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Zusammenfassung 

Das Zusammenspiel von Tumor- und Immunzellen kann das Fortschreiten von 

Darmkrebs (CRC) beeinflussen. Bislang ist die Auswirkung von kolorektalen 

Karzinomzellen auf die systemischen Immunprofile unzureichend untersucht. Das 

Ziel dieser Arbeit war die detailierte Charakterisierung von Immunzellen im 

peripheren Blut von Patienten mit kolorektalem Karzinom.  

Die Zusammensetzung der Untergruppen und der Immunphänotyp von B- und T-

Lymphozyten, Neutrophilen, Monozyten, dendritischen Zellen (DCs), myeloiden 

Suppressorzellen (MDSCs), NK- und NKT-Zellen wurden in peripheren Blutproben 

von 12 CRC-Patienten und 11 gesunden Kontrollpersonen mittels Multicolor-

Durchflusszytometrie untersucht. Logistische Regressionsanalysen und maschinelle 

Lernalgorithmen (Support Vector Machine Learning) wurden durchgeführt, um ein 

diagnostisches Modell  zur Unterscheidung von CRC-Patienten und gesunden 

Kontrollpersonen anhand der Immunzelluntergruppen zu erstellen. Darüber hinaus 

wurden die Expressionmuster der peripheren Blut- und Gewebeproben verwendet, um 

die Gene mit unterschiedlicher Expression (DEGs) bei CRC-Patienten im Vergleich 

zu normalen Kontrollen zu analysieren. Es wurde eine Korrelationsanalyse 

durchgeführt, um DEGs zu finden, die mit der Verteilung von Untergruppen von 

Immunzellen assoziiert sind und um die zugrunde liegende Beziehung zwischen 

Immunzellzusammensetzungen und klinischen Testparametern bei CRC-Patienten 

weiter zu untersuchen.    

Ergebnisse: Im Gegensatz zu gesunden Kontrollpersonen wiesen CRC-Patienten 

einen geringeren Anteil an B- und T-Lymphozyten, T-Helferzellen (Th-Zellen), nicht-

klassischen Monozyten, DCs und einen erhöhten Anteil an polymorphkernigen 

MDSCs sowie eine geringere Expression von CD69 sowohl auf CD56dim- als auch 

auf CD56bright-NK-Zellen auf. Ein diagnostisches Modell, das sieben 

Immununtergruppen integriert, wurde erstellt, um CRC-Patienten und gesunde 

Kontrollen mit einer AUC von 1.000 (95% CI 1.000-1.000) zu unterscheiden. 

Darüber hinaus wurden NR3C2, CAMK4 und TRAT1 als Kandidatengene 

identifiziert, die die Anzahl der zirkulierenden Th-Zellen bei Patienten mit CRC 

regulieren. Rechtsseitige Karzinome wiesen eine ähnliche systemische 

Immunlandschaft auf wie linksseitige Karzinome.  

Zusammenfassend zeigte sich bei Patienten mit kolorektalem Karzinom eine 

eindeutige Suppression der systemischen Immunantwort. Die veränderte 

Zusammensetzung der zirkulierenden Untergruppen von Immunzellen bei CRC 

könnte den regionalen Immunstatus der Tumormikroumgebung ergänzen und zur 

Entdeckung immunbezogener Biomarker für die Diagnose von CRC beitragen. 
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Abstract 

Background The interaction between tumor and immune cells is known to affect the 

progression of colorectal cancer (CRC), but the effect of CRC cells on the systemic 

immunity remained unclear. We aimed to perform a comprehensive evaluation of 

circulating immune subsets and gene expression analysis of CRC patients.  

Methods The subset composition and phenotype of B and T lymphocytes, neutrophils, 

monocytes, dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs), NK, 

and NKT cells were investigated in peripheral blood samples from 12 CRC patients 

and 11 healthy controls by multicolor flow cytometry. Circulating immune subsets 

were utilized to construct a diagnostic model. Furthermore, we performed the 

bioinformatics analyses to obtain the differential expression genes (DEGs) and 

immune cells between CRC patients and normal controls. Correlation analysis was 

conducted to discover regulatory genes and clinical test parameters associated with 

distribution of circulating immune subsets.  

Results In contrast to healthy controls, CRC patients had a reduced proportion of B 

and T lymphocytes, T helper (Th) cells, non-classical monocytes, DCs, and an 

increased proportion of polymorphonuclear MDSCs, as well as reduced expression of 

CD69 on both CD56dim and CD56bright NK cells. A diagnostic model integrating seven 

immune subsets was constructed to discriminate CRC patients and healthy controls 

with an AUC of 1.000 (95% CI 1.000-1.000). Moreover, NR3C2, CAMK4 and 

TRAT1 were identified as candidate genes regulating the number of circulating Th 

cells in CRC patients. Right-sided CRC patients had a similar systemic immune 

landscape with left-sided ones. In addition, we found a robust positive correlation 

between immune subsets and three clinical test parameters, including gamma-

glutamyltransferase, aspartate aminotransferase, and alanine aminotransferase.  

Conclusions The immune suppression of systemic immune responses is evident in 

CRC patients. The altered composition of circulating immune subsets in CRC could 

complement the regional immune status of the tumor microenvironment and 

contribute to the discovery of immune-related biomarkers for the diagnosis of CRC. 
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1.   Introduction 

1.1 Colorectal Cancer 

1.1.1 The Nature of Colorectal Cancer 

Colorectal cancer (CRC) is the third most frequent carcinoma and the second leading 

cause of cancer-associated death globally, accounting for 1.8 million new cases and 

900,000 deaths annually [1]. Although the incidence of CRC tends to be stabilized in 

highly developed economies, the worldwide incidence of this disease may increase to 

2.5 million new cases in 2035 as the continuing progress trends in developing 

countries [2]. To data, inflammatory bowel diseases (IBD)[3], obesity and 

overweight[4-6], sedentary behavior[7], red meat consumption[8], family history of 

CRC[9] are well-established risk factors for the development of CRC. Clinically, 

presenting symptoms of CRC are varied among patients and lack uniqueness. 

However, most patients may present with rectal bleeding, changes in bowel habits, 

unintended weight loss, and abdominal pain [10]. Etiologically, CRC has been 

subdivided into sporadic colorectal cancer (SCRC), hereditary colorectal cancer 

(HCRC), and colitis-associated colorectal cancer (CAC). 

   SCRC, accounting for two-thirds of CRC, refers to cancer originating from the 

colorectum without known attribution to germline causes or significant family history 

of cancer or inflammatory bowel diseases [11]. According to the classification of 

alteration frequencies, SCRC could be subcategorized into hypermutated groups (15%) 

and non-hypermutated ones (85%) [11]. Even though around one-third of CRCs are 

diagnosed in subjects with a family history of the disease, only 15% of these patients 

are identified as HCRC with identified causes from germline mutations in genes 

pertaining to essential biological processes, such as adenomatous polyposis coli (APC) 

gene, DNA miss match repair (MMR) genes, etc. [12]. Currently, it is widely accepted 

that three molecular pathways have a fundamental role in the adenoma-carcinoma 

progression sequence of SCRC and HCRC: Chromosomal Instability (CIN) pathway, 

Microsatellite Instability (MSI) pathway, Serrated Neoplasia pathway [13]. CAC is a 
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recognized and feared complication of IBD with the feature of non-infectious chronic 

inflammation of the gastrointestinal tract [14]. Moreover, although CAC is only 

responsible for 1-2% of all cases of CRC[15], 10-15% of annual deaths in IBD 

patients were caused by CAC [16]. Due to the controversial reports about the 

prognosis of CAC, a newly published meta-analysis indicated that CAC patients have 

much worse overall survival (OS) than patients with non-IBD CRC, which may 

largely attribute to aggressive histological characteristics and lower rates of R0 

resections at the primary tumor sites [17]. Meanwhile, owing to the effect of relapsing 

intestinal chronic inflammation, CAC follows a different progression pattern 

compared to the other two types of CRC, called dysplasia-carcinoma sequence [18]. 

In addition, although both CAC and SCRC have a similar distribution of CIN and 

MSI, p53 mutations were considered the early events in CAC, whereas the 

inactivation of APC mainly characterizes SCRC as the initial event for the 

carcinogenesis [19, 20].         

1.1.2 Treatment Strategies 

Treatment strategies for CRCs largely depend on the tumor stage at presentation, the 

location of primary carcinoma, mutational characteristics, metastatic sites as well as 

the therapeutic aims [2]. Removal of cancer is always the core purpose of the clinical 

treatments on patients with CRC, so surgical resection remains the cornerstone for 

curative-intent treatment. For those cases with unresectable tumors or who are 

intolerant to surgery, chemotherapy and radiotherapy are the prioritized options for 

restraining disease in such patients [21]. Accumulating studies show that 

chemotherapy could significantly extend the OS time in CRC patients with or without 

metastases, resulting in chemotherapy acting as the backbone of CRC treatment [22-

24]. However, chemotherapy has some limitations such as inevitable systematic 

toxicity, unsatisfying response rate, and unpredictable intrinsic or acquired drug 

resistance. Therefore, new approaches have received enormous investments to 

improve or even substitute available CRC chemotherapy [21].  



LMU Doctoral Dissertation  Can Lu 

16 

 

    Despite significant advances in diagnostic and therapeutic options in the past 

decades, nearly 25% of the patients have synchronous metastases at the initial 

diagnosis, and virtually 50% of primary CRC patients could develop distant 

metastases during this disease [25]. Furthermore, after receiving completed resection 

of CRC, the 5-year survival rate is approximately 60%, while the rate drops to 12% 

for mCRC [26]. Therefore, there is a pressing need to develop more effective 

approaches for medical intervention. With a better understanding of the molecular and 

genetic biology of CRC, targeted therapies and immunotherapy have become 

promising strategies for advanced late-stage cases.     

