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1. Hypothesis and Research Question 

Colorectal cancer is the tumor entity with the highest degree of microsatellite instability (MSI) 

ranging from 12% to 20% of cases (1,2). Microsatellite instable colorectal cancers are well known for 

its strong link to favorable patient outcome (3), increased response to immune checkpoint 

inhibitors(4), high mutational burden(5), poor differentiation(6), and an inflamed immune 

phenotype(7). Moreover, recent evidence suggests that the interdependencies between 

subpopulations of cytotoxic T-cells, such as type 1 cytotoxic T-cells (Tc1), and subpopulations of 

helper T-cells, such as type 1 T-helper cells (Th1), type 2 T-helper cells (Th2), type 17 T-helper cells 

(Th17), and regulatory T-cells (Tregs) highly impact the efficacy of anti-cancer immunity depending 

on the microsatellite status(7,8). However, the alterations of the T-cell composition and underlying 

changes in the immune tumor microenvironment that lead to such favorable patient outcomes are 

still unknown. 

Microsatellite instability in colorectal cancer is associated with increased infiltration of CD8+ cytotoxic 

T cells, particularly Tc1, leading to enhanced tumor cell destruction (8,9). Functional analysis has 

shown that Tc1 represent the main component of the terminal-end-route of anticancer immunity by 

producing high levels of cytolytic cytokines such as perforin, INF-y and granzyme B, thus initiating 

direct tumor cell killing (8,10), while other cytotoxic T-cell subsets such as type 2 (Tc2)(8,11), or 

regulatory cytotoxic T-cells (Tcreg)(12) contribute less effectively to tumor cell destruction. 

Furthermore, it has been shown that Th1 can enhance Tc1 effector function by targeted delivery of 

cytokines via acquired pMHC I complexes (13). In addition, Th1 is also well known for robust 

secretion of IFN-γ and chemokines, facilitating the priming and proliferation of CD8+ T-cell 

subpopulations (14,15). The role of Th2 and Th17 in the tumor microenvironment of colorectal 

cancer is more contradictory. Th2 has been found to promote tumor growth in colorectal cancer (16)  

but also shows anti-tumor activity due to its cytokine secretion profile (17). Although a high fraction 

of Th17 was linked to tumor progression due to the promotion of intestinal tumorigenesis (18,19) 

and angiogenesis by IL-17 expression (20), anticancer functions such as promoting localization of 

highly cytotoxic CD8+  T-cells to tumor tissues have been also described (21). In addition, regulatory T-

cells (Tregs) appear to mitigate inflammatory damage and may suppress anti-cancer immune 

responses during different stages of carcinogenesis in colorectal cancer (22).  

Therefore, the hypothesis of study is that the alterations of the T-cell composition and underlying 

changes in the immune tumor microenvironment contribute to favorable patient outcomes in MSI 

compared to MSS colorectal cancers. The research question is how do the composition, functional 

marker expression, and spatial interactions of T-cell subpopulations differ between microsatellite 

instability (MSI) and microsatellite stable (MSS) colorectal cancers.  
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2. Introduction 

2.1 Colorectal cancer 

Colorectal cancer (CRC), which affects the colon and/or rectum, is a major health concern worldwide, 

ranking as the third most diagnosed and the second most fatal cancer globally 

(https://www.who.int/news-room/fact-sheets/detail/cancer). In 2020, GLOBOCAN data estimated 

19.3 million new cancer cases and 10 million cancer deaths globally, with CRC contributing 

approximately 1.93 million cases (10%) and 0.94 million deaths(23). Among CRC cases, colon cancer 

is predominant, accounting for 59.5% of new cases and 61.9% of deaths, while rectal cancer 

constitutes 37.9% of incidences and 36.3% of mortality across genders and age groups(23). Although 

CRC-related deaths are high in high-income countries, the incidence and mortality rates are rising in 

developing regions as well. CRC is influenced by environmental and genetic factors, with risks 

increasing with age, particularly in patients with longstanding ulcerative colitis or Crohn’s disease(24). 

Additional risk factors include dietary and lifestyle choices, family history, and chronic 

inflammation(25). 

CRC classification encompasses histological subtype, tumor location, mutation origin, and molecular 

pathways. Histologically, CRC is categorized into adenocarcinoma, neuroendocrine tumor, 

neuroendocrine carcinoma, and mixed neuroendocrine-nonneuroendocrine neoplasm, with 

adenocarcinoma comprising over 90% of cases worldwide (26,27). Subtypes of colorectal 

adenocarcinoma include mucinous, medullary, and signet ring cell types(26,27). Based on location, 

colon cancer is divided into proximal (midgut origin) and distal (hindgut origin) types, with distal 

colon cancer generally showing a more favorable prognosis than proximal colon cancer(28). CRC can 

also be classified by the mutation origin, with three main categories: sporadic CRC (70%), familial CRC 

(25%), and inherited CRC (5%) (28,29). Molecular pathway classifications include chromosomal 

instability (CIN), microsatellite instability (MSI), and CpG island methylator phenotype (CIMP) 

pathways(30). In 2015, the CRC Subtyping Consortium developed a unified molecular classification 

system known as the Consensus Molecular Subtypes (CMS), based on 4,151 CRC samples, to reflect 

CRC’s heterogeneity. This system includes four subtypes: CMS1 (MSI Immune, 14%) with high 

immune activation and best survival in local disease, CMS2 (Canonical, 37%) with chromosomal 

instability and good prognosis, CMS3 (Metabolic, 13%) showing metabolic dysregulation, and CMS4 

(Mesenchymal, 23%) with stromal invasion and the poorest prognosis(30,31).  

Screening is the most effective strategy to prevent CRC and reduce mortality among average-risk 

individuals(25). Many countries in Europe, Canada, and parts of North and South America, Asia, and 

Oceania have implemented population-based screening programs(32). Eligibility to participate in CRC 

screening is determined by age and area of residence. The results of microsimulation modeling have 

shown a decline in CRC cases and deaths in the United States, largely attributed to such screening 

initiatives(25). Screening identifies early-stage disease, enabling timely intervention and reducing 

https://www.who.int/news-room/fact-sheets/detail/cancer
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CRC's threat to individuals and communities. CRC’s gradual adenoma-to-carcinoma progression, 

typically taking at least ten years, provides a window for early detection and treatment(33). Removal 

of precancerous polyps can prevent CRC(34), and early detection significantly improves survival 

outcome(35). Additional preventive measures include targeting high-risk groups, such as those with 

inflammatory bowel disease, hereditary CRC syndromes, family histories indicating genetic 

predisposition, and phenotypically high-risk individuals. Recent advances in metabolomics help 

identify the biological pathways impacted by genetic variation(36). The primary screening methods 

for CRC are fecal occult blood tests (FOBTs) and lower endoscopy(37). 

2.2 Microsatellite instability in colorectal cancers 

Microsatellite instability (MSI) is a hypermutable phenotype resulting from impaired DNA mismatch 

repair (MMR) activity(38). The MMR system plays a crucial role in correcting replication errors in 

DNA, particularly in repetitive sequences called microsatellites(39). Four main genes regulate the 

MMR mechanism: MLH1, MSH2, MSH6, and PMS2. Biallelic inactivation of these genes, caused by 

mutations or epigenetic changes, leads to deficient MMR (dMMR). This deficiency increases 

replication errors, causing mutations that alter the sequence length of microsatellites, a condition 

referred to as microsatellite instable (MSI). MSI tumors accumulate numerous mutations due to this 

defective repair syste(38). If tumor tissues do not exhibit changes or instability at microsatellite loci, 

then they are microsatellite stable (MSS) tumors. 

Colorectal cancer (CRC) exhibits the highest rates of MSI among cancer types, occurring in 12% to 20% 

of cases (1,2). Approximately 3% of MSI cases are linked to Lynch syndrome (hereditary), while 12% 

arise sporadically, often due to MLH1 promoter hypermethylatio(38). Several detection methods are 

established to identify MSI colorectal cancers, mainly including polymerase chain reaction (PCR)-

based methods, immunohistochemistry (IHC), and next-generation sequencing (NGS). A commonly 

used method combines fluorescent multiplex PCR with capillary electrophoresis (CE) to detect MSI 

across five quasi-monomorphic sites (BAT-26, NR-21, BAT-25, MONO-27, and NR-24) in a single test, 

providing high sensitivity and reliable results(40). IHC, another detection approach, assesses MMR 

protein expression (hMLH1, hPMS2, hMSH2, and hMSH6); absence of any MMR protein indicates 

dMMR, while presence of all four suggests proficient mismatch repair (pMMR)(41). In general, 

dMMR is equivalent to MSI-H(42). Though IHC is straightforward and often preferred, it may yield 

discordant results compared to PCR in some cases. For instance, MSH6 mutation may result in dMMR 

without meeting MSI-high (MSI-H) criteria, while MSI-H status can sometimes exist without 

detectable MMR protein loss(43,44). To address these discrepancies, studies recommend combining 

molecular analysis with IHC and MSI testing. However, this dual approach is costly and requires larger 

sample quantities(45). NGS has emerged as a potential solution, enabling MSI detection alongside 

MMR gene analysis and tumor mutational burden (TMB) assessment using smaller samples(46). In 

2017, MSK's IMPACT and FMI’s F1CDx (approved by the FDA in 2018) became notable NGS products 
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for MSI testing, offering over 92% concordance with traditional methods(47,48). 

