation demonstrated that 
neutrophil defensins-1, -2, -3 are predictive biomarkers associated with a positive immunotherapy 
response. Indeed, in vitro experiments showed that these defensins activate immune cells against cancer 
cells. Importantly, MS imaging can be combined with LCM and subsequent bottom-up/top-down 
proteomics to facilitate the identification of putative proteins within the TME [78], [79]. This combination 
revealed that the proteomes from TME cell subpopulations are associated with unique molecular 
signatures in breast cancer [78]. This proof-of-concept study demonstrates that the combination of 
proteomics approaches can reveal TME proteomics heterogeneity. 

Top-down proteomics has not been widely applied to cancer immunological research but several 
studies exemplify the potential of this technique. Generally, top-down proteomics is combined with 
bottom-up proteomics or MS imaging. On one hand, top-down/bottom-up proteomics has been used to 
identify potential biomarkers in prostate cancer [80] and pediatric brain cancers [81], [82], [83] as well as 
to investigate the proteome landscape of breast cancer patient-derived mouse xenograft models [84]. 
Bottom-up proteomics has a higher coverage of the proteome, while top-down facilitates the identification 
of proteoforms with specific PTMs. These studies highlight the benefit of the integration of both 
approaches. On the other hand, combination of top-down proteomics and MS imaging can identify the 
spatial patterns of protein products from alternative Open Reading Frames within the TME. This integrative 
approach can detect potential biomarkers that were not considered before. Interestingly, top-down 
proteomics also facilitates the identification of protein complexes [85], novel quaternary structures [86], 
and tumor mutant proteoforms [87]. 

In summary, MS-based proteomics has been widely applied in cancer immunology research. 
Studies have approved that novel insights into the current understanding of tumor-mediated 
immunosuppression have been gained by using these technologies. Systematic untargeted proteome 
characterization of different T cell subsets, other cell subtypes within the TME, and biofluids will facilitate 
the discovery of novel biomarkers and therapeutic targets to overcome tumor-mediated suppression of 
effector T cell activation. 

Despite these great advances, several technical challenges must be addressed. MS-proteomics 
does not provide the full sequence of a protein but rather relies on the identification of unique peptides 
from a protein. Its sensitivity is limited by the number of acquired spectra to identify a specific peptide [88]. 
However, an average of 75% of collected spectra can remain unidentified [89]. This lack of sensitivity limits 
the dynamic range of mass spectrometers as well as the identification of low abundant proteins, especially 
in clinical samples such as serum, in which the dynamic range can overpass 10 orders of magnitude  [90]. 
Once a peptide is correctly identified, another challenge is the identification of different  isoforms of the 
protein, called proteoforms. These proteoforms are generated by posttranscriptional processing and PTMs, 
yielding multiple proteoforms from the same canonical amino acid sequence [91]. Despite the 
development of PTMs enrichment strategies, identification of modified peptides arises more 
complications due to their lower abundance, lower ionization and fragmentation efficiency, inaccurate 
mass determination, confusion with the assignment of residue substitutions, and uncertainty in the PTM 
site assignment [92], [93]. Lastly, the high cost of MS instrumentation as well as the level of expertise 
required to perform MS-proteomics hinders its wider usage. 



- 132 - 
 

12.4. Antibody-based technologies to characterize immune responses in 
cancer 
MS-based proteomics is widely used in discovery proteomics while antibody-based approaches are 

the most widely chosen for targeted proteomics, although the number of simultaneously detected proteins 
is limited. One of the main challenges in cancer immunology is to find novel biomarkers to guide the choice 
of therapeutic strategies to maximize patient benefit. Predictive biomarkers for immunotherapy require a 
more holistic approach with panels of biomarkers to identify the underlying biology and complexity of the 
tumor immune response [94]. Recently developed antibody-based detection techniques can detect from 
tens to hundreds of proteins simultaneously, being a powerful tool to identify these panels of biomarkers.  
Multiplex immunoassays utilize antibodies as anchors that are immobilized on a solid surface or the 
surface of beads. In both, the protein of interest is bound to the specific antibody. This technology enables 
simultaneous detection and quantitation of tens of proteins. It is a powerful tool, especially for the 
detection of secreted proteins, such as cytokines and growth factors from a limited amount of biological 
and clinical materials. For example, this technique was applied to study the correlation between 59 serum-
derived proteins and response to immunotherapy in gastrointestinal cancers. As a result, protein 
signatures characterized by higher levels of IC molecules, namely PD-L1, CD28, immunoglobulin and 
mucin domain 3 (TIM-3), LAG-3, and CTLA-4, correlated with better prognosis and higher response, being 
a promising panel of predictive biomarkers [95]. In addition to detecting proteins from serum or plasma 
samples, recently, this technique has been applied to characterize inflammation-involved proteins in CRC 
tumors and matched normal tissues, providing a panel of 32 biomarkers differentially expressed in CRC 
tumors [96]. 