1.1.2.1 EGFR Inhibitors 

EGFR, belonging to the ErbB (erythroblastosis oncogene B)/HER (human epidermal 

growth factor receptor) family, plays a vital role in promoting colorectal carcinoma 

development via activating various downstream intracellular signaling pathways, 

including RAS/RAF/MEK/ERK, PI3K/AKT, and JAK/STAT3 pathways [27, 28]. 

Two inhibitors of EGFR, cetuximab, and panitumumab, have obtained approval from 

the United States of America Food and Drug Administration (FDA) to treat mCRC 

harboring wild-type RAS (RAS-WT). These two inhibitors, ones of immunoglobulins, 

could directly bind to the external domain of EGFR to induce its internalization and 

degradation. According to the phase III ASPECCT study findings, cetuximab and 

panitumumab have similar clinical outcomes in improving the OS time of mCRC 

patients [29]. However, due to the complicated communications among molecular in 

different pathways of EGFR and genetic mutations, innate or acquired resistance for 

the above two inhibitors frequently occurs even in mCRC with RAS-WT [21]. 

Consequently, dozens of new drugs targeting the EGFR pathway are still under 

clinical investigation worldwide.     

1.1.2.2 VEGF/VEGFR Inhibitors 

Vascular endothelial growth factor (VEGF), belonging to VEGF family containing 

five members (VEFG-A, -B, -C, and D and placental growth factor (PIGF)), could 

bound to tyrosine kinase VEGF receptors of endothelial cells to promote angiogenesis 
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acted as an essential role in tumor progression. Although FDA has approved four anti-

VEGF/VEGFR agents in the past two decades, bevacizumab is the only drug 

permitted as a first- and second-line targeting-VEGF agent for mCRC so far.  

Bevacizumab, a humanized monoclonal antibody, could directly neutralize VEGF-A 

in the tumor microenvironment. Although bevacizumab only presents significant 

partial improvement in either OS or progression-free survival (PFS)[30, 31], this 

agent stably shows effectiveness in different subgroups of mCRC patients, such as 

elderly subjects (over 70 years old)[32], patients with or without KRAS mutations[33, 

34], and cased with left- or right-sided colorectal carcinoma [33]. Unsurprisingly, 

mCRC could also show resistance to anti-VEGF agents, which may attribute to the 

compensatory activation of alternative signaling pathways and secretion of 

angiogenesis-associated substances. Hence, amounts of new anti-VEGF/VEGFR 

drugs are under investigation in clinical trials to further optimize the treatment effects 

of target therapy.  

   Although anti-EGFR and anti-VEGF therapies have shown sound effects against 

mCRC, multiple studies suggested that anti-EGFR agents combined with 

chemotherapy are recommended as the first-line treatment for metastatic LSC patients 

with RAS-WT while anti-VEGF drugs should always be considered as an alternative 

[35-37].  

1.1.2.3 Immune Checkpoint Inhibitors 

Immune checkpoints, also called inhibitory immunoreceptors, refer to molecules 

expressed on the immune cells to prevent the over-activation of immune responses, 

including but not limited to PD-1, CTLA-4, TIGIT, LAG3, HAVCR2, and BTLA. In 

contrast to approaches directly blocking pathways that promote tumor development, 

evidence suggested that enhancing intratumoral immunorecognition and subsequent 

immune responses might be promising alternative ways to counter against cancer. 

Pembrolizumab and nivolumab, humanized IgG4-based PD-1 antibodies, have gained 

FDA approval for the treatment of mCRC with MMR deficient (dMMR) or high MSI 

(MSI-H) [21]. The Keynote-177 study investigated pembrolizumab versus standard of 
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care chemotherapy in mCRC patients with MSI-H in the first-line setting, which 

showed estimated median PFS values of 16.5 months and 8.2 months, respectively 

[38]. Thus, FDA has approved pembrolizumab as the first-line treatment with MSI-H 

advanced CRC in 2020, which likely led to the paradigm shift in treatment. In 

addition, owing to the decent effects and safety of combined therapy with nivolumab 

and ipilimumab (CTLA-4 antibody ) on mCRC patients with MSI-H [39], this doublet 

regimen have acquired FDA approval as an alternative therapy for patients with 

chemotherapy-refractory mCRC with MSI-H. On the other hand, CRC patients with 

MMR proficient (pMMR) or microsatellite stable (MSS), constituting a large 

proportion of patients, virtually have no response to immune checkpoint blockade. 

Even though the underlying mechanism of this resistance remains unclear, strategies 

to improve immune checkpoint inhibitor response on these patients are still under 

research [40].   

1.2 Immunology of Colorectal Cancer 

Many types of biomarkers, including miRNAs, circulating tumor cells, circulating 

tumor DNA, and genetic mutations, have been proposed to predict the responses to 

therapeutics and stratify CRC patients according to the risk classification [41]. 

However, these approaches are virtually characterized by tumor-cell-centric nature, 

overlooking the intrinsic heterogeneity of the tumor microenvironment and immune 

elements. Moreover, accumulating studies confirmed that the interplay between tumor 

processes and the host immune responses have a fundamental role in shaping the 

progression of CRC [42-44]. The immunoscore based on the quantification of CD3+ 

and CD8+ lymphocytes at the invasive margin and the core of the carcinoma have 

been proven to be more reliable than tumor-node-metastasis (TNM) staging a 

prognostic marker in patients with CRC [45, 46]. However, it must be realized that the 

immunoscore only represents the local immune infiltration profiles in the tumor 

tissues and has a limited capacity for evaluating a wide range of potential tumor-

infiltrating immune cell subsets.  
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    Furthermore, cancer immunity is considered a combination of the intratumoral 

immune events and the systemic immune response of the peripheral blood [47]. A 

previous study also showed that circulating CD16+ NKT-like cells was negatively 

associated with disease-free survival (DFS) in CRC patients [48]. Since anti-tumor 

adaptive immune cell subsets of neoplasia are mainly sourced from the blood via the 

chemotaxis process, immunophenotyping of circulating immune cells could 

comprehensively provide systemic features which complement local characteristics of 

the intratumoral immune status. In contrast to the tumor-infiltrating immune cells, the 

circulating immune profiles have the advantage of being continuously measured to 

potentially reflect the responses of therapy and possibly inform the suitable treatment 

options in the future. The defense system in the tumor tissue and blood consists of 

immune cell subsets belonging to innate and adaptive immune systems.  

1.2.1 Neutrophils 

Neutrophils are indispensable immune cells in defending against invading 

microorganisms and facilitating wound healing [49]. Recent studies have shown that 

tumors could prime neutrophils to polarize into diversified functional states by which 

they exhibit pro- or anti-tumorigenic roles in cancer development [49]. Interestingly, 

Governa et al.[50] revealed that tumor-infiltrating CD66+ neutrophils were positively 

associated with the OS in patients with CRC, whereas Rao et al.[51] conclude an 

opposite finding that intratumoral CD66+ neutrophil is a poor prognostic marker for 

CRC patients. There are still controversies to debate on the clinical significance of 

neutrophils. Moreover, two studies failed to characterize the circulating neutrophils. 

Therefore, it is necessary to explore the features of circulating neutrophils in CRC 

patients. 

1.2.2 Monocytes 

Monocytes, a heterogeneous population of mononuclear phagocyte systems, are 

recently considered critical regulators of cancer development and metastasis, with 

different subsets performing opposing roles in enabling tumor growth and preventing 
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metastatic spread of tumor cells [52]. They also act as the main source of tumor-

associated macrophages (TAMs) and dendritic cells (DCs) that orchestrate the tumor 

microenvironment [53]. It is proven that tumor-infiltrating CD68+ macrophages were 

negatively associated with the OS of patients with stage III CRC [54]. Since systemic 

inflammation has been demonstrated to be related to the tumor progression and 

metastasis of CRC[55], a meta-analysis indicated that low lymphocyte-to-monocyte 

ratio (LMR) in the peripheral blood was associated with poor prognosis in CRC 

patients [56]. Besides, Shibutani et al.[57] also pointed out that the peripheral 

monocyte count was strongly associated with the density of tumor-associated M2-like 

macrophages with anti-inflammation function. However, there are few reports on the 

distributional characteristics of circulating monocytes subsets in CRC patients. 

1.2.3 Dendritic Cells 

DCs, one of the essential antigen-presenting cells, could initiate adaptive immune 

responses and secret costimulatory molecules to drive cytotoxic T cells (CTLs) clonal 

expansion [58]. In terms of DC’s ability to induce a wide range of immune responses, 

DC-based vaccine research aiming to boost adaptive immunity to cancer has grown 

rapidly in recent years [59, 60]. Due to the diversified subsets and functional plasticity, 

DCs could elicit anti-tumor and pro-tumor functions in the tumor microenvironment 

[61]. While there are contradicting reports about the clinical significance of DCs, one 

systematic review integrating twelve studies concluded that tumor-associated 

activated and mature DCs in CRC might be linked to good clinical outcomes, 

including OS and DFS [62]. Until now, no relevant studies investigated the 

distribution of circulating DCs in individuals with CRC.  

1.2.4 Myeloid-Derived Suppressor Cells 

Myeloid-derived suppressor cells (MDSCs) comprise a heterogeneous population of 

early-stage (E-MDSC), monocytic (M-MDSC), and polymorphonuclear origin (PMN-

MDSCs) that typically arise in chronic inflammatory sites, including cancer [63]. 