MSI colorectal cancers (MSI-CRCs) are characterized by distinct features. They are more frequently 

located in the right (proximal) colon; in one study, 66.7% of tumors in the proximal colon exhibited 

MSI-H, compared to only 25.7% in distal tumors(49). Although the right-sided location raises 

suspicion of MSI, molecular confirmation is essential(50). MSI-CRCs are also associated with better 

patient outcomes. A pooled analysis of 7,642 CRC cases revealed a hazard ratio of 0.65 for MSI-H 

tumors, with later studies confirming reduced risk of death and relapse for MSI-H stage II CRC(51,52). 

MSI-CRCs show a heightened response to immune checkpoint inhibitors, particularly in cases of high 

tumor mutational burden(4,53). Multiple studies support the sensitivity of MSI-CRCs to treatments 

such as anti-PD-1 and PD-L1 antibodies(54,55). Histologically, MSI-CRCs are often poorly 

differentiated, displaying mucinous or signet-ring cell patterns(38). 

MSI-CRCs have an inflamed immune profile, with diverse T-cell subpopulations like Type 1 cytotoxic 

T-cells (Tc1) and helper T-cells (Type 1, Type 2, Type 17, and regulatory) affecting immune response 

based on MSI status(8,56). For instance, a study analyzing the RNA data from TCGA cohort or 

immunohistochemistry data demonstrates that MSI colorectal cancers exhibit higher densities of 

type 1 helper T-cells (Th1), effector-memory T-cells, in situ proliferating T-cells, and inhibitory PD1-

PDL1 cells, indicating robust immune activity, with mutation-specific cytotoxic T-cell infiltration 

reflected in high Immunoscore(56). 

2.3 Tumor microenvironment in colorectal cancers 

Macrophages in colorectal cancer (CRC) exhibit considerable diversity, with subpopulations that 

serve distinct roles within the tumor microenvironment(57). These cells can polarize into pro-

inflammatory (M1) or anti-inflammatory (M2) phenotypes, with M2-like tumor-associated 

macrophages (TAMs) predominating in the tumor microenvironment(58). Higher ratios of 

CD163+/CD68+ macrophages, indicating M2 polarization, are found at the invasive front compared to 

the tumor center(59). Some studies link higher macrophage infiltration with advanced tumor stages 

and poor prognosis(60),  while others associate TAMs with improved survival and lower risk of liver 

metastasis, especially in colon cancer(61,62). The impact of TAMs varies by phenotype, tumor 

location, and interactions within the tumor microenvironment, with M1 macrophages linked to 

better outcomes and M2 macrophages often associated with worse prognosis(62-64). M2-like TAMs 

are thought to enhance CRC cell migration, invasion, and metastasis through mechanisms like 

epithelial-mesenchymal transition (EMT) and the secretion of growth factors and proteases, 

promoting angiogenesis and immunosuppression(65).  

Dendritic cells (DCs) in CRC also play a role in immune modulation, with infiltration levels and 

distribution linked to tumor stage and metastasis(66). Reduced levels of mature DCs (CD83+) in the 

tumor stroma and invasive margins correlate with locally advanced and metastatic disease(67). 
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Increased densities of tumor-infiltrating plasmacytoid DCs (pDCs), however, are associated with 

longer survival in colon cancer(67). CRC-induced DC dysfunction, often mediated by factors like TGF-β 

and VEGF, is a critical mechanism of immune evasion, as DCs support anti-tumor immunity. Targeting 

DC dysfunction may improve treatment outcomes, making them potential candidates for cancer 

vaccines(68-70)  

Myeloid-derived suppressor cells (MDSCs) are expanded in both peripheral blood and tumor tissues 

of CRC patients, contributing to immune suppression and facilitating cancer progressio(71). Elevated 

MDSC levels are associated with advanced tumor-node-metastasis (TNM) stages and CRC growth. 

These cells suppress T-cell proliferation, enhance CRC cell growth, and promote metastasis by 

creating pre-metastatic niches. MDSCs operate through pathways like JAK-STAT, PI3K, and IL-6, with 

KRAS mutations driving their migration to the tumor microenvironment through CXCL3-CXCR2 

signaling(72). Targeting MDSCs through recruitment inhibition and functional alteration shows 

potential when combined with chemotherapy, radiotherapy, or immunotherapy(71).  

The role of mast cells (MCs) in CRC prognosis is complex, with some studies associating them with 

better outcomes and others linking them to reduced survival(73,74). MCs can inhibit CRC progression 

by inducing endoplasmic reticulum stress through Cystatin C secretion, yet they also promote tumor 

growth via angiogenic factors (VEGF-A, CXCL8, MMP-9) and lymphangiogenic factors (VEGF-C, VEGF-

D)(73). MCs contribute to a pro-inflammatory environment, interact with MDSCs, and influence cell 

motility through RhoA signaling in cancer cells, making them targets for CRC immunotherapy 

exploration(73).  

Cancer-associated fibroblasts (CAFs) are highly prevalent in the CRC tumor microenvironment and 

play a significant role in CRC progression(75). Originating from pericryptal fibroblasts, CAFs express 

markers like α-SMA, fibronectin, and P4HA1. They promote CRC cell migration, invasion, and EMT by 

inducing Leucine Rich Alpha-2-Glycoprotein 1 (LRG1) expression and activating STAT3 signaling 

through IL-6 secretion(76). CAFs also contribute to liver metastasis and drug resistance in CRC, 

making them critical targets for anti-tumor therapy. Targeting CAF-induced LRG1/TGFβR1 signaling 

and stromal interactions, such as IL-1R1, holds promise for reducing metastasis and enhancing 

treatment effectiveness(77,78). 

2.4 T-cell components of the tumor immune microenvironment 

2.4.1 Type 1 helper T-cells (Th1) 

Th1 cells arise from naïve CD4+ T-cells under the influence of the cytokine interleukin (IL)-12, which 

activates the STAT1 and STAT4 signaling pathways. These pathways promote the transcription of T-

box transcription factor (T-bet), a key regulator of Th1 cell differentiation(79). Th1 cells are 

distinguished by their production of cytokines, including IFN-γ, TNF-α, monocyte chemotactic 

protein-1, and macrophage inflammatory protein-1α. Primarily, they mediate immune responses 
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against intracellular pathogens by enhancing CD8 T-cell activity or activating macrophages to engulf 

these pathogens(14). Although initially recognized for their role in combating intracellular infections, 

preclinical tumor models indicate that Th1 cells are crucial for antitumor immunity, exhibiting 

polyfunctional activity in this context(80). Their presence correlates with favorable clinical outcomes 

across various cancers, including melanoma, gastric cancer, head and neck squamous cell carcinoma, 

and non-small cell lung cancer(81-83). 

2.4.2 Type 2 helper T-cells (Th2) 

Th2 cells are characterized by the transcription factor GATA-3 and secrete key cytokines such as 

interleukins (IL)-4, -5, and -13. These cells play a role in humoral immunity and are involved in allergic 

inflammatory responses. IL-4 and IL-13 drive Type II inflammation, which not only weakens Th1 

antitumor signaling but also attracts and induces immunosuppressive macrophages(84,85). 

Additionally, Th2 cells can support tumor metastasis and immune evasion. However, they also recruit 

cytotoxic eosinophils and arginase-producing macrophages by secreting IL-15(86,87). The presence of 

Th2 cells is generally associated with poorer clinical outcomes across various cancers, including 

hepatocellular carcinoma(88), ovarian cancer(89), oropharyngeal cancer(90), and pancreatic 

adenocarcinoma(91), though some aspects remain debated. 

2.4.3 Type 17 helper T-cells (Th17) 

The Th17 cell subset relies on the transcription factors STAT3 and RORγt and is primarily 

characterized by the production of cytokines IL-17A and IL-17F(92). IL-17 plays a dual role in cancer, 

exhibiting both antitumor and protumor activities. On one hand, IL-17 supports antitumor immunity 

by recruiting macrophages, neutrophils, NK cells, and CD8+ T-cells, while preventing the accumulation 

of myeloid-derived suppressor cells(93,94). On the other hand, IL-17 promotes tumor angiogenesis 

and metastasis, contributing to tumor progression(95,96). Th17 cells display significant plasticity, 

with some cells differentiating further into IFN-γ–secreting effector cells that produce chemokines 

like CXCL9 and CXCL10, enhancing effector cell recruitment to the tumor microenvironment(85,97). 

However, Th17 cells can also contribute to tumor growth through the secretion of regulatory 

cytokines IL-10 and TGF-β. The prognostic impact of Th17 cells is complex and varies across cancers. 

Th17 cells have been linked to improved prognosis in cancers such as breast(94), cervical(98), 

hepatocellular(99), and gastric cancers(100). Conversely, they are associated with worse outcomes in 

breast(101), cervical(102), esophageal(103), lung(104), and prostate cancers(105).  

2.4.4 Follicular helper T-cells (Tfh) 

Follicular helper T (Tfh) cells are defined by their capacity to migrate to follicles in secondary 

lymphoid organs, where they interact with B cells to support their differentiation into antibody-

secreting cells. Key features of Tfh cells include surface expression of CXC chemokine receptor 5 

(CXCR5 or CD185), inducible T-cell costimulator, and programmed cell death protein 1 (PD-1), along 

with the secretion of IL-21. The transcription factor Bcl-6 is essential for Tfh cell function, guiding the 
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genetic programming specific to these cells(14).  Tfh cells produce IL-21 and CXCL13, which not only 

aid in B-cell maturation and antibody production but also contribute to the formation and 

maintenance of tertiary lymphoid structures (TLSs)(106). The presence of Tfh cells is associated with 

favorable prognosis across various cancers, including adenocarcinoma(107), breast(108), and 

bladder(109). 