Another antibody-based technology, Proximity Extension Assay (PEA) further extends the number 
of detected proteins from tens to hundreds and even thousands. The technology is based on target-specific 
antibodies conjugated with unique complementary DNA. The antibody pairs targeting one protein bind to 
the target and a barcoded DNA duplex is formed, which is amplified by qPCR or next-generation 
sequencing (NGS), allowing quantification of up to 3072 proteins [97], [98]. In a recent study, the oncology 
panel of PEA with 92 cancer-related proteins was utilized to identify potential circulating tumor biomarkers 
for meningioma. The pathway analysis revealed upregulation of immunomodulatory proteins such 
as CD69, CC motif chemokine 24 (CCL24), IL-24, CCL9, and B-cell activating factor (BAFF) [99]. In another 
study, the PEA immune-oncology panel was applied to study the serum/plasma proteomic profiles of 
pancreatic neuroendocrine neoplasms patients. Many well-known immune regulators, such as CCL3, IL-
7, IL-10, CCL20, were significantly elevated in patients compared to healthy controls, whereas FAS ligand 
(FASLG) was downregulated [100]. The PEA technology has shown a promising potential to detect 
chemokine variability within metastatic melanoma patients subjected to anti-PD-1 therapy [101]. Likewise, 
it has also been used to assess the immune profile of chronic lymphocytic leukemia patients undergoing 
different treatments. [102]. PEA analysis of 29 CRC tumors using the immune-oncology panel resulted in 
only 9 tumors clustered together in unsupervised hierarchical clustering, which revealed the intra-tumor 
TME heterogeneity [103]. PEA technology possesses a validated specificity and sensitivity (sub-pg/ml) 
which allows multiplexed protein detection, consuming a minimal amount of sample. Further progress will 
have a powerful impact on the discovery of new diagnostic, predictive, prognostic, and monitoring 
biomarkers as well as on the understanding of the proteome of cancer patients [104]. 

Moreover, other antibody-based proteomics techniques, such as Reverse Phase Protein 
Arrays (RPPA) [105] and chip array cDNA-based Nucleic Acid Programmable Protein 
Array (NAPPA) [106] have been applied in cancer immunology research. RPPA has been used to correlate 
the tumor heterogeneity and immune response in melanoma patients [107], while NAPPA to analyze tumor 
autoantibodies in CRC patients [108]. However, antibody-based approaches are limited by the availability 
and the specificity of antibodies that implies cross-reactivity. Another disadvantage is the variability 
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between batches, especially when the antibody is produced in a new population of antibody-producing 
animals [109]. Most importantly, these approaches only detect limited numbers of preselected proteins.  

12.5. Emerging single-cell proteomics applied to characterize the immune 
TME 

The interplay between cancer cells and their microenvironment plays an important role in many cancer-
related biological processes, including progression, metastasis, drug resistance as well as immune 
response. These complex cellular interactions of the TME and cancer cells are driven by cell 
heterogeneity [110], [111]. Therefore, to develop more effective immune therapies, it is fundamental to 
understand the interaction between immune and cancer cells. Single-cell protein measurements rather 
than a conventional bulk analysis can provide more precise information on this heterogeneity. This section 
reviews the different single-cell proteomics strategies applied or with potential application in cancer 
immunity and immune cell characterization. The following section includes a short description of 
antibody-based approaches, MS-based approaches, and multi-omics strategies applied to cancer 
immunity at the single-cell level. 

12.5.1. Antibody-based approaches 
For the past 30 years, FC has become the ‘gold standard’ in marker analysis at the single-cell level. 

Despite its popularity, this method is limited to a low number of markers for simultaneous analysis due to 
overlapping fluorescence spectra [112], [113]. A recently developed modification of traditional FC, full 
spectrum flow cytometry (FSFC) overcomes the issue of overlapping fluorescence spectra of fluorophore-
conjugated antibodies, as the detection and measurement include an entire fluorescence spectrum. This 
enables the simultaneous detection of up to 64 proteins [114]. This technique has been applied to 
characterize specific cells populations within the TME. For instance, FSFC with over 30 markers found a 
tumor favorable environment formation caused by arginine-metabolizing myeloid cells co-localized with 
CD4+ T cells of unconventional phenotype in neuroblastoma mice models [115]. FSFC was applied to 
characterize the immune cells populations in syngeneic melanoma, breast, ovarian, and CRC cancer 
models with the focus on Tim-3 as a focal molecule [116]. Comparable higher cytolytic activity of Tim-
3+PD-1+CD8+ TILs lead researchers to conduct the validation of combined treatment with Tim-3/PD-1 
mAbs which indicated an enhanced anti-tumor effect [116]. 

By the combination of features of FC and MS, MC (CyTOF) has been developed to overcome the 
limitations of simultaneous analysis of up to 100 proteins at the single-cell level. In this method, cells are 
stained with metal isotope-tagged antibodies and separated in a mass cytometer, followed by TOF analysis 
of isotopes mass ratio in the analyzed samples. MC has been successfully applied in the study of the 
immune signature and immune response in cancer and exhibits potential in the discovery of novel cell 
populations in different types of cancer [117], [118], [119], [120], [121], [122], [123], [124], [125]. For 
example, MC and RNA-seq analysis of tumor and peripheral blood mononuclear cells (PBMC) of CRC 
patients revealed that exhausted T cells are induced and recruited by the TME at all stages of the tumor 
development, demonstrating the link between immunosuppressive TME and the lack of immunotherapy 
response [117] This study demonstrated the superiority of MC analysis of TME over RNA-seq to 
characterize the single-cell proteome state. Interestingly, another CyTOF study identified a novel specific 
population of effector Tregs with protective function in CRC tumors [118]. In glioblastoma (GBM), MC 
provided data confirming the inter- and intra-tumor heterogeneity of glioma-associated macrophages 
(GAM). Moreover, the proportion of GAMs was decreased and exhausted T cells and Tregs were increased 
in recurrent tumors, contributing to the immunosuppressive environment [119]. In xenografts GBM models, 
MC was utilized as a comparative tool of immune landscape between tumor-silent and tumor-active 
models revealing distinct differences in the cells profiles [120]. Additionally, cell barcoding in MC enables 
sample multiplexing which is a very useful option when dealing with valuable clinical samples and low 
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amounts of murine tissue samples. Recently, MC has been successfully applied in high-throughput clinical 
analysis, where multiple samples have been analyzed with more than 35+ isotope tags [121]. 