Furthermore, M-MDSCs can promptly differentiate into TAMs in the tumor milieu 
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[64]. It is widely accepted that MDSCs show their immune-suppressive roles in CRC 

mostly via inhibiting T-cell proliferation and stimulating regulatory T cells (Tregs) 

development [65]. Several studies have reported that tumor-infiltrating and circulating 

MDSCs were significantly increased in primary CRC patients compared to healthy 

controls and that circulating MDSCs were associated with advanced cancer stages and 

metastases[66, 67], which indicate the correlation between circulating MDSCs and the 

disease progression of CRC. Also, Solito et al.[68] found that stage IV CRC patients 

with high circulating MDSCs had worse OS, and Tada et al.[69] further revealed that 

circulating M-MDSCs levels of mCRC patients were inversely associated with 

progression-free survival after receiving the first-line chemotherapy. In addition, high 

counts of pretreatment circulating MDSCs may indicate poor survival in CRC 

patients[70]. Mundy et al. also reported that M-MDSCs and PMN-MDSCs were 

significantly elevated in CRC cases versus normal donors [71]. Whereas there are 

lacking clinical studies investigating the composition of circulating E-MDSCs in CRC. 

1.2.5 Natural Killer and Natural Killer T Cells 

Both natural killer (NK) cells and natural killer T (NKT) cells are innate-like 

lymphocyte populations with cytotoxic function independent of MHC molecular on 

pathogenic cells and tumor cells in the innate immunity. NK cells can be subdivided 

into two types according to the expression level of CD56, namely CD56bright and 

CD56dim NK cells. CD56bright NK cells generally have immunoregulatory functions 

and produce pro-inflammatory cytokines, while CD56dim NK cells mainly elicit 

cytotoxic functions [72, 73]. Furthermore, NKT cells are a unique immune cell 

population with characteristics of NK cells and T cells [74]. In addition, the cytotoxic 

activity of NK- and NKT cells mainly relies on the delicate balance between 

inhibitory and activating signals from cell-surface triggering receptors [75]. It is 

reported that the level of pre-surgery circulating CD16+ NKT cells was inversely 

related with DFS in CRC patients who underwent curative surgical resection [48]. 

Moreover, a recent retrospective study reported the percentage of total NK cell level 
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in the peripheral blood as a prognostic marker in CRC patients who received R0 or R1 

resection and chemotherapy [76]. Krijgsman et al.[77] also revealed that colon 

carcinoma could induce immune suppression on NK- and NKT cells, an effect that 

could be diminished after tumor resection. Although uncommonly found among the 

intratumor immune infiltrates, the number of tumor-infiltrating NK and NKT cells are 

positively correlated with better prognosis in patients with CRC [78-80]. Nonetheless, 

the distribution of NK and NKT cells with the early activation marker (CD69) has not 

yet been examined in CRC cohorts.     

1.2.6 Adaptive Immune System 

Meanwhile, the adaptive immune system also played an important role in regulating 

CRC development. Different subsets of T- and B- lymphocytes have been reported 

through the years, whereas these subsets with distinct functions could have opposing 

effects on anti-tumoral immune responses. For example, CD8+ T lymphocytes could 

recognize cancer cells in MHC I-restricted mechanism and produce cytotoxic 

molecules to eliminate them directly. In contrast, Treg cells could directly secret or 

promote the synthesis of immunosuppressive mediators and alter the functional status 

of antigen-presenting cells (APC) [81]. Nowadays, high intratumor infiltration of total 

T cells, CD8+ cytotoxic T cells, and CD45RO+ memory T cells in CRC have been 

widely accepted as good prognostic markers [82]. In addition, several studies also 

suggested that intratumor Tregs density is associated with better patients’ prognosis in 

CRC[83-85]. PD-L1 expressing tumor cells may inhibit Tregs infiltration in the tumor 

microenvironment[86], which might explain the above findings of Treg cells. 

Additionally, tumor-infiltrating Th1 and Th17 cells have been proven to have negative 

prognostic effects on patients with CRC [87-90]. Apart from the clinical research of T 

cells in the tumor tissues, a few studies reported the systemic immune response of 

these cells in CRC. They suggested that circulating Tregs percentage in the peripheral 

blood was significantly different between CRC patients and healthy control, but they 

failed to be a prognostic marker [48, 91].  
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   In addition, tumor-infiltrating mature B lymphocytes have the role of inhibiting 

tumor development via secreting antibodies, facilitating T cell response, and killing 

tumor cells directly, whereas regulatory B cells (Bregs) could promote tumor growth 

via secreting immunosuppressive cytokines [92]. A clinical study demonstrated that 

memory B- and plasma- cells are the main components of tumor-infiltrating B 

lymphocytes in primary CRC lesions, while advanced tumors have significantly 

higher infiltration of Bregs than early-stage CRC [93]. Besides, they also indicated 

that CRC patients have lower levels of naïve B cells and higher levels of memory B 

cells, plasmablast cells, and Breg cells in the peripheral blood than healthy controls 

[93]. Two clinical studies[94, 95] found that tumor-infiltrating CD20+ B lymphocytes 

were strongly associated with favorable prognosis in CRC patients. Overall, there is 

much less research on the prognostic role of B cells than T cells in CRC patients, 

which requires more future clinical studies to deepen our understanding of the 

potential immunotherapeutic application of B cells.  

1.3 FACS Analysis of Human Immune Cells 

Regarding the entity of fresh blood samples, there is no need to use viability dyes to 

distinguish between live and dead cells in flow cytometric analysis. CD45, type I 

transmembrane protein, is expressed in virtually all differentiated hematopoietic cells 

but not in erythrocytes and plasma cells. CD45 is usually the first to be gated in the 

FACS analysis to identify immune cells from the peripheral blood or tissue samples. 

Meanwhile, according to the intrinsic differences of immune cells in size and 

granularity, side-scatter (SSC) and forward-scatter (FSC) are applied to differentiate 

lymphocytes from non-lymphocytes in the leukocytes population. In addition, SSC-

height (SSC-H) versus SSC-width (SSC-W) and FSC-height (FSC-H) versus FSC-

width (FSC-W) are sequentially performed to exclude doublets from the targeted cell 

populations. Afterward, the singlet cell population is gated to identify immune cell 

subsets of three panels, including T lymphocytes, B lymphocytes, and innate immune 

cells.     
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1.3.1 Innate Immune Cells 

1.3.1.1 Neutrophils, Monocytes and Dendritic Cells 

Acted as the co-receptor of TLR4 for detecting of pathogen-associated molecular 

patterns, CD14 is the first identified marker of monocytes to induce intracellular 

responses upon bacterial encounter [96]. And it is broadly recognized that monocytes 

and macrophages mainly express CD14. In order to exclude the contamination of 

monocytes in the identification of granulocytes, CD14- phenotype is performed to 

gate monocytes out from the non-lymphocytes population. CD66b, also known as 

carcinoembryonic antigen-related cell adhesion molecule 8 (CEACAM8), is only 

expressed on granulocytes. Thus, granulocytes are gated out from CD14- non-

lymphocytes with the phenotype of CD66b+ and CD15+ acting as the myeloid-derived 

cells marker. Contaminating CD66b+ eosinophils are removed from the granulocytes 

using the gating strategy based on CD45hiCD16-/low [97]. Due to the heterogeneous 

populations of circulating neutrophils, both mature and immature neutrophils are 

characterized by CD11b+CD16+/- phenotype [97, 98].  

    Similarly, CD66b- phenotype is gated on the non-lymphocytes population to 

exclude the potential mixed neutrophils. HLA-DR, an MHC class II surface receptor, 

has the main function of presenting foreign peptide antigens to Th cells for eliciting or 

suppressing the immune response. Accumulating studies have pointed that monocytes 

have the capacity of presenting antigens in vivo [99]. Then targeted cells are identified 

from CD66b- non-lymphocytes using HLA-DR+ phenotype. Multiple subsets of 

monocytes have been identified according to the differential expression of CD14 and 

CD16, including classical monocytes, intermediate monocytes, and non-classical 

monocytes [100]. Among monocytes subsets, classical monocytes have the unique 

feature enabling them to migrate towards tissues under homeostasis conditions. In 

contrast to classical monocytes, non-classical monocytes have a longer lifespan in the 

circulation and show patrolling behavior within the vasculature to scavenge luminal 

microparticles and monitor endothelial cell integrity [100]. Furthermore, intermediate 

monocytes represent the bridge linking classical monocytes with subsequently 
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differentiated non-classical monocytes in the circulation. DCs belong to bone marrow 

(BW)-derived cells mainly distributed in the blood, epithelial, lymphoid, and 

intestinal tissues. Acted as the professional antigen-presenting cells, DCs can be 

further splite into classical DC1 (cDC1), classical DC2 (cDC2), and plasmacytoid 

DCs (pDCs). The gating strategy for three subsets of monocytes and DCs is acquired 

from flow cytometry guidelines [98]. The immunophenotyping of neutrophils and 

monocytes is listed in Table 2. 

1.3.1.2 Myeloid-derived Suppressor Cells 

CD33, a transmembrane receptor, is mainly expressed on myeloid-lineage cells. Due 

to the reduced expression of CD33 on mature neutrophils[101], the CD33+ phenotype 

is applied to gate lymphocytes and a large proportion of neutrophils out from the non-

lymphocytes population. Owing to the immature features of MDSCs in the 

differentiation level, HLA-DR is used to identify targeted cells without antigen-

presenting capacity from CD33+ non-lymphocytes. Multiple studies have reported that 

MDSCs consist of three groups of cells: PMN-MDSCs, M-MDSCs, and early-stage 

MDSCs [102]. Early-stage MDSCs (E-MDSC) represent a mixed group of immature 

progenitor cells, which may further differentiate into either M-MDSCs or PMN-

MDSCs [103]. Consensus guidelines have defined the immunophenotyping of 

MDSCs subsets listed in Table 2 [102, 104].        