2.4.5 Regulatory helper T-cells (Treg) 

Regulatory T-cells (Tregs) are defined by their expression of the Foxp3 transcription factor. Evidence 

suggests that tumor-derived factors can promote the recruitment and expansion of Foxp3+ Tregs 

within the tumor environment. While Foxp3+ Tregs typically make up 5% to 10% of CD4 T-cells in 

peripheral lymphoid tissues, their proportion can rise to 20% to 30% in tumor settings, varying by 

tumor type(110). Tregs express CD25, which allows them to consume IL-2, a cytokine critical for the 

growth and survival of effector T-cells. By limiting IL-2 availability, Tregs can suppress other immune 

cells, including CD8+ T-cells, NK cells, Th1, and Th17 cells, thereby aiding tumor immune 

evasion(111,112). Additionally, Tregs produce IL-10 and TGF-β, which further inhibit antitumor 

functions of Th1 and Th17 cells and facilitate tumor progression(113). The presence of Tregs is 

associated with poorer clinical outcomes across various cancers, including breast(114), lun(115), and 

ovarian cancers(116). 

2.4.6 Type 1 cytotoxic T-cells (Tc1) 

Tc1 cells, a subset of cytotoxic CD8+ T-cells, produce perforin, granzyme B, IFN-γ, and TNF-α, which 

equip them to target and destroy tumor or infected cells. Tc1 cell activation is driven by IL-12, which 

is secreted by antigen-presenting cells exposed to pathogen-related stimuli. Key transcription factors, 

including STAT4, T-bet, and EOMES, are essential for Tc1 cell polarization(8). Traditionally, activated 

Tc1 cells eliminate their targets through perforin-granzyme and Fas-FasL signaling pathways. 

Tc1 cells are the most common tumor-infiltrating lymphocytes in cancers such as lung cancer(117), 

breast cancer(118), and chronic lymphocytic leukemia(119), and are associated with improved 

prognoses(120,121). Tumors with high Tc1 cell infiltration and subsequent IFN-γ production are 

known as “hot” tumors, which respond more favorably to immunotherapies compared to “cold” 

tumors lacking Tc1 infiltration(122,123). In melanoma patients, CD29 expression has been linked to 

increased Tc1 cell cytotoxicity, making CD29 a potential marker for their cytotoxic strength(124). 

2.4.7 Type 2 cytotoxic T-cells (Tc2) 

A subset of CD8+ T-cells known as Tc2 cells, which produce Th2-associated cytokines, is commonly 

found in airway and intraepithelial tissues(125). When naïve CD8+ T-cells are stimulated with IL-4 in 

vitro, they differentiate into IL-4- and IL-5-producing Tc2 cells(126,127). Similar to Th2 cells, Tc2 cell 

cytokine production is driven by the transcription factors STAT6 and GATA3(8). Tc2 cells, like Th2 cells, 

stimulate B-cell IgE production, recruit eosinophils, and contribute to allergic responses(128,129). 
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While effector memory Tc1 cells produce high levels of IFN-γ and cytotoxic granules, Tc2 cells lack 

these cytotoxic capabilities, rendering them less effective in targeting tumor cells(130). This suggests 

that converting Tc1 cells to a Tc2 phenotype may undermine the antitumor functions of CD8+ T-cells. 

In cervical cancer, for instance, tumor cells encourage tumor-infiltrating CD8+ T-cells to acquire a Tc2 

phenotype, leading to increased IL-4 and reduced IFN-γ production, which enables tumor immune 

evasion(131). Similarly, in urothelial bladder cancer, the Tc2-polarized tumor microenvironment 

contributes to CD8+ T-cell exhaustion and reduced cytotoxicity by decreasing perforin expression, 

resulting in an exhausted effector memory phenotype(132). 

2.4.8 Type 17 cytotoxic T-cells (Tc17) 

Tc17 cells are a subset of CD8+ T-cells characterized by IL-17 production and expression of the 

transcription factors STAT3 and RORγ(133). Researchers debate the specific features of Tc17 cells, 

with some suggesting that Tc17 cells express T-bet, the transcription factor associated with Th1 and 

Tc1 cells(134). However, others argue that Tc17 cells differ from Tc1 cells due to their limited 

cytolytic activity and low expression of granzyme B and perforin(135). Tc17 cells can produce 

additional cytokines, such as IL-22, GM-CSF, IL-5, and IL-13, depending on the disease context and 

tissue environment(136,137). 

The role of Tc17 cells in the tumor microenvironment remains uncertain. Memory Tc17 cells, with 

self-renewal and memory-forming capacities, are viewed as potential candidates for cancer 

immunotherapy(138). Unlike stable Tc17 cells observed post-fungal vaccination, in vitro-generated 

Tc17 cells can convert to Tc1 cells within tumors, thus serving as a reservoir of Tc1 cells in vivo(138). 

In contrast, in vivo-generated Tc17 cells maintain a stable phenotype and have been shown to induce 

Tc1 cell exhaustion, likely by recruiting CD11b+Gr-1+ myeloid-derived suppressor cells (MDSCs) in 

animal studies(139). A specific Tc17 subset, marked by low PD-1 and high OX40 expression, has been 

linked to poorer patient survival outcomes(135). In hepatitis B infection, IL-17 attracts CD11b+Gr-1+ 

MDSCs, contributing to CD8+ T-cell exhaustion(140). Similarly, in myelodysplastic syndromes, MDSCs 

are believed to induce CD8+ T-cell exhaustion through the TIM3/Galectin-9 pathway(141). 

2.4.9 Regulatory cytotoxic T-cells (Tcreg) 

Regulatory T-cells are essential for maintaining immune balance and preventing autoimmune 

diseases. While CD4+Foxp3+ cells are widely recognized as the primary regulatory T-cells, numerous 

studies have shown that CD8+ Tregs also have immunosuppressive roles across various human and 

murine systems(142-144). 

2.4.10  Natural killer T-like cells (NKT-like) 

NKT-like cells constitute less than 10% of circulating lymphocytes in adults and display a high-density 

TCR-CD3 complex, similar to classical T-cells, along with low CD56 expression, typical of cytotoxic 

natural killer (NK) cells(145). While NKT-like cells are predominantly αβ TCR+ CD8 T-cells(146), there 
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are also reports of αβ TCR+ CD4 T-cells(147). Additionally, CD56 expression can be found on NKT, 

MAIT, and γδ T-cells, resulting in a mixture of conventional and unconventional T-cells within CD56+ 

T-cell populations(148). 

NKT-like cells may contribute to anti-tumor immunity. Their significance has been noted in the 

prevention and treatment of hepatitis, where liver inflammation and infection are key factors in the 

development of hepatocellular carcinoma(149,150). Both CD56+ T and NK cells can target HCC cells, 

but their numbers are often reduced in patient livers, especially in metastatic cases, potentially 

limiting their anti-tumor effects in vivo(151). In colorectal cancer (CRC), low peripheral levels of 

NKG2D+ and NCR+ NKT-like cells are observed, while elevated CD16+ NKT-like cells are linked to 

shorter disease-free survival(152). Similarly, in gastric cancer, a reduced frequency of NKT-like cells 

expressing activating receptors is associated with diminished anti-tumor activity and shorter 

survival(153). Intestinal cancers, compared to pancreato-biliary tumors, exhibit higher NKT-like cell 

infiltration, associated with more favorable outcome(154). Early-stage lung cancer patients show 

increased circulating NKT-like cells, suggesting potential prognostic value(155). Overall, NKT-like cells 

may play an important role in cancer prevention and management. However, due to their 

heterogeneity and tissue-dependent effects, some subpopulations may exert pro-tumor functions. 

Comprehensive investigation is necessary to distinguish between beneficial and unfavorable 

prognostic markers, enhancing our understanding of NKT-like cell subpopulations in cancer. 

2.5 Role of the T-cells in colorectal cancers 

Th1 is well known for robust secretion of IFN-γ and chemokines, facilitating the priming and 

proliferation of CD8+ T-cell subpopulations(14,15). Furthermore, it has been shown that type 1 T-

helper cells (Th1) can enhance Tc1 effector function by targeted delivery of cytokines via acquired 

pMHC I complexes(13). Numerous studies have shown that a high Th1 presence correlates with 

favorable prognosis in colorectal cancer(156-161). The role of Th2 and Th17 in the tumor 

microenvironment of colorectal cancer is more contradictory. Th2 has been found to promote tumor 

growth in colorectal cancer(16) but also shows anti-tumor activity due to its cytokine secretion 

profil(17). In terms of patient outcomes, Th2 cells are generally associated with poorer prognosis in 

colorectal cancer(159,162). Although a high fraction of Th17 was linked to tumor progression due to 

the promotion of intestinal tumorigenesis(18,19) and angiogenesis by IL-17 expression(20), 

anticancer functions such as promoting localization of highly cytotoxic CD8+  T-cells to tumor tissues 

have been also described(21). Although prognostic studies mainly link Th17 cells with negative 

outcomes(157,161,163-165), this subset is associated with positive prognosis in some specific 

contexts(21,159,160). Regulatory T-cells (Tregs) mitigate inflammatory damage and may suppress 

anti-cancer responses at various stages of colorectal cancer progression(22). Prognostic studies 

indicate heterogeneity within Treg populations: FOXP3 high Tregs or CD25 high FOXP3+ Tregs are 

linked to poorer outcomes(166,167), while FOXP3 low Tregs or CD30+OX40+CD45RO+ Tregs are 
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associated with better prognosis(166,168). Additionally, Tfh cells contribute to anti-tumor immunity 

by supporting tertiary lymphoid structure formation, and their presence correlates with improved 

outcomes in colorectal cancer(161,169,170). 