Further advances in antibody-based proteomics utilize the combination of already established 
antibodies properties and application with microchips or microfluidics to perform proteomic analysis in 
isolated single cells. Single-cell barcode chips (SCBC) separate single cells in microchambers and 
secreted or intracellular proteins are captured on an antibody array. Then, captured proteins undergo the 
staining and quantification with the corresponding biotinylated antibodies and 
fluorescent streptavidin [126]. Advances in this technology led to the development of a commercial 
platform that quantifies a panel of 40 key secreted proteins from a single, viable cell  [127]. Among other 
applications, this platform was used to study the heterogeneity of CD8+ TILs in metastatic melanoma 
patients [128]. 

Multiplexed in situ targeting (MIST) technology uses microbeads hybridized with antibodies 
conjugated to single-stranded DNA. Once the secreted target proteins are captured, an ELISA assay with 
the usage of a second, complementary DNA-conjugated antibody is performed [129]. Both technologies, 
SCBC and MIST, have to compromise the multiplex capacity and detection sensitivity, i.e. increasing the 
number of different antibodies can increase the multiplexing capacity but, in parallel, decrease the 
amounts of particular antibodies used, decreasing the sensitivity [130]. Antibody barcoding with cleavable 
DNA (ABCD) is the next technology that improves multiplexing capacity by utilizing antibodies linked to a 
unique DNA barcode via a photocleavable linker. DNA barcodes are released after incubation by UV 
exposition and are quantified by fluorescence hybridization [131]. Moreover, ABCD allows simultaneous 
analysis of hundreds of proteins from cancer cells and it was applied to characterize lung cancer cells from 
minimally invasive fine-needle aspirates [132]. 

TME heterogeneity does not only rely on the different cell types but also their spatial distribution 
and cell-cell interactions [133]. Whereas previous techniques analyze proteins in isolated single cells, the 
next antibody-based strategies are focused on comprehensive protein profiling in their natural spatial 
contexts. Multiplex immunofluorescence (mIF) is based on cycles of antibody staining, imaging, and 
antibody removal in tissue slides. This method allows the simultaneous identification of several immune 
markers in the same cell providing data about both the expression and location of target proteins (Fig. 
13.2A). A combination of tissue microarrays with mIF has been optimized (e.g., for TME immune 
profiling) [134]. Gerdes et al. [33] applied mIF to analyze 61 proteins in CRC, revealing extensive tumor 
heterogeneity. Recently, mIF has been used to unveil the immune heterogeneity within the TME of 
melanoma and breast cancer ALNs [65], [68]. 

Since the specific intracellular localization of the proteins is essential to performing their 
biological function(s), while localization abnormality may severely disrupt biological processes causing 
disease, characterization of protein expression as well as its localization in a high resolution is needed. 
Single-cell spatial proteomics aims at solving this problem in a comprehensive manner (reviewed 
in [135], [136]). An mIF technique called Multi-Epitope Ligand Cartography (MELC) uses an automated 
microscopic robot that allows multiplexed protein characterization at subcellular level. In a pioneering 
work, MELC was applied to identify changes in key immune function-related proteins in CRC tissue at 
subcellular level [137]. In this study, 1930 clusters of proteins distinguished CRC from healthy tissue, and 
CRC tissue was enriched in T cells with altered T cell adhesion and NK cells with high nuclear factor-kappa 
B (NF-κB) expression. Later, Bhattacharya et al. [138] used Toponome Imaging System, a similar mIF 
strategy, to compare CRC with a normal colon. 5708 clusters of proteins that are specific to colon cancer 
were identified, showing that CRC has a unique higher-order toponomy signature. 

Since the application of mIF techniques carries a risk of damaging the epitopes' 
integrity, oligonucleotide conjugated antibodies alternatives have been explored [139], [140], [141]. CO-
Detection by indEXing (CODEX) iteratively visualizes targets through in situ polymerization-based indexing 
procedure with oligonucleotide-conjugated barcodes and dNTPs analogs tethered to fluorophores (Fig. 
13.2B) [142]. CODEX has been applied to study the immune TME of CRC with 56 markers, showing the 
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importance of the spatial distribution and cell neighborhoods in CRC [143]. Despite the recent advances 
in multiplexed analysis, it was found that oligonucleotides negatively affect the specificity and the binding 
affinity of antibodies. To avoid this interference, other alternatives are used e.g., removable antibodies with 
fluorophores linked by an azido group [144]. 