1.3.1.3 Natural Killer and Natural Killer T Cells 

To exclude the potential contamination of monocytes, CD14- phenotype is first 

performed on the population of lymphocytes. CD56, an isoform of the human neural 

cell adhesion molecule, is mainly expressed on NK and NKT cells. Compared to NK 

cells, NKT cells have the characteristic features of both conventional T cells and NK 

cells. Although NKT cells have a cytotoxic function, NKT cells mainly exert an 

immune regulatory effect upon activation via secreting amounts of pro- or anti-

inflammatory cytokines [74]. Thus, NK and NKT cells are characterized by 

CD56+CD3- and CD56+CD3+ phenotype within CD14- lymphocytes population, 

respectively [48]. Moreover, NK cells are further divided into CD56bright and CD56dim 
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NK cells according to the expression level of CD56. In terms of a well-known linear 

model of NK cell development, CD56bright NK cells could subsequently differentiate 

into CD56dim NK cells via upregulating CD16 and killer immunoglobulin-like 

receptors (KIR) [105]. Accumulating studies have demonstrated that the activity of 

NK and NKT cells largely depends on the balance between inhibitory and stimulatory 

signals from corresponding membrane receptors [74, 75]. CD16, also referred to as 

FcɣRIIIA, could activate NK cells by promoting its antibody-dependent cellular 

cytotoxicity (ADCC) [106]. CD8 has an important role in enhancing the cytolytic 

function of NK cells via acting as the activating cell surface receptor [107]. 

Furthermore, multiple studies indicated that CD69 is a stimulatory membrane receptor 

since it could increase NK cytotoxicity [108]. Due to the characteristics similarity 

between NKT and NK cells[74], it is reasonable to infer that these three markers may 

also represent the activation receptors of NKT cells. Hence, thirteen subsets of NK 

and NKT cells are identified from peripheral blood samples. The immunophenotyping 

of each subset is listed in Table 2. 

1.3.2 T lymphocytes 

CD3, a multimeric protein complex, is specifically expressed in T cells and stably 

appears at all subsets of T lymphocytes. CD8 and CD4, transmembrane glycoproteins 

functioning as co-receptors for the T-cell receptor (TCR), are predominantly 

expressed in cytotoxic T cells and T helper cells, respectively. Then CD3 marker is 

used to isolate T cells from lymphocytes, and the latter is subdivided into CD8+ 

cytotoxic T cells (CD8T) and CD4+ T helper (Th) cells. CD45RO, one of the CD45 

isoforms, is mainly expressed on most thymocytes, activated T cells, memory T cells, 

granulocytes, and monocytes. CD197, also referred to as CCR7, is a seven-

transmembrane G-protein-coupled receptor for C-C chemokines. Through interacting 

with two ligands, CCL19 and CCL21, CCR7 has an important role in balancing 

immunity and immune tolerance in the peripheral blood [109]. With the help of 

CD197, naive T lymphocytes could home to secondary lymphoid organs to be 
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activated with the antigen presented by DCs. Upon activation, part of naïve T cells 

will differentiate into effector T cells, and the rest of them persist as circulating 

memory T cells that can provide long-term enhanced immune responses upon 

pathogen re-exposure. Furthermore, it is widely accepted that CCR7 could divide 

memory T cells into two distinct subtypes according to its expression level, central 

memory (CCR7+) T cells (TCMs) and effector memory (CCR7-) T cells (TEMs). 

Compared with TEMs mainly migrated into inflamed tissues to directly exert immune 

responses to the pathogen, TCMs prone to migrate into secondary lymphoid organs 

and lack immediate effector function but can differentiate into TEMs upon a 

secondary challenge [110]. Therefore, Naïve- and central memory-T cells can express 

CCR7, whereas effector- and effector memory-T cells lack the expression of CCR7. 

Thus, CCR7 and CD45RO are used to identify four subsets of CD8T cells and Th 

cells, namely naïve T cells, effector T cells, effector memory T cells, and central 

memory T cells. CD38, a major NAD+ glycohydrolase, could catalyze the cyclization 

of NAD+ to cyclic ADP-ribose (cADPR) that mediates the activation of intracellular 

Ca2+ signaling, and the latter has a fundamental role in activating T cells [111]. HLA-

DR, an MHC class II cell surface receptor, has been considered as a marker for the 

activation of T cells [112, 113]. Then activated CD8T and activated Th cells are gated 

upon CD38 and HLA-DR markers from CD8T and Th cells, respectively. CD194, 

also called CCR4, is a chemokine receptor for CC chemokine ligands CCL17 and 

CCL22.  CD196, known as CCR6, is a CC chemokine receptor protein for only one 

chemokine ligand-CCL20. It is broadly accepted that CCR4 is specifically expressed 

in helper T type 2 (Th2) cells, Treg cells, and interleukin 17 (IL-17)-producing T 

helper (Th17) cells, whereas CCR6 is also expressed in Th17 [114]. Upon various 

immunological challenges, Th cells could develop into a spectrum of polarized, 

counterbalancing subsets, including Th1, Th2, and Th17 cells. Th1 cells mainly 

stimulate the cellular immune response against intracellular pathogens via the 

secretion of IFN-ɣ. In contrast, through secreting IL-4, IL-5, IL-9, and IL13, Th2 cells 
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typically initiate diversified immune responses for extracellular pathogens and 

bacterial infection [115]. Additionally, pro-inflammatory Th17 cells play a vital role 

in the clearance of extracellular bacterial and fungal infections by producing IL-17A, 

IL17F, and IL-22. Meanwhile, CCR6 and CCR4 have been proven to identify Th17 

cells [116]. According to the different expression patterns of CCR6 and CCR4, Th1 

could be identified as CCR6-CCR4-, while Th2 as CCR6-CCR4+. To further recognize 

Tregs from the peripheral blood, low expression of CD127 combined with high 

expression of CD25 is used to identify Tregs from the Th cells population [117, 118]. 

Subsequently, Tregs are subdivided into memory Tregs and naïve Tregs according to 

the expression of CD45RO and CD194 [117]. Activated Tregs are recognized with 

the positive expression of CCR4 and HLA-DR [117].  

1.3.3 B Lymphocytes 

CD19, as a co-receptor for the B cell antigen receptor (BCR) signaling pathway, is 

exclusively expressed on B lymphocytes. Evidence pointed that CD19 is broadly 

expressed from the early stage of pre-B cells until plasma cell differentiation [119, 

120]. In terms of the negative expression of CD3 on non-T cells, B lymphocytes are 

recognized with the combinational markers of CD3 and CD19 from the leukocytes 

population. According to the lineage development of B cells, hematopoietic precursor 

cells (HSC) in the bone marrow differentiate into pro-B, pre-B, and immature B cells 

in the sequential order via stepwise rearrangement of variable region-encoding gene 

segments [121]. In terms of the negative expression of CD19 on pro-B cells, 

circulating pre-B cells could be identified from B lymphocytes with the phenotype of 

CD10+IgM-CD24hiCD38hiCD20+ [122, 123]. Expressing the prototypic form of BCR, 

the immature B cell is the first representative of the B-cell lineage to counter against 

an antigen in a clonotypically restricted manner [124]. After exiting from bone 

marrow, immature B cells are termed transitional B cells in the peripheral blood [125]. 

Depending on the interactions between BCR and ligands, transitional B cells will go 

through a series of positive and negative selections to eventually become mature naïve 
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B cells [126]. Transitional B cells are commonly characterized by 

CD24hiCD38hiCD10+ phenotype combined with the negative expression of CD27 

acting as the memory B cell marker [123]. Furthermore, in T-dependent immune 

responses, naive B cells could travel to the germinal centers (GC) of secondary 

lymphoid organs after antigen activation and then differentiate either into plasmablast 

or class-switched memory (CSM) B cells [127]. On the other hand, non-class 

switched memory (NCSM) B cells, also known as IgM-only memory B cells, are 

derived from naïve B cells in the T-cell independent mechanism. In contrast to CSM-

B cells expressing multiple types of immunoglobulin, NCSM-B cells represent the 

first-line defense against foreign pathogens [128]. Besides, both memory B cells carry 

somatic mutations of their V(D)J rearrangements [128]. According to IgD expression, 

CD27+ memory B cells have been subcategorized as IgD+ NCSM-B cells and IgD- 

CSM-B cells [98]. Acted as the immediate precursor of plasma cells, plasmablast cells 

have the capability to proliferate and travel to bone marrow parenchyma for long-term 

survival. According to the guideline for using flow cytometry, plasmablast cells are 

recognized as CD27+CD20low/-CD38hi phenotype [98]. In addition, although the 

immune suppressive function of Bregs has been widely recognized, there is no unified 

consensus regarding their phenotype so far [129]. Multiple Bregs subsets of mice 

have been reported, such as transitional 2 marginal-zone precursors (T2-MZP) cells, 

B10 cells, and plasma cells. Likewise, in humans, both CD24hiCD27+ (B10) cells and 

CD24hiCD38hi (Immature) cells of B lymphocytes have been identified as the Bregs 

[129]. Therefore, nine subsets of B lymphocytes are identified from peripheral blood 

samples.  

1.4 Hypothesis and Specific Aims 

In terms of the promising future of immunotherapy, it is imperative to decipher the 

clinical significance of immune subsets in CRC patients. Most publications regarding 

the systemic immune status of patients with colorectal carcinoma focus on certain cell 

subtypes and do not consider investigating most blood cell subsets simultaneously. 
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Meanwhile, there are lacking clinical studies exploring the difference of multiple 

subsets of T lymphocytes, early-stage MDSCs, monocytes subsets, DCs, neutrophils, 

CD69+ NK, and CD69+ NKT cells between CRC patients and healthy controls.  

 

The general hypothesis of this dissertation was that CRC patients have a more 

pronounced systemic immune suppression than healthy controls. The specific aims 

were : 

1) To investigate the difference of circulating immune subsets between CRC subjects 

and healthy controls. 

2) To construct the diagnostic model based on the circulating immune cells to 

discriminate between CRC individuals and healthy controls. 

3) To explore the underlying molecular mechanism associated with the differential 

immune subsets in CRC patients. 