Microsatellite instability in colorectal cancer is associated with increased infiltration of CD8+ cytotoxic 

T-cells, particularly type 1 cytotoxic T-cells (Tc1), leading to enhanced tumor cell destruction(8,9). 

Functional analysis has shown that Type 1 cytotoxic T-cells (Tc1) represent the main component of 

the terminal-end-route of anticancer immunity by producing high levels of cytolytic cytokines such as 

perforin, INF-y and granzyme B, thus initiating direct tumor cell killing(8,10), while other cytotoxic T-

cell subsets such as type 2 (Tc2)(8,11), or regulatory cytotoxic T-cells (Tcreg)(171) contribute less 

effectively to tumor cell destruction. A strong Th1/Tc1 response, potentially enhanced by the 

caspase-1/IL-18 axis, is associated with improved survival in colorectal cancer(172). Although some 

studies suggest that Tc2 and Tc17 cells may follow Th2 or Th17 pathways (173,174), their exact 

influence on patient outcomes in colorectal cancer remains unclear. 
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3. Material and Methods 

3.1 Tissue microarray technique 

The tissue microarray (TMA) technique, which was developed in 1998 by Kononen, J. et al., makes it 

possible to simultaneously analyze up to around 600 patients on a single slide(175). This study 

involves 4 TMA blocks, each consisting of 304 - 612 tumor tissue samples. To prepare a TMA, the 

various tumor tissue samples from different patients were first fixed in formalin and embedded in 

paraffin. Samples with a diameter of 0.6 mm were then taken from each donor block (donor) using a 

hollow needle and placed on a recipient paraffin block (recipient) with pre-punched holes 

(coordinates). For different research questions, tissue samples of different sizes are punched: for a 

control cell line TMA (validation of antibodies on transfected cells), 2 mm punches are arranged on 

the TMA. For immunohistochemistry, 2 mm thin sections were then cut from the recipient paraffin 

block using a microtome and fixed on a slide. In order to pseudonymize or anonymize the patients, 

each patient was assigned to a coordinate (Figure 1), given a patient identification number and 

assigned to the corresponding clinical data in a data file. 

3.2 Colorectal cancer tissue microarrays 

The study included a total of 1297 colorectal cancers in a tissue microarray (TMA) format with tissue 

spots measuring 0.6 mm, operated between 2004 and 2019 at the University Medical Center 

Hamburg- Eppendorf and the Institute of Pathology in the Klinikum Fürth, Fürth, Germany with 

available data on the expression of MSH2, MSH6, MLH1, and PMS2 leading to the identification of 

1203 patients with a microsatellite stable phenotype (MSS) and 94 with a microsatellite instable 

phenotype (MSI). This cohort was not treated with immune checkpoint inhibitors. Detailed 

histopathologic data including pathologic tumor stage (pT), pathologic lymph node status (pN), V 

stage, L stage, RAS mutation or HER2 amplification were available from up to 1286 tumors. All 

samples came from the archives of the Institutes of Pathology at the University Hospital of Hamburg 

(Hamburg, Germany) and Institute of Pathology at the Klinikum Fürth, Fürth, Germany. The use of 

archived remnants of diagnostic tissues for manufacturing of TMAs and their analysis for research 

purposes, as well as patient data analysis, have been approved by local laws (HmbKHG, x12) and by 

the local ethics committee (Ethics commission Hamburg, WF-049/09, January 25, 2010). All work has 

been carried out in compliance with the Helsinki Declaration. A pathologist reviewed every tissue 

Figure 1: An example of TMA coordinate 
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sample to exclude tissue spots that were lacking cancer cells. Patient characteristics are described in 

Table 1. 

3.3 Colorectal cancer large sections 

Patients characteristics

Sex
Male 351 (27.1%)
Female 264 (20.4%)
Missing data 682 (52.5%)

Macrosatellite status - no. (%)
Macrosatellite stable (MSS) 1203 (92.8%)
Macrosatellite instable (MSI) 94 (7.2%)
Missing data 0 (0%)

pT stage - no. (%)
pT1 53 (4.1%)
pT2 268 (20.7%)
pT3 708 (54.6%)
pT4 257 (19.8%)
Missing data 11 (0.8%)

pN stage - no. (%)
pN- 669 (51.6%)
pN+ 605 (46.6%)
Missing data 23 (1.8%)

V stage - no. (%)
V0 930 (71.7%)
V+ 335 (25.8%)
Missing data 32 (2.5%)

L stage - no. (%)
L0 525 (40.5%)
L1 723 (55.7%)
Missing data 49 (3.8%)

RAS mutation - no. (%)
Yes 309 (23.8%)
No 401 (30.9%)
Missing data 587 (45.3%)

HER2 amplification - no. (%)
Positive 17 (1.3%)
Negative 618 (47.6%)
Missing data 662 (51.1%)

Total study cohort on TMA 
(n=1297)

No. of patients (%)

Table 1: Patient characteristics shown for 0.6mm TMA.   
A single 0.6 mm core represents a colorectal cancer specimen in the cohorts. 
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Patients characteristics

Sex
Male 0 (0%)
Female 0 (0%)
Missing data 12 (100%)

Macrosatellite status - no. (%)
Macrosatellite stable (MSS) 6 (50%)
Macrosatellite instable (MSI) 6 (50%)
Missing data 0 (0%)

pT stage - no. (%)
pT1 0 (0%)
pT2 1 (8.3%)
pT3 7 (58.3%)
pT4 4 (33.4%)
Missing data 0 (0%)

pN stage - no. (%)
pN- 6 (50%)
pN+ 6 (50%)
Missing data 0 (0%)

V stage - no. (%)
V0 11 (91.7%)
V+ 1 (8.3%)
Missing data 0 (0%)

L stage - no. (%)
L0 8 (66.7%)
L1 4 (33.3%)
Missing data 0 (0%)

RAS mutation - no. (%)
Yes 2 (16.7%)
No 8 (66.7%)
Missing data 2 (16.6%)

HER2 amplification - no. (%)
Positive 0 (0%)
Negative 10 (83.3%)
Missing data 2 (16.7%)

Total study cohort on large sections 
(n=12)

No. of patients (%)

Table 2: Patients characteristics large section 

The study included a total of 12 colorectal cancers in a large section format. All 12 cases were 

inspected by an experienced pathologists to ensure tissue integrity and diagnostic correctness. This 

cohort was also not treated with immune checkpoint inhibitors. Detailed histopathologic data 

including pathologic tumor stage (pT), pathologic lymph node status (pN), V stage, L stage, RAS 

mutation or HER2 amplification were available from all 12 tumors. All samples came from the 

archives of the Institutes of Pathology at the University Hospital of Hamburg (Hamburg, Germany) 

and Institute of Pathology at the Klinikum Fürth, Fürth, Germany. The use of archived remnants of 

diagnostic tissues for manufacturing of large sections and their analysis for research purposes, as well 

as patient data analysis, have been approved by local laws (HmbKHG, x12) and by the local ethics 

committee (Ethics commission Hamburg, WF-049/09, January 25, 2010). All work has been carried 

out in compliance with the Helsinki Declaration. Patient characteristics are described in Table 2.   
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3.4 Immunohistochemical staining 

We used our recently developed BLEACH&STAIN(176) multiplex fluorescence approach that enables 

the analysis of 19 biomarkers in paraffin embedded and formalin fixed tissue to identify a 

localization-specific relationship between leukocytes, tumor cells and vessels in the tumor 

microenvironment. The method of immunohistochemistry in bright field and multiplex fluorescence 

and the principle of staining with opal fluorophores included here are described in detail below. 

3.4.1 Bright-field immunohistochemistry (hfIHC) 

The samples on the slide were first incubated overnight at 60 °C in an incubator to deparaffinize 

them. They were then incubated in xylene for 3 x 10 min, followed by rehydration through a 

descending ethanol series (99 %-, 96 %-, 80 %-H2Odest.). The tissue was autoclaved at 2 bar and 121 °C 

for 1.5 h. After an initial wash of the sections with TBS/T buffer for 5 min, they were blocked with 

peroxidase for 10 min and the primary antibody was applied. For each antibody, the optimal dilution 

and pH value was previously determined according to the International Working Group for the 

Validation of Antibodies (IWGAV)(177,178). The tissue sections were incubated with the primary 

antibody for 1 hour at 37 °C in an incubator, then washed for 2 x 5 minutes with TBS/T buffer, and 

incubated with the corresponding secondary antibody for 30 minutes at 37 °C. After another wash (2 

x 5 minutes with TBS/T buffer), the samples were stained for 10 min with 3,3'- Diaminobenzidine 

(DAB), a chromogen that produces a brown color when reacting with peroxidase. Finally, hematoxylin 

staining was performed to visualize the nucleus (blue). Sections were blued with tap water for 5 min 

to remove excess hematoxylin, dehydrated through an ascending alcohol series, followed by xylene, 

and fixed. After coverslipping the sections with a Tissue-Tek Film coverslipping machine from Sakura, 

the slides were ready for further microscopic examination. 

3.4.2 Multiplex fluorescence immunohistochemistry 

In contrast to the consecutive examination of different antibodies in bright field, the method of 

multiplex fluorescence immunohistochemistry was employed to examine multiple antibodies 

simultaneously on the same cell (Table 3). For this purpose, tissue sections of 4 μm thickness were 

prepared for staining. The paraffin was removed from the tissue overnight at 60 °C in an incubator. 