In the context of cancer immunology, imaging mass cytometry (IMC) and multiplexed ion beam 
imaging (MIBI) are powerful tools to assess the complexity of the TME and networks of cell-cell interactions 
in their spatial context within the tissue. IMC is a technology that combines CyTOF (MC) and imaging to 
analyze proteins in situ (Fig. 12.2C). First, the tissue slide is stained with a panel of metal conjugated 
antibodies and then the stained tissue is converted to a stream of particles pixel-to-pixel by a laser. Next, 
the mass spectrometer determines and quantifies the metal isotopes linked to the antibodies in each 
particle and, finally, a computational algorithm combines the MS data of each pixel with its coordination 
information to generate a two-dimensional image [145]. IMC not only provides information on single-cell 
proteomics but also on the localization of the particular protein in the tissue and constructs the cellular 
interaction within the TME. This methodology gives additional data potentially relevant in the context of 
prognosis or treatment. IMC analysis with 35 biomarkers of patients' breast tumors samples, together with 
available survival data, yielded high-dimensional images providing information on the complexity of 
organization of tumor and stromal cells, their location within the tissue, and distinct phenotypes of tumor 
cells. This study led to the proposal of novel breast cancer subgroups closely related to the particular 
patient's prognosis [146]. IMC was also used to explore the TME of different cancer types including Hodgkin 
lymphoma, and CRC, in which tertiary lymphoid structures in CRC were found to have abundant forkhead 
box P3 (FoxP3)+ Treg expression, demonstrating its potential for immune profiling in tumors [147]. 

The second technology, MIBI is a variation of IMC which operates an ion beam to release metal ion 
reporters, therefore increasing its multiplexing capacity to more than 100 targets at once [148]. An 
interesting application of MIBI is single-cell metabolic regulome profiling, which enables to study the 
composition of the metabolic regulome in combination with phenotypic identity with more than 110 
antibodies against metabolite transporters, metabolic enzymes, or regulatory modifications. The study 
revealed the metabolic heterogeneity and spatial organization of CD8+ T cells in CRC, including subsets 
expressing the T cell exhaustion-associated molecules CD39 and PD-1, indicating their exclusion from the 
tumor-immune boundary [149]. Undeniably, IMC and MIBI are superior methods to fluorescence-based 
technologies because they detect simultaneously targeted proteins with a higher dynamic range avoiding 
staining/stripping cycles that can compromise epitope integrity [150]. However, their disadvantage is the 
availability of the number of antibodies conjugated with metal isotopes suitable for FFPE and fresh frozen 
tissue staining [151]. 

In summary, the bottleneck of single-cell measurements with antibodies is the limit of sensitivity, 
which stems from the molecular shot noise, limiting accurate quantification to the low attomolar (aM) 
range, as well as the quality of the antibody [152]. 
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Figure 12.2. Schematic representation of single-cell spatial proteomics approaches. (A) Multiplex immunofluorescence (mIF), (B) 
CO-Detection by indEXing (CODEX), (C) imaging mass cytometry (IMC) and multiplexed ion beam imaging (MIBI). 
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12.5.2. Single-cell MS-based approaches 
Unbiased single-cell MS-based proteomics approaches are currently in development, being a 

promising alternative that can overcome the limitation of antibody-based approaches, potentially leading 
to an increased number of detected proteins [153]. However, single-cell MS analysis must overcome 
additional challenges apart from the abovementioned for bulk MS proteomics. Proteins cannot be 
amplified as nucleic acids. Thus, one of the major challenges is the delivery of peptides to the mass 
spectrometer taking into account the low protein content of a single cell. Single-cell sample preparation 
requires miniaturization and automation to reduce protein losses and increases their concentration  [154]. 
Single cells are separated by FACS or other alternative techniques and subsequently, protein extraction 
and digestion are performed in reduced volumes (1 μl/cell or lower). Different strategies of sample 
preparation have been successfully developed such as nanodroplet processing in one pot for trace 
samples (nanoPOTS) [155], oil-air droplets [156], or minimal ProteOmic sample Preparation (mPOP) based 
on freeze-heat cycles [157]. Moreover, peptide separation in the LC column and its corresponding ESI must 
be miniaturized with flow rates at low-nanoliter-per-minute or even picoliter-per-minute range. Therefore, 
the inner diameter of nanoLC columns is reduced from 75 μm to 30 μm which in consequence improves 
single-cell proteome coverage [158]. 

Importantly, single-cell MS analysis needs an increase in peptide sequence identification as well 
as in its multiplexing capacity to analyze the proteome from thousands of cells at an affordable cost [153]. 
A great advance has recently been achieved with an approach called Single Cell ProtEomics by mass 
spectrometry (SCoPE-MS) [159]. SCoPE-MS prepares the sample by mPOP and adds an isobarically 
labeled carrier (e.g., the proteome of 100 cells) with tandem mass tags [160]. The usage of a proteomic 
carrier mitigates sample losses, facilitates peptide sequence identification, and increases the multiplexing 
capacity with a limit of 12 single-cell proteomes in one run due to the limited tandem mass tags available. 
With such technological development, SCoPE-MS found its application in heterogeneity studies. SCoPE-
MS quantified 3042 proteins in 1490 single monocytes and macrophages, suggesting that heterogeneity of 
macrophages may emerge without the participation of polarizing cytokines [161]. Moreover, SCoPE-MS 
quantified 1500 proteins from 152 cells from three acute myeloid leukemia (AML) cell lines, revealing 
functionally distinct differences between the three cell clusters [162], [163]. Additionally, the combination 
of nanoPOTS and SCoPE-MS quantified around 1000 proteins per cell of 3000 FACS-sorted cells from an 
AML culture model. It allowed resolving AML heterogeneity at a single-cell level along different hierarchical 
stages of differentiation [164]. 