4) To examine the difference of circulating immune subsets between right-sided 

CRC patients and left-sided ones. 
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2.   Material and Methods 

2.1 Materials 

2.1.1 Devices 

BD LSRFortessa Cell Analyzer BD Biosciences, USA 

Benchtop Centrifuge Rotina 380R  Hettich, Germany 

Milli-QR  Ultrapure and Pure Lab Water 

Purification System 

Merck, Germany 

Single-channel Micropipette Transferpette S BRAND, Germany 

Repetitive Pipettes HandyStep S BRAND, Germany 

Pipette Controllers Accu-jet S BRAND, Germany 

Laboratory Refrigerator LABO 340 Ultimate Kirsch, Germany 

Nalgene Unwire Polypropylene Test Tube 

Racks 

Thermo Fisher Scientific, USA 

Vortex Mixer Scientific industries, Inc., USA 

Beakers DURAN, Germany 

Laboratary Bottles DURAN, Germany 

2.1.2 Consumables 

Pipette Tips BRAND, Germany 

Filter Tips BRAND, Germany 

Adapter for PD-Tips II BRAND, Germany 

5ml Polystyrene Round-Bottom Tubes Corning, USA  

7.5ml Sterile Heparin Vacutainers Sarstedt, Germany 

NuncTM Serological Pipettes Thermo Fisher Scientific, USA 

5ml Eppendorf Combitips Plus Pipet Tips Eppendorf, Germany 

50 ml Dispenser-Tips PD-Tips II  BRAND, Germany 

2.1.3 Chemicals and Antibodies 

Bovine Serum Albumin (BSA), Fraction V Biomol GmbH, Germany 

Sodium Azide Merck KGaA, Germany 

Potassium Dihydrogen Phosphate Carl Roth, Germany 

Potassium Chloride Merck KGaA, Germany 

Sodium Chloride Merck KGaA, Germany 

Di-Sodium Hydrogen Phosphate Dihydrate  Merck KGaA, Germany 
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Huamn BD Fc BlockTM BD Biosciences, USA 

Anti-CD45 BD Biosciences, USA 

Anti-CD4 BD Biosciences, USA 

Anti-CD3 BioLegend, USA 

Anti-CD197 BD Biosciences, USA 

Anti-CD194 BD Biosciences, USA 

Anti-CD38 BD Biosciences, USA 

Anti-CD25 BD Biosciences, USA 

Anti-CD196 BD Biosciences, USA 

Anti-CD127 BD Biosciences, USA 

Anti-CD45RO BD Biosciences, USA 

Anti-HLA-DR BD Biosciences, USA 

Anti-CD8 BD Biosciences, USA 

Anti-IgM BD Biosciences, USA 

Anti-CD27 BD Biosciences, USA 

Anti-CD19 BD Biosciences, USA 

Anti-CD10 BD Biosciences, USA 

Anti-CD24 BD Biosciences, USA 

Anti-IgD BD Biosciences, USA 

Anti-CD20 BD Biosciences, USA 

Anti-CD69 BD Biosciences, USA 

Anti-CD14 BD Biosciences, USA 

Anti-CD33 BD Biosciences, USA 

Anti-CD16 BD Biosciences, USA 

Anti-CD11c BD Biosciences, USA 

Anti-CD15 BD Biosciences, USA 

Anti-CD11b BD Biosciences, USA 

Anti-CD66b BD Biosciences, USA 

Anti-CD56 BD Biosciences, USA 

2.1.4 Buffers and Solutions 

BD Anti-Mouse Ig, κ/Negative Control 

Compensation Particles Set 

BD Biosciences, USA 

Cytometer Setup & Tracking Beads kit BD Biosciences, USA 
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1 × PBS Solution 10L Milllipore water 

80g NaCl 

14.4g Na2HPO4 * 2H2O 

1.92g KH2PO4 

2.0g KCl 

BD FACSTM Lysing Solution (10×) BD Biosciences, USA 

eBioscienceTM Permeabilization Buffer 

(10×) 

Thermo Fisher Scientific, USA 

eBioscienceTM Intracellular Fixation buffer Thermo Fisher Scientific, USA 

1× Lysing Solution 50ml Lysing Solution (10×) 

450ml Millipore water 

1× Permeabilization buffer 20ml Permeabilization buffer 

(10×) 

180ml Millipore Water 

Flow Cytometry Buffer 1L 1 × PBS Solution 

2ml Sodium Azide 

5g Bovine Serum Albumin 

BD FACSRinse BD Biosciences, USA 

BD FACSClean BD Biosciences, USA 

Millipore Water Merck, Germany 

2.1.5 Software 

BD FACSDivaTM  BD Biosciences, USA 

FlowJoTM v10.4 BD Biosciences, USA 

R version 4.1.0 Open Source Software, Austria 

Microsoft Excel Microsoft, USA 

Adobe Illustrator CC 2019 Adobe Inc., USA 
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2.2 Methods 

2.2.1 Study Population  

This study included 12 patients with CRC who were diagnosed according to the 2019 

World Health Organization classification and underwent curative surgical resection at 

the Ludwig-Maximilians-University Munich (LMU) hospital (Munich, Germany) 

between September 2020 and September 2021. Blood samples were collected within 4 

hours prior to surgery for these patients. The inclusion criteria were surgical R0 

resection, Tumor Node Metastasis (TNM) stage 0-III, histologically confirmed 

colorectal carcinoma, and the provision of written informed consent. The exclusion 

criteria were a history of chemoradiotherapy treatment, concomitant immune-

associated disorders and other carcinomas, and the use of immunomodulating drugs or 

oral steroids within the past three years. In addition, the pre-operative clinical data of 

CRC patients were also collected. Peripheral blood samples from 11 healthy donors 

were obtained from LMU hospital after obtaining written consent, and these samples 

were considered healthy controls. This study was approved by the local review board. 

2.2.2 Flow Cytometry Antibody Staining 

Venous blood samples were collected from each recruited subject using sterile 

heparin vacutainers. Moreover, all peripheral blood (PB) specimens were directly 

measured within 12 hours after harvesting. Immunophenotyping of circulating B 

lymphocytes, T lymphocytes, and innate immune subsets from whole blood samples 

was detected using multiparametric flow cytometry with fluorescent-labeled mouse 

monoclonal antibodies (mAbs) (Table 1). Thus, three multicolor flow cytometry 

panels were designed to identify these three cell populations, respectively (Table 1). 

Briefly, 0.2 ml anticoagulated-PB (around 1¦106 cells) was blocked with 2.5ul Fc 

block (Fc1.3216, BD Biosciences) for 10 min in the dark, then incubated with 

extracellular staining antibodies in the dark for 15 min, including all mAbs of flow 

panel 2 and 3, and most mAbs of panel 1 (except for CD20 antibody). Then 2ml 

lysing solution (BD Biosciences) was used to lyse red blood cells following direct 
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immunofluorescence staining of peripheral blood cells. Due to the freshly PB 

samples’ entity, there is no need to apply viability dyes to exclude dead cells from the 

analysis. Due to the intracellular staining of CD20 in flow panel 1, there were two 

distinct methods to treat the cells of three panels. As for flow panels 2 and 3, the cells 

were washed once in flow cytometry buffer consisting of PBS/0.5% BSA (Biomol 

GmbH, Hamburg, Germany)/0.2% sodium azide (Merck KGaA, Darmstadt, 

Germany). As for flow panel 1, permeabilization buffer (eBioscience) was used to 

treat the cells two times following the 20 min fixation step using the intracellular 

fixation buffer (eBioscience) in the dark according to the manufacturer’s instruction. 

Next, the CD20 antibody of panel 1 was incubated with the cells for 30 min in the 

dark. Then the permeabilization buffer and flow cytometry buffer were sequentially 

used to wash the cells of panel 1. Lastly, all processed cells were kept in flow 

cytometry buffer before measurement. All procedures were performed at room 

temperature. 
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Table 1 Flow cytometry panels applied to identify peripheral blood B-, T-, and 

Innate immune subsets 

Flow panel 1 

B lymphocytes subsets 

Marker Fluorochrome Clone 
Catalog 

number 
Source 

IgM BV510 G20-127 563113 BD Biosciences 

CD38 BV605 HB7 562665 BD Biosciences 

CD45 BV650 HI30 563717 BD Biosciences 

CD27 BV786 L128 563327 BD Biosciences 

CD19 FITC HIB19 555412 BD Biosciences 

CD3 PerCP Cy5.5 UCHT1 300430 BioLegend 

CD10 PE HI10a 555375 BD Biosciences 

CD24 PE-CF594 ML5 562405 BD Biosciences 

IgD PE-Cy7 IA6-2 561314 BD Biosciences 

CD20* APC-H7 H1 561172 BD Biosciences 

Flow panel 2 

T lymphocytes subsets 

CD4 BUV395 SK3 563550 BD Biosciences 

CD197 BV421 150503 562555 BD Biosciences 

CD194 BV510 1G1 563066 BD Biosciences 

CD38 BV605 HB7 562665 BD Biosciences 

CD45 BV650 HI30 563717 BD Biosciences 

CD25 BB515 2A3 564467 BD Biosciences 

CD3 PerCP Cy5.5 UCHT1 300430 BioLegend 

CD196 PE 11A9 559562 BD Biosciences 

CD127 PE-CF594 HIL-7R-M21 562397 BD Biosciences 

CD45RO PE-Cy7 UCHL1 560608 BD Biosciences 

HLA-DR APC G46-6 559866 BD Biosciences 

CD8 APC-H7 SK1 560179 BD Biosciences 

Flow panel 3 

Innate Immune subsets 

CD69 BUV395 FN50 564364 BD Biosciences 
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HLA-DR BV421 G46-6 562804 BD Biosciences 

CD14 BV510 MφP9 563079 BD Biosciences 

CD45 BV650 HI30 563717 BD Biosciences 

CD33 BV786 WM53 740974 BD Biosciences 

CD16 FITC B73.1 561308 BD Biosciences 

CD3 PerCP Cy5.5 UCHT1 300430 BioLegend 

CD11c PE B-ly6 555392 BD Biosciences 

CD15 PE-CF594 W6D3 562372 BD Biosciences 

CD11b PE-Cy7 ICRF44 557743 BD Biosciences 

CD66b AF647 G10F5 561645 BD Biosciences 

CD56 APC-R700 NCAM16.2 565139 BD Biosciences 

CD8 APC-H7 SK1 560179 BD Biosciences 

*, represent the intracellular staining antibody. 