To unmask the proteins in the tissue, the sections were first deparaffinized. Subsequently, the tissue 

was incubated for 10 min in 10 % formalin, washed with H2Odest., and the cuvette was filled with the 

buffer determined for the respective antibody. The tissue was then autoclaved for 1.5 h at 2 bar and 

121 °C. In the subsequent immunohistochemical staining processes, the tissue sections were each 

stained with 4 different primary antibodies, followed by a counterstaining with 2-phenylindole 

diamidine (DAPI). The dilutions of the antibody were determined individually before each staining 

and consequently calculated for a final volume of 300 µl, using an "Antibody Diluent Block" (blocking 

buffer) to minimize endogenous peroxidase activity and thus reduce non-specific binding of proteins 

with hydrogen peroxide, thereby limiting background staining. The tissue samples were incubated for 
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10 min in blocking buffer in a humidity chamber. The blocking buffer was then removed, 300 µl of the 

diluted antibody was applied and incubated for 30 min in the humidity chamber at room 

temperature. After a wash with TBS/T buffer for 3 x 2 min, the sections were incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibody for 10 min and then rinsed again with 

TBS/T buffer for 3 x 2 min. The multiplex fluorescence immunohistochemistry offers various 

techniques, including tyramide signal amplification (TSA). By using this opal signal amplification 

technique during multiplex fluorescence immunohistochemical staining, it is possible to remove the 

dye from the tissue and re-stain the tissue. This means that less sample material is required from the 

patient and the tissue can be used several times and analyzed in different ways. The respective 

fluorophore opal (Akoya Bioscience) was diluted in DMSO according to the product description. 

These were then applied to the tissue at a 1:100 dilution with Amplification Diluent (Akoya 

Bioscience) and incubated for 10 min at room temperature in a humidity chamber. After rinsing with 

TBS/T buffer for 3 x 2 min, the tissue was incubated in pH 6, pH9 buffer in the microwave at 1,000 

watts for 5 min. The samples were then heated at 1,000 watts for 5 min and at 270 watts for another 

5 min. These steps were repeated for all required antibodies and opals (Table 3). The nuclei of the 

tissue were counterstained with DAPI and coverslipped. The fluorescence dyes OPAL 520 (Cat. 

#FP1487001KT AKOYA Biosciences, Menlo Park, California, United States), OPAL 570 (Cat. 

#FP1488001KT, AKOYA Biosciences), OPAL 620 (Cat. #FP1495001KT, AKOYA Biosciences), and OPAL 

690 (Cat. #FP1497001KT, AKOYA Biosciences) were used for visualization of antibody binding. Details 

on antibody dilutions, antibody retrieval procedures and OPAL dyes are given in Table 3. Digital 

images of mfIHC slides were acquired with a Leica Aperio VERSA 8 automated epifluorescence 

microscope and AKOYA’s PhenoImagerTM HT slide scanner.  
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3.5 BLEACH&STAIN Framework  

To perform sequential 4+1 marker multiplex fluorescence immunohistochemistry staining on the 

same section, it is essential to completely and gently remove the previous staining from the tissue, 

thereby reducing the residual intensity of the fluorochromes to background levels. The particular 

challenge of an efficient bleaching process is to minimize tissue damage so that many additional 

rounds of staining can be carried out. The BLEACH&STAIN process developed in this work combines 

the complete, tissue-friendly and rapid removal of the bound antibodies by cooling the tissue to 4 °C, 

incubating it in hydrogen peroxide and irradiating it with 1,600 W. For this purpose, the tissue was 

applied to specially coated slides with excellent adhesion before the first staining (X-TRA-SLIDES, 

Leica Biosystems). To gently remove the coverslips after the first staining, the slides were placed in 

Table 3: List of the used antibodies, antigen retrieval (AR), dilutions, and Opal dyes for multiplex 
fluorescence immunohistochemistry.   
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buffer (pH 7) overnight. Hydrogen peroxide was freshly prepared before each experiment. A glass 

tank was covered with reflector foil to enhance the effect of bleaching by the light radiation. The 

glass tank was placed in a container with water and ice (4 - 5 °C). The slides were rinsed in H2Odest, 

placed in the glass tank and covered with H2O2. A 1,600 watt lamp was placed approx. 60 cm away 

from the glass tank and the slides were bleached for 4 hours. The H2O2 was replaced with fresh H2O2 

every hour. The emission of the antibody was measured under the microscope after 4 h, and the 

experiment was stopped at an emission of 150 nm to protect the tissue. The slides were rinsed in 

H2Odest. and treated in the microwave for re-staining. The bleaching process was stopped as soon as 

the fluorescence signal of all fluorochromes was vanished (exposure time > 600ms). Finally, the four 

sequential digital images were aligned and thus merged into a single 19+1 mfIHC image using a 

custom software written in the Python program language(179). The detailed BLEACH&STAIN 

approach is shown in Figure 2 A-B.  

3.6 Deep learning-based framework for automated 19-plex BLEACH&STAIN mfIHC image analysis 

Image analysis was performed using the previously trained(176,180)  deep learning-based (U-Net) 

framework for cell detection, cell segmentation, intensity measurement of the used fluorophores 

(range 0-255, i.e., a continuous numerical value indicating the fluorescence signal strength), 

processing of intensity values, cell distance, and cell-to-cell interaction analysis using Python version 

3.8(179) (RRID:SCR_008394), R version 3.6.1 (RRID:SCR_001905, The R foundation)(181) and the 

Visiopharm software package (RRID:SCR_021711, Hoersholm, Denmark).  

Figure 2: BLEACH&STAIN framework 
(A-B) The previously described BLEACH&STAIN multiplex fluorescence immunohistochemistry 
technology facilitates high throughput analysis of 20 antibodies that were stained in 5 sequential 
staining cycles (see Table 3). 



18  

1. The TMAs were segmented and a previously trained(176) DeepLabv3+ was used to quantify the 

area of every individual TMA spot and large section regions (i.e., each patient).  

2. To identify individual cells (i.e., cell segmentation) a previously trained deep learning-based (U-Net) 

framework for segmentation of cell nuclei and the adjacent cytoplasm was used(180). Thus, the 

intensity of the used fluorophores (range 0-255, i.e., a continuous numerical value indicating the 

fluorescence signal strength) in the nuclear and cytoplasmic cell compartment, as well as the 

localization of every cell, were documented in per-cell data.  

3. Marker positivity (i.e., CD3, CD8, CD4, FOXP3, T-bet, GATA3, RORγT, BCL6, CD27, CD56, CD11c, 

TIM-3, PD-1, CTLA-4, panCK, Ki67, CD31, GranzymeB, HLA-DR, CD45RA) was evaluated by a deep-

learning (U-Net) system for every marker individually that classified the marker either positive or 

negative based on multiple features which have been identified by the convolutional neural network 

within the training set (e.g., the intensity level, distribution of the marker intensity across the cell, 

and cell shape). The individual thresholds were used to label the initial training set, which was 

manually corrected as needed and used to train "provisional" deep learning systems to continuously 

expand the training set and improve the accuracy of the deep learning system(180). The final deep 

learning system (U-Net) for marker positivity was trained on 250 tissue samples using the deep-

learning frameworks Keras and Tensorflow (RRID: SCR_016345, in Python version 3.87) and the 

Visiopharm software package.  

4. For identification and definition of immune cell subpopulations unsupervised X-shift clustering was 

applied and revealed 242 subpopulations (Figure 3A-B). Within these subpopulations, the well-

characterized expression profile of Tc1 (CD3+CD8+T-bet+), Th1 (CD3+CD4+T-bet+), Tc2 

(CD3+CD8+GATA3+), Th2 (CD3+CD4+GATA3+), Tc17 (CD3+CD8+ RORγT+),  Th17 (CD3+CD4+RORγT+), Tcreg 

(CD3+CD8+FOXP3+), Treg (CD3+CD4+FOXP3+), Tfh (CD3+CD4+BCL6+), NKT-like (CD3+CD56+), dendritic 

cells (CD11c+), and tumor cells (panCK+) was identified. These 12 main subsets were further 

subclassified in 45 T-cell subpopulations and 9 other immune cells as well as tumor cell 

subpopulations according to their functional state (proliferation, cytotoxicity, immune checkpoint 

expression, Figure 3C). The detailed image analysis has been described in detail earlier(180,182,183). 

5. The per-cell data derived from the image analysis framework represent the input data to assess 

spatial interactions (cell-to-cell contact), cell distances (µm), T-cell densities (cells/mm2), T-cell 

composition (%), fraction of functional marker positive cells (%) and T-cell accumulation.  
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Figure 3: Identification of cell subpopulations. 
(A) Organizational grouping of the used 19 markers into three groups.  
(B) Unsupervised X-shift clustering identified 242 immune cell subpopulations.  
(C) The expression profile that is used to identify 54 immune and tumor cell subpopulations according to 
the cell type and its functional state. 
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3.6.1 TMA analysis 

For TMA analysis, spots were manually segmented using the Visiopharm software package 

(Hoersholm, Denmark). Six parameters were measured for every TMA core: 

1. The density of each measured T-cell subpopulation per square millimeter was calculated by dividing 

the number of the T-cell by the measured area of each tissue spot. the area of every individual TMA 

spot was produced by a previously trained DeepLabv3+(183). 

2. The composition of each T-cell subpopulation was calculated by dividing the number of the 

specific T-cell subset (e.g., Tc1) by the total number of T-cells. 

3. The fraction of (functional) marker positive T-cell subpopulation was calculated by dividing the 

number of marker positive T-cells of this specific subset (e.g., TIM3+Tc1) by the total number of T-cells 

belonging to the same distinct phenotype (e.g., Tc1)(183). 