Further improvements will be achieved through innovations in sample preparation and peptide 
separation, hardware advances of mass spectrometers as well as innovative acquisition and interpretation 
methods. These improvements will facilitate increased coverage of single-cell proteomes as well as the 
sensitivity and confidence of peptide sequence identification, revolutionizing cancer immunology  [165]. 

12.5.3. Single-cell multi-omics strategies 
For precision oncology, to deeply and comprehensively understand the complexity of the TME, in 

addition to proteomics, an integration of multi-omics data at the individual cell level with the molecular 
landscape of each cell is needed [166], [167]. Proteogenomics approaches combine bulk MS-based 
proteomics with genomics and transcriptomics. This strategy has been applied to several cancer types, 
providing novel insights into somatic mutation consequences at the protein level as well as neoantigens 
discovery for immunotherapy [168], [169], [170], [171]. However, the genomic and proteomic data 
integration at the single-cell level is currently in development. Recently, a pioneering study designed DAb-
seq which allows analysis of 49 DNA targets and 23 protein markers by the combination of DNA barcodes 
conjugated to antibodies and multiplex PCR. Although this technology requires an increase in its 
multiplexing capacity, it demonstrated the heterogeneous interactions of somatic mutations and protein 
expression in AML single cells [172]. 
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On the other hand, there are some techniques designed to link mRNA and antibody based protein 
analysis in single-cell approaches. Proximity Ligation Assay for RNA (PLAYR) is a method that uses FC/MC 
for simultaneous analysis of target proteins stained with antibodies and RNA. PLAYR probe pairs hybridize 
their targets and then the insert and backbone are hybridized and ligated to the probes. After rolling circle 
amplification, labeled oligonucleotides bind the insert regions for detection and quantification  [173]. 
Recently, this method has been used to demonstrate intra-clonal heterogeneity in chronic lymphocytic 
leukemia cells [174]. Cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) and its 
sister technology RNA expression and protein sequencing (REAP-seq) combine DNA-conjugated 
antibodies with scRNA-seq [175], [176]. The difference is that CITE-seq uses biotinylated antibodies 
whereas REAP-seq uses antibodies covalently bonded to aminated DNA sequences. These methods 
integrate cellular surface protein and transcriptome measurements into single-cell readout. CITE-seq 
provides a more detailed characterization of cellular phenotypes compared to scRNA-seq alone and allows 
simultaneous protein expression and transcriptome profiling of thousands of single cells (Fig. 13.3). CITE-
seq may also show quantitative differences in marker expression between subsets e.g., expression 
difference of CD8a between NK and T cells [176]. A CITE-seq panel of 157 antibodies was applied 
to immunophenotype breast cancer patients. 18 clusters of T cells and innate lymphoid cells (ILCs) were 
found with different proportions among clinical subtypes. Interestingly, IC molecules were also 
differentially expressed among breast cancer subtypes. These findings may lead to personalized 
immunotherapy strategies for each subtype [177]. Moreover, it was found that CITE-seq can be combined 
with single-cell sequencing assay for transposase-accessible chromatin (scATAC-seq) and used to study 
the RNA expression, surface proteins, and chromatin accessibility at the single-cell level. Granja et 
al. [178] applied such strategy to find distinct and shared molecular mechanisms of leukemia. Among the 
challenges for both technologies (CITE-seq and REAP-seq), the efficiency of cell captures must be 
increased, the system requires total automation, and the multiplex detection must be extended to 
intracellular proteins which is currently limited to a reduced number of proteins [179], [180]. 
Recently, SUrface-protein Glycan And RNA-seq (SUGAR-seq) has been designed to enable the detection 
and analysis of N-linked glycosylation, extracellular epitopes, and the transcriptome at the single-cell 
level. SUGAR-seq is an extension of CITE-seq in which glycans are captured with a biotinylated lectin and 
subsequently detected using an anti-biotin mAb conjugated to a DNA-barcode. Integrated SUGAR-seq and 
glycoproteome analysis identified TILs with unique N-glycan profiles as cellular T cell subsets with the 
altered epigenetic and functional state in CRC and melanoma mice models [181]. 

 
Fig. 12.3. Schematic representation of CITE-seq and REAP-seq. Antibody-barcoded labeled cells are mixed in a microfluidic system 
in which each droplet contains a cell, beads with the PCR adapters with the corresponding cell barcodes, and lysis buffer. After cell 
lysis within the droplet, mRNA and DNA barcodes from antibodies are hybridized with PCR adapters. Subsequent retrotranscription 
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generates cDNAs and droplets are disrupted. Upon disruption, the respective cDNAs for mRNAs and proteins are separated by size. 
These synthesized libraries are sequenced, providing the single-cell expression profiles of mRNA and targeted proteins. 