Abbreviations: AF, Alexa fluor; APC, allophycocyanin; BV, brilliant violet; FITC, 

fluorescein isothiocyanate; PE, phycoerythrin; PE-Cy7, phycoerythrin-cyanine7; 

PerCP, peridinin chlorophyll protein complex; V500, violet500. BUV, brilliant 

ultraviolet. 

 

2.2.3 Flow Cytometry Data Analysis 

At least 1×105 events per sample were acquired promptly after staining by 18-color 

flow cytometry using the LSR Fortessa (BD Biosciences) with BD FACSDivaTM 

software version 8.0.1 (BD Biosciences). For each experiment, the optimal cytometer 

values were maintained by this software. The flow cytometer setup and performance 

tracking were conducted using cytometer setup and tracking beads (BD Biosciences). 

According to the manufacturer’s protocol, the compensation control was carried out 

with the CompBeads set (BD Biosciences). Positive staining cells were identified 

using fluorescence minus one (FMO) control when necessary [130]. FMO controls 

were used for IgM, CD38, CD27, CD10, CD24, IgD, and CD20 in flow panel 1. Eight 

FMO controls were set for flow panel 2, including CD197, CD194, CD38, CD25, 

CD196, CD127, CD45RO, and HLA-DR. Furthermore, FMO controls were 

separately prepared for CD69, HLA-DR, CD14, CD33, CD16, CD11c, CD15, CD11b, 

CD66b, and CD56 in flow panel 3. The immunophenotyping of circulating B 
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lymphocytes, T lymphocytes, and innate immune subsets was listed in Table 2. In 

addition, the sequential gating strategy for each panel was depicted in Fig. 1, 2, and 3, 

respectively. The expression levels of immune markers on circulating B cells, T cells, 

and innate immune subsets were evaluated by the percentage of targeted cells or the 

median fluorescence intensity (MFI) or the absolute number of immune cells. FlowJo 

software version 10.4 (Tree Star) was applied to analyze the datasets, and the data 

were displayed in dot plots. 

 

Table 2 Immunophenotyping of B lymphocytes, T lymphocytes, and Innate 

immune subsets 

Immune cells Immunophenotyping 

B lymphocytes subsets  

B lymphocytes CD45+CD3-CD19+ 

Pre-B cells 
CD45+CD3-CD19+CD10+IgM-CD24highCD38high 

CD20+ 

Transitional B cells CD45+CD3-CD19+CD24highCD38highCD10+ CD27- 

Breg-Immature cells CD45+CD3-CD19+CD24highCD38highCD27- 

Breg-B10 cells CD45+CD3-CD19+CD24highCD27+ 

Naïve B cells CD45+CD3-CD19+CD27-IgD+ 

Non-Classic switched 

memory B cells 
CD45+CD3-CD19+CD27+IgD+ 

Class switched memory B 

cells 
CD45+CD3-CD19+CD27+IgD- 

Plasmablasts CD45+CD3-CD19+CD27+CD20low/-CD38high 

T lymphocytes subsets  

T lymphocytes CD45+CD3+ 

CD8T cells CD45+CD3+CD8+ 

Activated CD8T cells CD45+CD3+CD8+CD38+HLA-DR+ 

Effector CD8T cells CD45+CD3+CD8+CD197-CD45RO- 

Effector memory CD8T cells CD45+CD3+CD8+CD197-CD45RO+ 
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Naïve CD8T cells CD45+CD3+CD8+CD197+CD45RO- 

Central memory CD8T cells CD45+CD3+CD8+CD197+CD45RO+ 

Th cells CD45+CD3+CD4+ 

Activated Th cells CD45+CD3+CD4+CD38+HLA-DR+ 

Effector Th cells CD45+CD3+CD4+CD197-CD45RO- 

Effector memory Th cells CD45+CD3+CD4+CD197-CD45RO+ 

Naïve Th cells CD45+CD3+CD4+CD197+CD45RO- 

Central memory Th cells CD45+CD3+CD4+CD197+CD45RO+ 

Th17 cells CD45+CD3+CD4+CD194+CD196+ 

Th1 cells CD45+CD3+CD4+CD194-CD196- 

Th2 cells CD45+CD3+CD4+CD194+CD196- 

Treg cells CD45+CD3+CD4+CD25highCD127low 

Memory Treg cells 
CD45+CD3+CD4+CD25highCD127lowCD194+ 

CD45RO+ 

Naive Treg cells 
CD45+CD3+CD4+CD25highCD127lowCD194+ 

CD45RO- 

Activated Treg cells 
CD45+CD3+CD4+CD25highCD127lowCD194+ 

HLA-DR+ 

Innate immune subsets  

Neutrophils CD45+CD14-CD66b+CD15+CD11b+CD16+/- 

Classical Monocytes CD45+CD66b-HLA-DR+CD14high CD16- 

Non-Classical Monocytes CD45+CD66b-HLA-DRlow/+CD14low/+ CD16+ 

Intermediate Monocytes CD45+CD66b-HLA-DRhighCD14high CD16+ 

Dendritic cells CD45+CD66b-HLA-DR+CD14-/low CD16- 

MDSCs CD45+CD33+ HLA-DR-/low CD11b+ 

PMN-MDSCs CD45+CD33+ HLA-DR-/low CD11b+CD14-CD15+ 

M-MDSCs CD45+CD33+ HLA-DR-/low CD11b+CD14+CD15- 

Early stage-MDSCs 
CD45+CD33+ HLA-DR-/low CD11b+CD14- 

CD15-CD56- 

NK cells CD45+CD14-CD3-CD56+ 

CD56bright NK cells CD45+CD14-CD3-CD56high 

CD8+CD56bright NK cells CD45+CD14-CD3-CD56highCD8+ 
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CD16+CD56bright NK cells CD45+CD14-CD3-CD56highCD16+ 

CD69+CD56bright NK cells CD45+CD14-CD3-CD56highCD69+ 

CD56dim NK cells CD45+CD14-CD3-CD56+/Low 

CD8+CD56dim NK cells CD45+CD14-CD3-CD56dimCD8+ 

CD16+CD56dim NK cells CD45+CD14-CD3-CD56dimCD16+ 

CD69+CD56dim NK cells CD45+CD14-CD3-CD56dimCD69+ 

NKT cells CD45+CD14-CD3+CD56+ 

CD8+NKT cells CD45+CD14-CD3+CD56+CD8+ 

CD16+NKT cells CD45+CD14-CD3+CD56+CD16+ 

CD69+NKT cells CD45+CD14-CD3+CD56+CD69+ 

Abbreviations: Breg, regulatory B; Th, T helper; Treg, regulatory T; MDSCs, 

myeloid-derived suppressor cells; PMN-MDSCs, polymorphonuclear MDSCs; M-

MDSCs, Monocytic MDSCs; NK, Natural killer; NKT, Natural killer T. 
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Figure 1: Flow cytometry gating strategy applied for the identification of 

circulating B lymphocyte subsets 

The standardized gating strategy was used for flow cytometry panel 1. A) Leukocytes 

(excluding debris with SSClow/FSClow). B) Lymphocytes (excluding monocytes and 

granulocytes). C, D) Single lymphocytes (excluding doublets). E) B lymphocytes 

(CD3-CD19+ cells). F-H) Pre-B cells. H) Breg (regulatory B)-B10 cells 

(CD24highCD27+). I, L) Transitional B cells (CD10+CD27-CD24highCD38high). J, M) 

Breg-immature cells (CD27-CD24highCD38high). J, N) Plasmablast (CD27+CD20low/-

CD38high). K) CSM (Class-switched memory) B cells, NCSM (Non-class switched 

memory) B cells, and naive B cells.  

Abbreviation: SSC, side scatter; FSC, forward scatter. 
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Figure 2: Flow cytometry gating strategy applied for the identification of 

circulating T lymphocytes subsets 

The standardized gating strategy was used for flow cytometry panel 2. A) Leukocytes 

(excluding debris with SSClow/FSClow). B) Lymphocytes (excluding monocytes and 

granulocytes). C, D) Single lymphocytes (excluding doublets). E) T lymphocytes 

(CD3+ cells). F) Th (T helper) cells (CD4+ cells) and CD8T (CD8+T) cells. G) CD8T 

subsets, including EM (effector memory) CD8T cells, CM (central memory) CD8T 

cells, Naïve CD8T cells, E (effector) CD8T cells, and activated CD8T cells. H) Th 

cells subsets, including Th1, Th2, Th17, EM (effector memory) Th cells, CM (central 

memory) Th cells, Naïve Th cells, E (effector) Th cells, activated Th cells, Tregs 

(regulatory T cells), memory Tregs, naïve Tregs, and activated Tregs.   

Abbreviation: SSC, side scatter; FSC, forward scatter. 
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Figure 3: Flow cytometry gating strategy applied for the identification of 

circulating innate immune cell subsets 

The standardized gating strategy was used for flow cytometry panel 3. A) Leukocytes 

(excluding debris with SSClow/FSClow). B, C) Single leukocytes (excluding doublets). 