4. The relative intensity of the functional marker including immune checkpoint TIM3, PD-1, CTLA-4, 

cytotoxicity marker GranzymeB, and proliferation marker Ki67 was calculated by dividing the raw 

intensity values by the mean intensity of the relative marker on all this specific marker positive cells 

in the whole TMA slide. 

5. Parameters reflecting cell-to-cell contacts, including (p)-normalized interactions and normalized 

interactions, were calculated to assess cellular interactions within the TMA spots. Detailed 

methodologies for these calculations are provided in the subsequent section, "Spatial Analysis." 

 

3.6.2 Large section analysis 

To validate the findings from the TMA analysis and compare the underlying changes of T-cell 

composition in MSI patients between different large section compartments, the center of the tumor 

and the invasive margin were manually annotated in each large section. Subsequently, each 

compartment (invasive margin and tumor center) was evenly divided into eight distinct regions to 

obtain adequate samples for comparative analysis. 

1. The center of the tumor and invasive margin were defined for 12 large sections. Two experienced 

pathologists, trained according to standardized criteria, annotated the invasive margin and the tumor 

center. Initially, a boundary line was drawn at the interface between the stroma and the tumor. The 

invasive margin was delineated as a region extending 360 µm into the stromal tissue and 360 µm into 

the tumor from this boundary. The tumor center was defined as the tumor parenchyma located away 

from the boundary line(184). 

2. T-cell densities (cells/mm2), T-cell composition (%), fraction of functional marker positive T-cells (%) 

and parameters reflecting cell-to-cell contacts were measured for every tissue compartment. 
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3.7 Spatial analysis 

3.7.1 Cell-to-cell contacts 

A cell-to-cell contact was defined as the distance of eight or fewer micrometers between the center 

points of two cells as described in our previous study(180,182,183). R version 3.6.1 (The R foundation) 

was used to calculate the nearest distance between every cell subpopulation. The proportion of 

normalized interactions “(p)-normalized interactions” was calculated by dividing the number of cell-

to-cell contacts of two interacting immune cell subpopulations by the overall number of cell-to-cell 

contacts of all analyzed immune cells. The “normalized interactions” were calculated by dividing the 

number of cell-to-cell contacts of two interacting immune cell subpopulations by the number of cells 

in these two immune cell subpopulations. The number of random relative interactions (noise) was 

calculated by measuring the number of all cell-to-cell contacts per area and used to estimate 

whether the relative cell-to-cell counts of the immune cell subpopulations were significantly enriched 

–compared to the random “background” interactions – or just by chance. 

3.7.2 Nest analysis 

Dense accumulations of T-cells, accompanied by an increase in cell-to-cell contacts, were identified 

as T-cell nests (Figure 4 A-E). DBSCAN algorithm (R “dbscan” package, R “opticskxi” package) was 

used to identify the T-cell accumulation. MinPts was set as 27 to define the minimum number of cells 

in a T-cell nest (Figure 4 A-B). Eps was identified by running the DBSCAN algorithm in different eps 

values on manually selected T-cell accumulation (Figure 4 C-D). The crossing point between the 

sensitivity and specificity curves showing the optimal eps that was found as 40 (Figure 4 C).  
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Figure 4: Nest detection 
(A) Representative images and T-cell visualization showing manually selected regions of the nest.  
(B) Box plot showing the number of cells in 60 different nest regions. The red line represents the 
minimum number of cells is 27. 
(C) Specificity and sensitivity curves showing the accuracy of nest detection based on a range of Eps 
from 25 to 55. The Eps at the cross point is 40. 
(D) Youden's Index curve showing the accuracy of nest detection based on a range of Eps from 25 to 
55. The Eps at optimal Youden's index is 41. 
(E) Representative images showing nests detected by the DBSCAN algorithm with optimal 
parameters. The immune cell density, cell-to-cell contacts, and functional marker intensity in the 
nest area are performed. 
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3.8 Statistical analysis 

Statistical calculations were performed with R version 3.6.1 (The R foundation) (181,185) and JMP 

Pro 17 software package (SAS Institute Inc., NC, USA)(186). The clinical and histopathological 

parameters of the patients were reported as counts and percentages for categorical data and 

compared using pearson's chi-square tests. All continuous variables in different groups were 

compared using analysis of variance (JMP Pro 17 software package or R “stats” package). Immune 

parameters between groups were compared using a t-test. In the case of large section analysis, the 

regions were randomly separated into 48 regions for comparison and heterogeneity analysis. 

Unsupervised X-shift Clustering(187) was applied to differentiate patient subgroups based on their 

marker expression pattern (“VorteX” software). The clustering via X-shift was performed using the 

“number of nearest neighbors” (K) method and the optimal value for K (20) was determined via 

elbow points and resulted in 242 clusters. All ratios with a denominator of zero were treated as 

having no value as well as being excluded from the analysis. All p-values were two-sided, and p-

values <0.05 were considered as significant. 

3.8.1  X-Shift-Clustering 

Accurate identification of cell populations is crucial for multidimensional single-cell analysis of the 

tumor microenvironment. In this study, X-shift clustering was employed to identify and delineate 

biologically relevant phenotypes and subpopulations within the single-cell dataset (VorteX.jar, Java™ 

Platform)(187). The X-shift algorithm organizes complex datasets into 2- or 3-dimensional graphs 

using weighted K-nearest neighbor density estimation (KNN-DE), which incorporates nearest 

neighbor classification and probability density function estimation. Following graph construction, the 

density of individual cell events is utilized to organize the data into clusters. Thus, 242 

subpopulations could be differentiated in this study. 
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4. Results 

4.1 Technical aspects 

A total of 1112 (85.7 %) of 1297 human colorectal cancer tissue samples in the 0.6 mm (tissue 

cores in diameter) tissue microarray (TMA) format were interpretable in this study (Figure 5). The 

remaining 185 tumor samples were excluded due to the complete loss of tissue spots or the lack 

of unequivocal cancer cells.  Representative images of an MSI and MSS T-cell immune tumor 

microenvironment are shown in Figure 6. 

4.2 Density and composition between MSI and MSS 

Although the abundance (i.e. density in cells/ mm2) of most T-cell subpopulations was significantly 

higher in 73 microsatellite instable (1628±1687, MSI) compared to 1039 microsatellite stable 

(1028±1113, MSS) colorectal cancers (p<0.05 each), the fraction of Type 1 (T-bet+), Type 2 

(GATA3+), Type 17 (RORγT+), regulatory (FOXP3+), and follicular (BCL6+) cytotoxic (CD3+CD8+) or 

Figure 5: Cohort  
(A) 1112 (85.7 %) of 1297 human colorectal 
cancer tissue samples in the 0.6 mm (tissue 
cores in diameter) tissue microarray (TMA) 
format and 12 (100 %) of 12 patients in a large 
section format were analyzed in the study. For 
detailed patient characteristics see Table 1-2. 

Figure 6: Representative images 
(A-B) Representative images of an MSI (A) and MSS (B) T-cell immune tumor microenvironment and 
its visualization through artificial intelligence-based image analysis.  
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helper (CD3+CD4+) T-cells showed marked differences between MSI and MSS patients (Figure 7A-

B). For instance, the fraction of Tc1 and Th1 as well as other cytotoxic T-cells was significantly 

enriched in MSI patients (p<0.001 each), while the fraction of Th2, Th17, Tregs and other T-helper 

cells (p<0.05 each) was significantly higher in MSS colorectal cancers (Figure 7A-B). The strongest 

difference was seen between MSI and MSS colorectal cancers for the dramatically enriched 

fraction of Tc1 in MSI patients (Figure 7C).  

4.3 Functional marker expression in MSI and MSS 

The fraction of TIM3 expressing cells was significantly higher in MSI patients compared to MSS in 

almost all analyzed cytotoxic and helper T-cell subpopulations (p<0.05, Figure 8A). A significantly 

higher fraction of CTLA-4 expression in MSI was found for Th1, Th17 and Tregs (p<0.01, Figure 8B), 

while increased PD-1 expression in MSI was seen in both Tc1 and Th1 cells (p<0.01, Figure 8C). An 

increased fraction of Granzyme B positive cells was detected only for Tc17 (p<0.05, Figure 8D). 

The proliferation rate was found to be increased for Tc1, Tc2, and Tc17 in MSI compared to MSS 

(p<0.05 each, Figure 8E).   

Figure 7: Fraction and density of T-cell subsets between MSS and MSI colorectal cancers 
(A) The fraction (%) of T-cell subsets is shown between MSS and MSI colorectal cancers. The error 
bars indicate the standard error of the mean of each fraction. *p<0.05, **p<0.01, and ***p<0.001. 
(B) The total cell density (cells/mm2) of T-cell subpopulations is shown between MSS and MSI 
colorectal cancers. ***p<0.001. 
(C) Volcano plot depicting log2-fold change on the x-axis and −log10 adjusted p-values on the y-axis of 
fraction (%) of T-cell subsets in MSI patients compared to MSS patients. 
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Figure 8: Functional markers between MSI and MSS 
(A-E) Fraction (%) of marker positive cells is shown for each T-cell subpopulation between MSI 
(black and MSS (grey) patients. The blue segments inside or outside the bars indicate the median 
value of each fraction. The error bars indicate the standard error of the mean of each fraction. 
*p<0.05, **p<0.01, and ***p<0.001. 
(F) Representative images showing the functional marker expression in the tumor 
microenvironment of MSI patients.  