Zhang et al. [182] combined scRNA-seq and mIF to study the immune TME of CRC patients. They found that 
TILs showed an exhausted phenotype compared to T cells originating from normal tissue and peripheral 
blood. Moreover, they identified a population of Th1-like cells that were enriched in microsatellite 
instability (MSI) CRC, providing a possible explanation for MSI patients' good response to anti-PD-1 
immunotherapy. Finally, de Vries et al. [183] combined MC with 36 markers, FC, scRNA-seq, and mIF to 
analyze T cells from CRC, matched associated lymph nodes, healthy mucosa, and peripheral blood. 
Different phenotypes of CD8+/γδ T cell and CD4+ memory T cells were observed in each examined tissue. 
Interestingly, an innate lymphoid cell (ILC) population was enriched in CRC tissues with high expression of 
cytotoxic molecules. Additionally, this ILC population correlated with the presence of tumor-resident 
cytotoxic, helper, and γδ T cells with similar activated profiles. This study not only sheds some light on the 
complexity of lymphocytes composition dependent on the sample type but also demonstrates that multi-
omics data integration provides much more data and in-depth analysis, which otherwise would not be 
obtained. 

12.6. Conclusions and future perspectives 
Despite the great advances in cancer immunology and the development of immunotherapy, the 

patients' response rate remains a clinical challenge. Understanding the complexity of TME and 
immunosuppression mechanisms may lead to design of more effective cancer immunotherapies. 
Proteomics is a powerful approach to accelerate the studies on immune responses in cancer. MS-based 
proteomics can uncover novel insights into molecular mechanisms and potential therapeutic targets, 
while the application of antibody-based proteomics approaches does not require specialized expertise as 
in MS and is widely applied as a tool to characterize selected proteins and discover new clinical 
biomarkers. However, both approaches possess limitations and technical challenges that complicate the 
characterization of the whole proteome of biological systems, especially to differentiate between 
proteoforms. 

Emerging single-cell proteomics approaches will revolutionize our understanding of the complex 
cellular networks within the TME and interactions between cancer and immune cells. Several technologies 
have been recently developed with the potential for comprehensive proteomic characterization that 
facilitates the deep profiling of immune responses in cancer at the single-cell level. Novel technical 
solutions will provide higher sensitivity and higher resolution at the subcellular and molecular 
level [184], [185], [186]. Importantly, a new era in proteomics was born with single-molecule protein 
sequencing based on fluorescence-mediated in situ protein identification [187], [188] as well as 
nanopores [189], [190]. Further technical development of these next-generation proteomics approaches 
will ideally enable the whole proteome characterization and unveil the distribution of proteoforms at the 
single-cell level. 

In summary, together with the technological advancements in single-cell analysis, progress in a 
holistic system of multi-omics approaches and data analysis is needed. To date, it was found that a 
combination of different ‘omics’ data with single-cell proteomics, may provide information on cancer 
origin, progression, and prognosis, which could remain undiscovered if were analyzed separately. It is well-
recognized that a comprehensive approach to TME composition is crucial in personalized therapy and 
efficient treatment. In this review, we have discussed examples of immune heterogeneity studies of TME in 
cancer, focusing on both MS-based bulk/antibody-based and single-cell analysis (Table 1). Moreover, we 
reviewed emerging single-cell proteomic analysis methods with examples of the combination of multi-
omics studies, which we believe become widely applied in cancer research in the future. 
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Table 12.1  
Summary of the presented emerging single-cell proteomics techniques divided by approaches type and with their corresponding advantages and disadvantages.   

Type  Technique  Advantages  Disadvantages  
Antibody-based 

approaches  
Full spectrum flow cytometry (FSFC)  Up to 64 of markers analyzed simultaneously 

Possibility to use dyes with close peak emission, if 
the full spectra of fluorescence significantly differs  

Increased need for a larger number of antibodies combined with dyes 

suitable for full spectrum detection  
Reproducibility (increased number of parameters analyzed 
simultaneously increases the number of factors influencing the 
outcome of the experiment) Requires specialized device  

 Mass cytometry (MC or cytometry of time-of-
flight; CyTOF)  

Up to 100 of markers analyzed simultaneously in 

comparison to fluorescence methods  
Low background noise  
Multiplexing capacity crucial for the analysis of 
valuable samples  

Infeasible to recover living cells after analysis  
Longer analysis time  
Requires specialized device  

 Single-cell barcode chips (SCBC)  Dynamic range (up to 10,000 cells analyzed) 

Possibility to analyze proteins originating from cell-

surface, cytoplasm or secreted  
Cells can be recovered for further analysis  

Requires big number of barcoded antibodies  
Specificity of antibody binding might be hindered by 
oligonucleotides  

 Multiplexed in situ targeting (MIST)  Potential to detect hundreds of proteins  Multiplexing vs. sensitivity – increase in the number of microbeads 
decreases the sensitivity  

 Antibody barcoding with cleavable DNA 
(ABCD)  

High multiplexing capacity due to infinite number of 
DNA barcodes can be discriminated  

Low sample throughput  
May not detect low-expression proteins  

 Multiplexed ImmunoFluorescence (mIF)  Unmodified primary antibodies can be used for this 

method  
Allows the detection for several markers at once  
Relatively short assay time  
No need for specialized equipment apart from 
fluorescence microscope  

Incomplete removal of antibodies can interfere with the signal 

detection in subsequent staining cycle  
Risk of damaging the epitopes during the stripping step  

 Multi-Epitope Ligand Cartography (MELC)  Allows the detection of up to 50 epitopes at once  
High resolution  

Requires specialized device Long 
sampling time  

 Toponome Imaging System  Allows the analysis of up to 100 proteins in a single 
cell  