D) Lymphocytes and non-lymphocytes. E) Neutrophils. F) MDSC (Myeloid-derived 

suppressor cell) and its subsets, including M-MDSC (monocytic MDSC), PMN-

MDSC (polymorphonuclear MDSC), and early-stage MDSC. G) Dendritic cells, C-

Monocytes (classical monocytes), intermediate monocytes, and non-classical 

monocytes. H) NK (natural killer) and NKT (natural killer T) cells population, 

including CD8+CD56dim cells, CD16+CD56dim cells, CD69+CD56dim cells, 

CD8+CD56bright cells, CD16+CD56bright cells, CD69+CD56bright cells, CD8+NKT cells, 
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CD16+NKT cells, and CD69+NKT cells. 

Abbreviation: SSC, side scatter; FSC, forward scatter. 

 

2.2.4 Construction of Diagnostic Model 

The univariable logistic regression was conducted to evaluate the predictive ability of 

each immune subset on two cohorts. In order to obtain immune subsets that displayed 

relatively higher accuracy with the prediction, we kept those immune subsets with p-

values less than 0.05. The support vector machine (SVM) learning model was 

performed to identify the optimal parameters from the above immune subsets to 

discriminate CRC from healthy controls. To ensure the stability and reliability of our 

prediction method, tenfold cross-validation was applied by the SVM model. The best 

parameters were identified from maximum cross-validation results. The above best 

parameters were fitted into a multivariable logistic regression analysis to construct the 

diagnostic model. Each parameter would be assigned with a logistic regression 

coefficient, and an immune score was generated using the following formula:  

 

Where Num refers to the number of immune subset, Compositionn represents the 

percentage of immune subsetn, and LCn is the logistic coefficient of immune subsetn. 

Furthermore, a nomogram was constructed to visualize this diagnostic model in our 

cohort. The calibration curve and the Hosmer-Lemeshow test were performed to 

evaluate the goodness-of-fit of the nomogram model. Decision curve analysis (DCA) 

was used to assess the model's reliability by calculating the clinical net benefit for 

patients at each threshold probability. The receiver operating characteristic (ROC) 

curve was applied to evaluate the discrimination performance of the nomogram.    

Logistic regression analysis was performed using the stats R package [131]. SVM 

model analysis was conducted using the e1071 R package [132]. pROC and ggplot2 R 

package were used to draw the diagnostic ROC curves [133, 134]. 
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2.2.5 Gene Expression Profile Collection and Processing  

Gene Expression Omnibus (GEO) database was thoroughly searched to find eligible 

GEO datasets with the following searching strategy (“colon” or “colorectal” or 

“rectal”) and (“cancer*” or “neoplas*” or “dysplasia”) and (“homo sapiens”) and 

(“gse”). The inclusion criteria of the datasets were listed in Fig. 4. A total of two 

datasets (GSE164191 and GSE46703) representing different independent studies of 

CRC were enrolled, of which GSE164191 contained 59 CRC and 62 normal samples, 

and GSE46703 included 14 CRC samples without prior treatment. Moreover, 

GSE164191 and GSE46703 were derived from GPL570 and GPL6884, respectively. 

GEOquery R package was used to download the expression matrixes of the above 

datasets [135]. The probes were annotated into gene symbols based on the 

corresponding annotation files. When multiple probes matched one gene, the median 

was calculated as its expression values. Besides, since GSE164191 and GSE46703 

were hybridized into two distinct platforms, the combat function of the sva R package 

was applied to integrate two normalized datasets into a meta-cohort to remove batch 

effects (Fig. 5A, B) [136]. Next, the merging datasets were quantile normalized with 

the normalizeBetweenArrays function of limma R package(Fig. 5C, D) [137]. 

Therefore, the merged GEO datasets were considered the normalized expression 

profiles of blood samples for CRC and healthy controls.   

Due to the potential interaction between colorectal tumor and the peripheral blood, 

the sequencing data of CRC tissue samples was also obtained from public repository. 

The Cancer Genome Atlas (TCGA) projects deposited the largest tissue expression 

matrixes of CRC on the single dataset level. Then gene expression profiles of 568 

CRC patients and 51 non-cancerous samples were downloaded from TCGA through 

the GDC data portal.      
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Figure 4: Flow diagram of identifying and selecting eligible GEO datasets 

Abbreviation: GEO, Gene Expression Omnibus; CRC, colorectal cancer. 
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Figure 5: The pre-processing of merged GEO datasets 

A) PCA graph of the merged GEO datasets without the removal of batch effects. B) 

PCA graph of the merged GEO datasets with the removal of batch effects. C) The 

boxplot of merged GEO datasets without quantile normalization. D) The boxplot of 

merged GEO datasets with quantile normalization.  

Abbreviation: GEO, Gene Expression Omnibus. PCA, principal component analysis. 
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2.2.6 xCell Algorithm 

The xCell R package was used to deconvolute peripheral blood mononuclear cell 

types based on the merged GEO datasets. By applying a novel gene signature-based 

method, the xCell algorithm could reliably estimate enrichment of 64 stromal and 

immune cell types from gene expression data derived from tissue or blood samples, 

among which 34 cell types are immune subsets [138]. According to the validation 

results on the extensive in-silico simulations and cytometry immune profiling, xCell 

was proven to outperform other digital dissection methodologies, including 

CIBERSORT [138]. 

2.2.7 Differential Expression Analysis 

To identify the differential expression genes (DEGs) in blood and tissue samples 

between CRC and normal subjects, we performed the differential expression analysis 

on the merged GEO and TCGA datasets using the limma and DESeq2 R package, 

respectively [137, 139]. In GEO dataset, any gene with adjusted P values of < 0.05 

and |log2 (Foldchange)| > 0.25 was regarded as the DEGs. Owing to the entity of 

colorectal carcinoma, the DEGs of the TCGA dataset were defined as genes with 

adjusted P values of < 0.05 and |log2 (Foldchange)| > 1. Furthermore, DEGs 

consistently changed in the above two datasets were identified as the common DEGs.  

2.2.8 Gene Ontology Enrichment Analysis 

Gene Ontology (GO) enrichment analysis was performed to determine the potential  

biological function of identified common DEGs using ClusterProfiler R package[140].  

GO analysis contained three categories: biological process, molecular function, and  

cellular components. The cutoff criteria of P values of < 0.05 and the false discovery  

rate (FDR) < 0.1 was regarded as statistically significant differences for all analyses. 

2.2.9 Correlation Analysis 

Correlation analysis was performed to explore the association between immune cell 

compositions and genetic expression and investigate the underlying relationship 

between immune cell subsets and clinical test parameters using hmisc and corrplot R 



LMU Doctoral Dissertation  Can Lu 

49 

 

package. The correlation coefficients and corresponding p values were used to select 

the significantly correlated pairs.   

2.2.10 Statistical Analysis 

Correlation analysis was performed using the Pearson method. The statistical 

difference between continuous variables was calculated using the two-sample t-test or 

the Wilcoxon rank-sum test depending on normal distribution. P-values of multiple 

testing were corrected using the Benjamini-Hochberg method. Comparisons between 

categorical variables were conducted by applying Fisher’s exact test. All statistical 

analyses were completed using R software (version 4.1.0). P-value < 0.05 was 

regarded as statistically significant. 

 

 



LMU Doctoral Dissertation  Can Lu 

50 

 

3.   Results 

3.1 Patients with CRC Exhibiting Systemic Immune Suppression 

The study has been conducted as depicted in Fig. 6. Since chemoradiotherapy could 

affect the systemic immune system, the blood samples were only collected from 

patients without any neoadjuvant therapy. Table 3 summarizes the clinicopathological 

characteristics of 12 CRC patients and 11 healthy controls included in the analyses. 

The detailed data of the immune distributional comparison between these two groups 

are shown in Table 4.  

    At first, compared to healthy controls, the proportion of B lymphocytes was 

significantly (P = 0.0421) lower in CRC patients (Fig. 7A, C). There was no 

distributional difference of two Breg subsets between CRC patients and healthy 

controls (Fig. 7A). No differences of other B lymphocytes subsets were detected 

between CRC patients and healthy controls (Fig. 7A).  

   Secondly, the distribution of seven subsets belonging to the T lymphocyte 

population was statistically different in the two cohorts (Fig. 7A, C): remarkably 

lower proportions of circulating T lymphocytes (P = 0.0184), and Th cells (P = 

0.0243) were observed in CRC patients. In contrast, the percentage of activated CD8T 

(P = 0.0107) and activated Th (P = 0.0107) cells was significantly higher in CRC 

patients compared to healthy controls. Furthermore, CRC patients presented with an 

increased percentage of naïve (P = 0.0088) and central memory Th (P = 0.0088) cells, 

but with a decreased proportion of effector Th (P = 0.0088) cells compared to healthy 

controls. In addition, the percentage of Tregs and its subsets was comparable between 

CRC patients and healthy controls (Fig. 7A).  

    Thirdly, among four monocytes subsets, only non-classical monocytes were 

significantly (P = 0.0125) lower in CRC patients compared to healthy controls. 

Meanwhile, there was no difference in the percentage of neutrophils between these 

two groups (Fig. 7A).  

Fourthly, similar percentages of circulating NK and NKT cells were observed in 
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CRC patients and healthy controls (Fig. 7A). No differences were detected in 

CD56bright and CD56dim NK cells (% of NK). Although CRC patients have the similar 

distribution of CD69+CD56dim and CD69+CD56bright NK cells with healthy controls, 

the expression level (MFI) of CD69 on these two NK subsets was significantly (P = 

0.0277) lower in CRC patients than healthy controls (Fig. 8). No differences in other 

phenotypic markers on NK and NKT cells were observed between CRC patients and 

healthy controls (Fig. 8).  

    Lastly, in contrast to healthy controls, CRC patients have also an increased 

percentage of PMN-MDSC (P = 0.0107) population (Fig. 7C). Moreover, a lower 

percentage of DCs was detected in CRC patients than in healthy controls (Fig. 7C). 