 

4.4 Spatial interplay between MSI and MSS 

The comparison of relative cell-to-cell contacts ((p)-normalized cell interactions) between MSI and 

MSS patients revealed a markedly increased interaction between Th1 and Tc1 as well as dendritic 

cells and Tc1 cells in MSI patients (p<0.001, Figure 9A). The spatial orchestration in MSS patients 

was characterized by the strongest (p)-normalized interactions between Th17 and Tregs as well as 

dendritic cells (p<0.05, Figure 9A). Of note, a significant normalized interaction (i.e., significant 

interactions compared to the background of random interactions) between Tc1 and Th1 was 

exclusively seen in MSI patients but was absent in MSS patients (p<0.001, Figure 9 C-D). A 

significant normalized interaction between Tregs and Th17 was exclusively detected in MSS 
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patients (p<0.001, Figure 9 C-D).   

 

4.5 Large sections validation and CT vs. IM. 

The additional analysis of 12 large sections of 6 MSI and 6 MSS colorectal cancers confirmed the 

characteristic immune phenotype of MSI colorectal cancers (Figure 10 A-B) and the increased level 

of immune checkpoint expression in MSI patients in the center of the tumor (Figure 11). The 

comparison of (p)-normalized interactions also confirmed dramatically increased interaction 

  

Figure 9: Cell-to-cell interactions between MSI and MSS 
(A) Volcano plot depicting log2-fold change on the x-axis and −log10 adjusted p-values on the y-axis 
of (p) normalized cell-to-cell interactions of T-cell subsets, dendritic cells and natural killer cells in 
MSI patients versus MSS patients. 
(B) Profile of normalized cell-to-cell interactions of T-cell subsets, dendritic cells and natural killer 
cells in MSI patients versus MSS patients. The thickness of the connections in the cord plots 
correlates with the number of relative cell interactions, and the size of the nodes indicates the 
number of cells per cell subpopulation. 
(C-D) Circular bar plots indicate the significance of normalized cell-to-cell interactions compared to 
the background noise (size, shades of blue and grey) and the significant differences between MSS 
and MSI are highlighted in red. 
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between Th1 and Tc1 (p<0.05, Figure 10C) as well as dendritic cells and Tc1 cells (p<0.001, Figure 

10C) in MSI patients compared to MSS patients in the center of the tumor. However, the 

characteristic composition and interactions of T-cell subpopulations found in the center of the 

tumor in both the TMA and the large section cohort were not found at the invasive margin (Figure 

7, 10A-B). Additional T-cell nest analysis identified enrichment of the fraction of Tc1 (p<0.001, 

Figure 10D) located in T-cell nests of the center of the tumor but not at the invasive margin of MSI 

patients compared to MSS patients (Figure 10D).    



29  

 

Figure 10: Large section validation and difference between MSI and MSS patients in CT versus IM 
(A) The fraction (%) of T-cell subsets is shown between MSS and MSI colorectal cancers in both the 
center of the tumor (CT) and at the invasive margin (IM) across 12 large sections. The error bars 
indicate the standard error of the mean of each fraction. *p<0.05, **p<0.01, and ***p<0.001. 
(B-D) Volcano plot depicting log2-fold change on the x-axis and −log10 adjusted p-values on the y-
axis of T-cell fraction (B), (p)-normalized cell-to-cell interactions (C), and the fraction of T-cell 
subsets in T-cell nests (D) between MSI and MSS patients.   
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Figure 11: Functional markers between MSI and MSS in the center of tumor of large sections 
(A-E) Fraction (%) of marker positive cells is shown for each T-cell subset between MSI (black) and 
MSS (grey) patients. The blue segments inside or outside the bars indicate the median value of 
each fraction. The error bars indicate the standard error of the mean of each fraction. *p<0.05, 
**p<0.01, and ***p<0.001. 
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5. Discussion 
 

Finding a significantly higher fraction of Tc1 and Th1 accompanied by an increased immune 

checkpoint expression in MSI colorectal cancer has also been suggested by other studies using 

non-immunohistochemistry-based methods. In agreement with our results, a study on 270 

colorectal cancers using the TCGA dataset found higher gene expression of Th1 related signatures 

in MSI colorectal cancers compared to the MSS (7). In addition, another study on 598 colorectal 

cancers employing next-generation sequencing, also reported a higher gene expression of Th1 

related signatures in MSI colorectal cancers (165). Furthermore, using qRT-PCR in a cohort of 25 

colorectal cancers showed a higher genetic expression of type 1 cytotoxic and type 1 helper T-cell 

related genes in MSI-H compared to MSS colorectal cancers (188). Others utilizing single-cell RNA-

seq analyses demonstrated a significantly increased TH1-like cell signal in MSI patients in a cohort 

of 12 colorectal cancers (189). There is also rising evidence for increased TIM3 (190), CTLA-4 (188), 

and PD-1 (7) expression in MSI compared to MSS colorectal cancers. The concordance with our 

findings using a variety of methods can be seen as an indirect validation of our multiplex 

fluorescence BLEACH&STAIN analysis framework.  

The increased fraction of Tc1 cytotoxic T-cells and Th1 helper T-cells accompanied by a strong 

interaction network between Tc1, Th1 and dendritic cells in MSI colorectal cancers compared to 

MSS patients, suggest a driving role in the enhanced anti-cancer immunity of a microsatellite 

instable tumor microenvironment. Thus, these findings correspond well to rising evidence that 

Th1 cells can acquire the ability to promote Tc1 cell survival, effector function, and tumor-

adjacent localization by targeted delivery of cytokine IL-2 (13,191). Likewise, Tc1 cells were 

observed to promote the polarization of CD4+ T cells towards a Th1 phenotype, enhancing the 

Tc1/Th1-mediated anticancer immune response (9). These findings fit well to the fact that distinct 

dendritic cell subpopulations can present tumor antigens to promote polarization of CD8+ T-cells 

into type 1 cytotoxic T-cell (Tc1)(192,193). In agreement, recent evidence has demonstrated that 

vaccine-based rescue of dendritic cells can result in in vitro and in vivo cytotoxic T cell responses 

due to elevated Tc1 levels (194). Given that Tc1 cells are known as a cytotoxic T-cell subpopulation 

with superior cytotoxicity against tumor cells compared to other cytotoxic T-cell subsets (8-10), 

the “terminal end route” of anticancer immunity due to direct cell-to-cell contact-based tumor cell 

elimination might be represented by a high fraction of Tc1 cells that are in direct contact to 

enhancing Th1 and dendritic cells. 

Finding a reduced fraction of Th17, Th2, regulatory T-cells along with the absence of a strong 

interaction network between these T-cells in MSI colorectal cancers but finding an enriched 

fraction and strong interaction network between Th17, Th2, Tregs, and dendritic cells in MSS 
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patients highlights a less conducive pro-tumorigenic microenvironment in MSI colorectal cancers 

and a pro-tumorigenic TME in MSS patients. Hence, there is evidence for a tumor promoting role 

of Th2 in colorectal cancers due to promoting epithelial to mesenchymal transition (16), tumor cell 

proliferation, invasion (195), and initiation as well as progression of colorectal cancer (196). In 

addition, some studies have shown that distinct dendritic cell subpopulations can promote Th2 

differentiation and thus tumor progression (197,198) which fits very well with the strong 

interaction between DCs and Th2 exclusively found in MSS patients and its absence in the tumor 

microenvironment of MSI patients. However, the role of Th17 in colorectal cancer is controversial. 

Experimental models have demonstrated that Th17 cells contribute to intestinal tumorigenesis 

(18,19) and promote angiogenesis (20). In contrast, it has been also shown that Th17 can recruit 

highly cytotoxic CD8+ T cells in the intraepithelial tumor compartment (21).  

The identification of increased levels of immune checkpoint expression, particularly of TIM3, 

CLTA-4 and PD-1 in MSI colorectal cancers that are well known for a high pre-existing anti-tumor 

immunity underlines the concept that high levels of immune checkpoint expression do not hinder 

anti-cancer immunity in an inflamed tumor microenvironment. These findings are in line with data 

from our recent study in muscle-invasive urothelial carcinomas providing an example where a high 

expression of TIM3, PD-1, and CTLA-4 on immune cell subpopulations was linked to a favorable 

outcome in an inflamed immune phenotype (199). Others have also shown in several different 

entities that high levels of immune checkpoint expression do not necessarily imply a terminally 

exhausted immune environment (200). Thus, these findings underline the concept that a high 

degree of immune cell infiltration (i.e., a high degree of anticancer immunity) is accompanied by a 

physiologically necessary upregulation of immune checkpoint receptors to prevent an excessive 

unregulated “overinflammation” or eventually autoimmune reaction (201). 

Finding the characteristic enrichment of Tc1 and Th1 in MSI patients compared to MSS patients in 

the center of the tumor but not at the invasive margin underlines the concept that the immune 

tumor microenvironment (iTME) in proximity to the cancer cells - thus in the center of the tumor – 

relies on different immune regulations compared to the ITME at the invasive margin. It is well 

known that the abundance of immune cells, particularly T-cells subpopulations is on average two 

to three times higher at the invasive margin compared to the center of the tumor (202,203). 

Accordingly, also immune suppressive T-cells subpopulations such as regulatory T cells and tumor 

associated macrophages were described enriched at the invasive margin compared to the center 

of the tumor (203,204). Furthermore, the accumulation of (PD-L1+) myeloid cells and increased 

interactions with PD-1+ T-cells at the invasive margin was found to contribute to the immune 

suppressing activity and drive tumor immune evasion (204,205). Moreover, the center of the 

tumor is known to have a hypoxic tumor microenvironment (TME), while the invasive margin is 



33  

known for an oxygen rich TME that regulates T-cell functionality (204). Therefore, the invasive 

margin and center of the tumor can be interpreted as two completely different compartments of 

the immune tumor microenvironment and the data from this study suggest assessment of T-cell 

subpopulations in the center of the tumor of colorectal cancers. 