Requires specialized device  

 CO-Detection by indEXing (CODEX)  Detection of up to 40 proteins  
Can provide information on relative abundance of the 
detected markers in spatial context  

Specificity of antibody binding might be hindered by 

oligonucleotides  
Relatively long scanning time  

 Imaging mass cytometry (IMC)  Up to 40 markers can be detected Provides 
spatial context  

High cost of the analysis  
Availability of isotope-tagged antibodies Sample is 

destroyed during detection  
Time of the data acquisition and analysis  
Requires specialized device  

 Multiplexed ion beam imaging (MIBI)  Higher detection capacity (up to 100 markers)  High cost of the analysis  
Availability of isotope-tagged antibodies  
Sample is destroyed during detection Time of 
the data acquisition  

MS-based 
approaches  

Single Cell ProtEomics by mass spectrometry 
(SCoPE-MS)  

High throughput and accurate quantification  
Decreased sample losses  
Increased identification of peptide sequences  

Low accuracy (when comparing the abundance of proteins) Requires 
special device  

Multi-omics 
approaches  

Proximity Ligation Assay for RNA (PLAYR)  Possibility to analyze both mRNA and protein 

expression levels  
High throughput  

Need to apply FC or MC to obtain the results  
Limited to the detection of 40 markers due to the availability of the 

suitable antibodies  
Multiple probes required to detect one transcript  

 Cellular indexing of transcriptomes and 
epitopes by sequencing (CITE-seq)  

Can detect a protein even in the case when 
corresponding mRNA is of low abundance  

Cell capturing efficiency needs to be increased  
Requires total automation  
Multiplex detection must be extended to intracellular proteins which 
is currently limited to a reduced number of proteins  

 RNA expression and protein sequencing 
(REAP-seq)  

Can detect a protein even in the case when 
corresponding mRNA is of low abundance  

Cell capturing efficiency needs to be increased  
Requires total automation  
Multiplex detection must be extended to intracellular proteins which 
is currently limited to a reduced number of proteins  

 SUrface-protein Glycan And RNA-seq (SUGAR-
seq)  

Can analyze N-linked glycosylation,  
extracellular epitopes, and the transcriptome at the 
single-cell level  

Similar limitations as for CITE-seq and REAP-seq  
Biased detection of glycans – detection depends on the type of 
lectin used in the assay   
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III. Conclusions 
The meticulous investigation of T cells, hold yet not entirely unlocked, potential for clinical application in 
IBD and CRC. There are studies indicating that some bacteria strains can regulate the pathogenic Th17 
population as in Lecesse et al. showed Lactobacillus and Bifidobacteriumto reduce production of pro-
inflammatory cytokines in patients with UC238. Hence, understanding how microbiota affects the T-cells 
populations is vital. Immunodeficient mice which underwent adoptive T-cells transfer from 
immunocompetent mice develop colitis to the different degree depending on the microbiota composition 
present in the environment.  

Mice maintained in the housing conditions where H. hepaticus H. typhlonius, or Klebsiella oxytoca 
were detected exhibited severe colitis, elevated levels of serum IFN-γ and IL17 and increased levels of IFN-
γ CD4+ and IL17+ CD4+ T-cells, whilst mice held in different conditions all were positive for IFN-γ CD4+ T-
cells, what highlights the crucial role of Th17 in the development of colitis upon microbiota changes. In 
addition, the reduction of the diversity of gut microbiota was also linked with more severe T-cells 
dependent colitis. 
 Publication II utilized chemically induced colitis model to investigate the role of USP28 on T-cells. 
Ubiquitin-specific peptidase 28 (USP28) belongs to Ubiquitin-Specific Protease family of 
deubiquitinates239,240. In this study, knockout of USP28 led to the increased suppressor functions in Tregs 
by STAT5 action as STAT5 is vital for i.e FOXP3 expression172. Furthermore, USP28 was revealed to 
participated in induction of IL22/STAT5  axis  affecting the T-cells activation what indirectly links USP28 to 
changes in interleukins expression241. There are multiple post translational modifications that directly or 
indirectly influence the Th17/Treg balance, hence this study provides new evidence aiding the deciphering 
the control mechanism of Tregs population.  

Local niche of cellular components and expressed proteins is highly altered during tumorigenesis. 
Hence, publication III focused on deciphering TME in CRC in the attempt to decode immune cells signature 
within the tumor. Heterogenic environment and the complexity of immune cells communication hinders 
investigations on potential reliable targets for therapy to improve patients outcome. In this study, several 
interferon and TP53-related genes exhibited different expression patterns depending on the location along 
the invasive trajectory and interactions between, SPP1 macrophages, T-regs, and epithelial cancer cells. 
Furthermore, pseudotime analysis of the TLS structures development showed upregulation of SIT1, 
negative regulator of T-cells, comparing to normal lymph nodes, suggesting potentially tumor-enabling 
conditions induced within the TLSs, however the exact role SIT1 in the CRC context requires further studies. 
 Publication IV, complemented spatial transcriptomics analysis of T helper cells, by high resolution 
proteomic technology, characterization of protein profiles in CD4 enriched CRC patients’ tissues. This 
analysis revealed showed high contents of CAFs, Tregs, M2 macrophages, and mast cells contributing to 
the immunosuppressive environment, highlighting the importance of deciphering complex TME 
composition for the effective treatment. For example, predicted Tregs fraction were correlated with IDO1, 
ARG1, or SIRT1 and SIRT2 all linked to the immunosuppressive function of Tregs. Moreover, SIRT2 was found 
to be differentially expressed in TLSs, comparing to normal lymph node, in the previous spatial 
transcriptomics studies what indicates the that SIRT2 might play an important role in CRC-associated 
Tregs. This analysis identified several new proteins with significance in shaping the TME such as NPM3 
linked with immune evasion or MCEMP1, identified as upregulated in CRC tissue, found to play potentially 
a role in migration of Tregs. Simultaneously, the analysis revealed upregulation of proteins associated with 
inflammation such as S100A8 and S100A9, what highlight the complexity of suppressive and inflammatory 
signaling linked to the CD4 cells infiltration.  