In conclusion, this study identified a higher fraction of type 1 cytotoxic T-cells (Tc1) and type 1 

helper T-cells (Th1) with a strong and distinct spatial interplay accompanied by a paucity of Th17, 

Th2, and regulatory T-cells as a characteristic feature of MSI colorectal cancers, especially in 

comparison to MSS patients that showed an adverse spatial interaction profile. 
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6. Summary 
 

Microsatellite instability (MSI) is a strong biomarker to predict response to immune checkpoint 

therapy and patient’s outcome in colorectal cancer. Although enrichment of distinct T-cell 

subpopulations, such as type 1 cytotoxic T-cells (Tc1) or type 1 helper T-cells (Th1), have been 

identified to impact patient’s outcome and response to immune checkpoint therapy, only little is 

known about the underlying changes in the composition of the immune tumor microenvironment. 

To assess the density, composition, degree of functional marker expression, and spatial interplay of 

T-cell subpopulations in 79 MSI and 1045 microsatellite stable (MSS) colorectal cancers, a tissue 

microarray as well as large sections were stained with 19 antibodies directed against T-cell, antigen 

presenting cells, functional markers, and structural proteins using our BLEACH&STAIN multiplex 

fluorescence immunohistochemistry approach. A deep learning-based framework comprising > 20 

different convolutional neuronal networks (U-Net and DeepLabv3+) was developed for image analysis.  

The composition of Type 1 (T-bet+), Type 2 (GATA3+), Type 17 (RORγT+), NKT-like (CD56+), regulatory 

(FOXP3+), and follicular (BCL6+) cytotoxic (CD3+CD8+) or helper (CD3+CD4+) T-cells showed marked 

differences between MSI and MSS patients.  For instance, the fraction of Tc1 as well as Th1 was 

significantly higher (p<0.001 each) while the fraction of Tregs, Th2, Th17 T-cells was significantly 

lower (p<0.05) in MSI compared to MSS patients. The degree of TIM3, CTLA-4, and PD-1 expression 

on most T-cell subpopulations was significantly higher in MSI compared to MSS patients (p<0.05 

each). Spatial analysis revealed increased interactions between Th1, Tc1, and dendritic cells in MSI 

patients while in MSS patients the strongest interactions were found between Tregs, Th17, Th2 and 

dendritic cells. The additional analysis of 12 large sections confirmed the observations from the TMA 

analysis in the center of the tumor and showed a divergent immune composition in the invasive 

margin.  

Therefore, this study identified a higher fraction of Tc1 T-cells and Th1 T-cells accompanied by a 

paucity of regulatory T-cell, Th17 and Th2 T-cell subpopulations along with a distinct interaction 

profile as a hallmark of MSI compared to MSS colorectal cancers. 
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7. Zusammenfassung 

 
Mikrosatelliteninstabilität (MSI) stellt einen starken prädiktiven Marker für das Ansprechen auf 

Immun-Checkpoint-Therapie und daher der Prognose von Patienten mit kolorektalem Karzinom dar. 

Auch wenn das erhöhte Auftreten von T-Lymphozyten Subpopulationen im immune Mikromilieu, wie 

zum Beispiel Typ 1 zytotoxische T-Zellen (Tc1) oder Typ 1 T-helfer-Zellen, zunehmend mit dem 

Gesamtüberleben und Ansprechen auf Immun-Checkpoint-Therapie in Verbindung gebracht werden 

konnte, ist nur wenig über die zugrundliegenden Veränderungen in der Komposition der T-

Lymphozyten Subpopulationen im kolorektalen Karzinom bekannt. 

Ziel der Studie war es die Dichte, Komposition, Expression von funktionellen Markern (z.B. Immune 

Checkpoints) und die topografische Beziehung zwischen verschiedenen T-Lymphozyten 

Subpopulationen in 79 MSI and 1045 mikrosatellitenstabilen (MSS) kolorektalen Karzinomen zu 

untersuchen. Hierfür wurden Tissue Microarrays (TMAs) und Großschnitte mit 19 verschiedenen 

Antikörpern mit unserer BELACH&STAIN multiplex Fluoreszenz Immunhistochemie Methode zur 

Identifikation von mehr als 30 verschiedenen (funktionellen) T-Zell Subpopulationen sowie 

professionell Antigen präsentierenden Zellen gefärbt. Ein auf künstlicher Intelligenz (Deep Learning) 

basierter Algorithmus bestehend aus > 20 verschiedenen einzelnen neuronalen Netzen (U-Net und 

DeepLabv3+) wurde für die Bildanalyse entwickelt und verwendet. 

Die Komposition (Prozentuales Verhältnis der einzelnen T-Zell Subpopulationen an allen T-Zellen) von 

Typ 1 (T-bet+), Typ 2 (GATA3+), Typ 17 (RORγT+), NKT-ähnlich (CD56+), regulatorischen (FOXP3+) und 

follikulären (BCL6+) zytotoxischen (CD3+CD8+) oder Helfer (CD3+CD4+) T-Zellen zeigte signifikante 

Unterscheide zwischen MSI und MSS Patienten mit kolorektalen Karzinomen. Zum Beispiel war der 

Anteil an Tc1 und Th1 signifikant höher (jeweils p<0,001), während der Anteil von Tregs, Th2, Th17 T-

Zellen signifikant geringer (jeweils p<0,05) in MSI im Vergleich zu MSS Patienten war. Der Grad der 

TIM3, CTLA-4 und PD-1 Expression auf den meisten T-Zell subpopulationen war signifikant höher in 

MSI im Vergleich zu MSS Patienten (jeweils p<0,05). Die Analyse der topografischen Beziehungen 

zeigte ein erhöhtes Interaktionsprofil zwischen Th1, Tc1 und dendritischen Zellen in MSI Patienten, 

während in MSS Pateinten ein erhöhtes Interaktionsprofil zwischen Tregs, Th17, Th2 und dendritisch 

Zellen gefunden wurde. Die ergänzende Analyse von 12 Großschnitten bestätigte die Ergebnisse aus 

der TMA Analyse aus dem Tumorzentrum und zeigte zusätzlich eine divergente Komposition der T-

Zellen an der Invasionsfront auf. 

Die Daten dieser Studie konnten einen höheren Anteil von Tc1 und Th1 T-Lymphozyten, einen 

geringen Anteil von FOXP3+ regulatorischen, Th17 und Th2 T-Zell Subpopulationen, sowie ein 

spezifisches Interaktionsprofil als Charakteristikum des immun Tumormikromilieus von MSI 

kolorektalen Karzinomen aufzeigen. 
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MSS/pMMR Microsatellite stability and/or mismatch-repair proficient  

mRNA messenger ribonuclear acid 
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CIMP  CpG island methylator phenotype 

CMS  Consensus Molecular Subtypes 
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NGS  next-generation sequencing 
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MSI-H  Microsatellite Instability High 

TMB  Tumor Mutational Burden 

TCGA  The Cancer Genome Atlas 

M1  Type 1 macrophage 
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TAM  tumor-associated macrophage 
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DC  dendritic cell 
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TGF-β Transforming Growth Factor Beta 
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MDSC  Myeloid-derived suppressor cell 
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CAF  Cancer-associated fibroblast 
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P4HA1  Prolyl 4-Hydroxylase Subunit Alpha 1 

LRG1  Leucine Rich Alpha-2-Glycoprotein 1 

STAT  Signal Transducer and Activator of Transcription 

CD  Cluster of Differentiation 

Tc1  Type 1 cytotoxic T-cell 

Tc2  Type 2 cytotoxic T-cell 

Tc17  Type 17 cytotoxic T-cell 

Tcreg  Regulatory cytotoxic T-cells 

NKT-like cells  Natural killer T-like cells 

Th1  Type 1 helper T-cell 

Th2  Type 2 helper T-cell 

Th17  Type 17 helper T-cell 

Tfh  Follicular helper T-cells 

Treg  Regulatory helper T-cells 

T-bet  T-box transcription factor 

IFN-γ Interferon-gamma 

TNF-α Tumor Necrosis Factor Alpha 

GATA-3  GATA binding protein 3 

RORγt  Retinoic acid–related orphan receptor gamma t 

Bcl-6  B-cell lymphoma 6 

CTLA-4  Cytotoxic T-Lymphocyte Associated Protein 4 

Ki67  Ki67 Antigen 

panCK  Pan-Cytokeratin 

HLA-DR  Human Leukocyte Antigen - DR 

TLS  tertiary lymphoid structures 

Foxp3  Forkhead box P3 

EOMES  Eomesodermin 
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FasL  Fas ligand 

IgE  Immunoglobulin E 

TIM3  T cell immunoglobulin and mucin domain 3 

MAIT  Mucosal-associated invariant T-cell 

NKG2D  Natural Killer Group 2 Member D 

NCR  Natural Cytotoxicity Receptors 

TMA  tissue microarray 

ME-TMA  microenvironment-tissue microarray 

MSH  MutS Homolog 

MLH  MutL Homolog 

PMS  Postmeiotic Segregation 

RAS  Rat Sarcoma 

HER2  Human Epidermal Growth Factor Receptor 2 

H2Odest.  distilled water 

TBS  Tris-buffered saline 

DAB  Diaminobenzidine 

HRP  horseradish peroxidase 

TSA  tyramide signal amplification 

OPAL  Oligonucleotide Probes for Amplification and Labeling 
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