Lastly, tumorigenesis leads to the changes in plasma proteins expression, reflected in 
publications V and VI. Publication V, performed with PEA technology on CRC and healthy controls serum 
samples revealed potential new CRC biomarkers. Among identified DEPs, for the first time CXCL9 AND 
CCL23, T-cells chemoattractant, were  found upregulated in serum of CRC patients comparing to healthy 
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controls. Furthermore, levels of  IFN-γ, which induces CXCL9 expression, were found to be elevated in 
early-stage of CRC in this study what might suggest the link between IFN-γ and CXCL9 in the cancer 
progression242. All 3 proteins were validated and showed significant upregulation in the independent cohort 
of CRC vs normal what indicates their high potential for becoming a CRC serum biomarker. Confirmed 
elevated levels of IFN-γ and interferon-induced CXCL9 at plasma levels, highlight the relevance of 
interferon-induced genes participation in CRC progression observed in ST study. At the same time CSF3, 
involved in Th17 differentiation pathway, was found to be upregulated in CRC serum of patients with 
inflammation status and further validated in the independent cohort. CSF3 is a pro-inflammatory cytokine 
that may promote angiogenesis and it was found to be upregulated in the serum samples of CRC patients 
with inflammation243.  

Furthermore, publication VI revealed significant upregulation of complement cascade protein C4B 
in the patients with inflammatory status, and together with C8A showed significant upregulation in the late 
stages of CRC. Members of acute-phase proteins such as SAA4 and LBP, together with proposed A2GL were 
upregulated in CRC serum patients, with A2GL being selectively upregulated in patients with assigned 
inflammation status244. At the same time, C5 upregulated in CRC patients samples,  was additionally 
validated in the independent cohort indicating its potential biomarker for CRC detection potential.  
 Collectively, this study yielded new potential biomarkers for CRC diagnosis and revealed CRC-
associated changes in the expression of proteins linked to the immune response.  However, for the clinical 
application of these findings further studies are required, including studies on larger cohorts and 
application of multi-omics technologies to understand the role of immune cells, including T-cells, in 
orchestrating the immune response during tumorigenesis. Emerging new, single-cell, high throughput 
technologies, several described in publication VII, as well as development of spatial technologies aiming 
at single-cell resolution, as recently announced VisiumHD are needed to accelerate translational potential 
of these findings245. 
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Supplementary Table 6. DEPs between CRC patients and healthy controls that are identified in the human blood secretome from 
Human Protein Atlas. 
Supplementary Table 7. Proteins significantly correlated with inflammation status with the corresponding correlation coefficient 
and p-value. 
Supplementary Table 8. DEPs between patients with and without inflammation. The FC is defined as patients with inflammation - 
patients without inflammation (Inf-NonInf). 
Supplementary Table 9. KEGG enriched terms for the 26 DEPs between CRC patients with and without inflammation. Each term 
contains an associated description, the fold enrichment, the occurrence, the support, the lowest/highest p-value in the iterations, 
as well as the up/down-regulated proteins 
Supplementary Table 10. Proteins significantly correlated with cancer stage with the corresponding correlation coefficient and p-
value. 
Supplementary Table 11. DEPs between early and late-stage patients. The FC is defined as patients with late-stage CRC - patients 
with early-stage CRC. 
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Figure S1. Heatmap of DEPs between CRC patients and healthy subjects with z-score by row normalization and distributed by 
hierarchical clustering. 
Table S1 List of proteins only identified in CRC patients and healthy subjects, respectively 
Table S2 List of identified proteins by proteomics analysis with Uniprot entries, names and associated Gene Ontology terms 
Table S3 List of differentially expressed proteins (DEP) between CRC patients and healthy subjects with the corresponding fold 
change expressed as (Patient-Control) and adjusted p-value 
Table S4 KEGG enriched terms in colorectal cancer patients determined by pathway enrichment analysis via active subnetworks 
with the DEPs from CRC patients vs healthy subjects 
Table S5 List of significantly correlated proteins with cancer-associated inflammation in CRC patients  with the corresponding 
coefficients and p-values 
Table S6 List of differentially expressed proteins (DEP) between CRC patients with and without cancer-associated inflammation with 
the corresponding fold change expressed as (Inf.-Non-Inf.) and adjusted p-value 
Table S7 List of significantly correlated proteins with tumor stages in CRC patients  with the corresponding coefficients and p-values 



- 162 - 
 

Table S8 List of differentially expressed proteins (DEP) between CRC patients with late and early stages with the corresponding fold 
change expressed as (Late-Early) and adjusted p-value 
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