    Furthermore, we applied the digital dissection method of the xCell algorithm on the 

merged GEO dataset consisting of 73 CRC patients and 62 healthy controls to 

estimate the distribution of circulating immune cells. In total, sixty-four subsets, 

including thirty-four immune subsets, were calculated for CRC patients and healthy 

controls (Fig. 7B). Although thirteen immune cell subsets showed a significant 

difference between CRC patients and healthy controls (Fig. 7D), only Th cells cells 

were consistently changed in the flow cytometry analysis and bioinformatics analysis 

(Fig. 7C, D).  
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Figure 6: Analysis flow diagram of the study 

Abbreviation: GEO, Gene Expression Omnibus; TCGA, the Cancer Genome Atlas; 

CRC, colorectal cancer; ICs, immune cells; GO, gene ontology; DEGs, differential 

expression genes. 
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Table 3 Clinical characteristics of healthy controls and CRC patients  

Variables CRC (n = 12) Healthy control (n = 11) P-value 

Age, year* 72.5 ± 10.26 61.6 ± 11 0.0600 

Gender   0.6800 

Female 6 (50.0%) 4 (36.4%)  

Male 6 (50.0%) 7 (63.6%)  

Sideness    

Left side 5 (41.7%)   

Right side 6 (50.0%)   

whole colon 1 (8.3%)   

Surgery Type    

Open surgery 9 (75%)   

Laparoscopic Surgery 2 (16.7%)   

Robot-assisted surgery 1 (8.3%)   

T (AJCC 7th)    

T1 1 (8.3%)   

T2 6 (50.0%)   

T3 3 (25.0%)   

T4a 2 (16.7%)   

N (AJCC 7th)    

N0 11 (91.7%)   

N1b 1 (8.3%)   

M (AJCC 7th)    

M0 12 (100.0%)   

Tumor Stage (AJCC 7th)    

I 7 (58.4%)   

II 4 (33.3%)   

III 1 (8.3%)   

Abbreviations: CRC, colorectal cancer; AJCC, American Joint Committee on Cancer; 

T, tumor; N, lymph node; M, metastasis. 

Data were represented as n (%) unless otherwise annotated. * Age was presented as 

mean ± standard deviation. 
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Figure 7: The circulating immune subsets distribution in CRC patients 

compared to healthy controls 

A) The heatmap of immune subsets from flow cytometry analysis. Each immune 

subset was expressed as the percentage of source cells annotated following the 

underscore. B) The heatmap of immune and stromal cells computed from merged 

GEO datasets using the xCell algorithm. C, D) The boxplot of significantly different 

immune subsets from flow cytometry analysis and xCell algorithm, respectively. The 

bars show median values of each immune cell subset and the corresponding 95% 

confidence interval. Corrected P-values were calculated for each comparison using 

Benjamini-Hochberg method. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

 

Abbreviation: NCSM: non-class switched memory; CSM: class switched memory; 

Breg, regulatory B cells; EM, effector memory; E, effector; CM, central memory; 

Tregs, regulatory T cells; NC.Monocyte, non-classical monocytes; C.Monocytes, 

classical monocytes; NK, natural killer; NKT, natural killer T; DC, Dendritic cell; 

PMN.MDSC, polymorphonuclear MDSC; M.MDSC, mononuclear MDSC; E.MDSC, 

early-stage MDSC; CLP, common lymphoid progenitors; CMP, common myeloid 

progenitors; GMP, granulocyte-monocyte progenitor; HSC, hematopoietic stem cells; 

MEP, megakaryocyte-erythroid progenitor cell; MPP, multipotent progenitors; MSC, 

mesenchymal stem cell; ly, lymphatic; mv, microvascular. 
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Figure 8: The peripheral blood immunophenotype of NK and NKT cells in CRC 

patients compared to healthy controls 

The bars showed the median MFI of the respective immune cell subset and the 

corresponding 95% confidence interval. Corrected P-values were calculated for each 

comparison using Benjamini-Hochberg method. *, P < 0.05; **, P < 0.01; ***, P < 

0.001. 

Abbreviation: NK, natural killer; NKT, natural killer T. 
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Table 4 Comparison of circulating immune subsets between CRC patients and 

healthy controls 

Immune cells 
Healthy controls  

(N = 11)          

CRC patients  

(N = 12) 

 Corrected 

P-value# 

B % Leukocytes 3.10 ± 1.21 1.72 ± 1.43 0.0421  

Pre % B 0.53 ± 0.34 1.39 ± 1.70 0.5772  

Transitional % B  1.28 ± 0.70 3.43 ± 3.61 0.2850  

Plasmablast % B 1.16 ± 1.17 5.31 ± 10.52 0.0503  

NCSM % B  9.14 ± 5.63 8.73 ± 6.28 0.8650  

CSM % B  16.84 ± 13.02 16.20 ± 9.96 0.9509  

Naive % B 59.95 ± 20.35 53.50 ± 21.90 0.6556  

Breg-B10 % B 20.63 ± 12.38 12.09 ± 8.09 0.2326  

Breg-Immature % B 4.24 ± 1.89 5.54 ± 5.03 0.9889  

T % Leukocytes 29.15 ± 4.96 18.10 ± 8.03 0.0184  

CD8T % Leukocytes 8.76 ± 3.93 5.45 ± 3.44 0.1391  

Activated % CD8T 2.23 ± 0.96 5.84 ± 2.97 0.0107  

Naive % CD8T 16.79 ± 14.84 15.59 ± 7.17 0.7963  

EM % CD8T 32.96 ± 17.28 36.54 ± 12.93 0.6556  

E % CD8T 44.32 ± 20.54 39.18 ± 17.30 0.5692  

CM % CD8T 5.92 ± 3.82 8.69 ± 4.57 0.3331  

Th % Leukocytes 18.84 ± 4.43 11.13 ± 5.17 0.0243  

Activated % Th 1.40 ± 0.87 3.00 ± 1.08 0.0107  

Naive % Th 7.87 ± 6.43 30.04 ± 14.88 0.0088  

EM % Th 51.07 ± 15.45 33.67 ± 15.60 0.0507  

E % Th 35.16 ± 15.95 8.20 ± 4.13 0.0088  

CM % Th 5.92 ± 6.46 28.11 ± 14.64 0.0088  

Th1 % Th 62.77 ± 10.55 64.51 ± 13.81 0.4574  

Th2 % Th 8.71 ± 3.59 10.03 ± 6.68 1.0000  

Th17 % Th 10.37 ± 5.53 10.95 ± 8.74 0.9831  

Tregs % Th 6.94 ± 3.17 8.91 ± 3.95 0.4574  

Naive % Tregs 6.47 ± 7.71 1.70 ± 1.47 0.2140  

Memory % Tregs 41.36 ± 20.09 58.28 ± 14.31 0.2140  
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Activated % Tregs 14.30 ± 6.66 12.83 ± 8.30 0.6118  

Neutrophil % 

Leukocytes 
54.16 ± 7.93 61.41 ± 14.75 0.0125  

Non-Classical-

Monocyte % 

Leukocytes 

0.60 ± 0.26 0.24 ± 0.15 0.6621  

Intermediate-

Monocyte % 

Leukocytes 

0.04 ± 0.02 0.06 ± 0.09 0.9946  

Classical-Monocyte % 

Leukocytes 
2.24 ± 1.95 1.91 ± 1.37 0.7087  

Monocyte % 

Leukocytes 
2.93 ± 1.95 2.21 ± 1.46 0.5359  

DC % Leukocytes 2.93 ± 2.82 0.59 ± 0.69 0.0265  

MDSC % Leukocytes 0.37 ± 0.27 0.28 ± 0.16 0.7266  

PMN-MDSC % MDSC 26.04 ± 22.18 68.27 ± 12.84 0.0107  

M-MDSC % MDSC 38.53 ± 27.40 17.11 ± 12.60 0.2065  

E-MDSC % MDSC 24.00 ± 14.37 11.29 ± 7.91 0.1096  

NK % Leukocytes 3.38 ± 1.85 4.09 ± 4.46 0.8650  

CD56dim % NK 92.64 ± 4.89 90.08 ± 5.39 0.2787  

CD69+ % CD56dimNK 12.93 ± 27.45 19.39 ± 25.30 0.0662  

CD69 (CD56dim NK) *  
279.00  

(269.50, 297.00) 

116.5  

(105.58, 201.00) 
0.0277  

CD16+ % CD56dimNK 93.96 ± 4.74 80.19 ± 21.89 0.2004  

CD16 (CD56dim NK) *  
480.00  

(394.50, 585.50) 

284.00  

(145.00, 591.50) 
0.4222  

CD8+ % CD56dimNK 30.59 ± 18.38 32.61 ± 15.86 0.7266  

CD8 (CD56dim NK) *  
1345.00  

(1302.00, 1712.00) 

1482.50  

(1226.75, 1827.25) 
0.9264  

CD56bright % NK 7.35 ± 4.89 9.86 ± 5.22 0.2912  

CD69+ % CD56brightNK 14.35 ± 27.99 15.15 ± 25.91 0.4574  

CD69 (CD56bright NK) *  
245.00 

(223.50, 296.50) 

112.00  

(76.38, 145.00) 
0.0277  
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CD16+ % CD56brightNK 40.71 ± 13.95 29.48 ± 21.38 0.2737  

CD16 (CD56bright NK) *  
255.00  

(137.00, 304.00) 

150.00  

(90.70, 256.25) 
0.4180  

CD8+ % CD56brightNK 24.70 ± 22.80 21.66 ± 10.74 0.7087  

CD8 (CD56bright NK) *  
1601.00  

(1129.5, 1775.00) 

1441.50  

(1346.50, 1586.00) 
0.8795  

NKT % Leukocytes 2.27 ± 2.54 1.37 ± 1.35 0.2065  

CD69+ % NKT 14.28 ± 27.71 20.19 ± 24.09 0.1002  

CD69 (NKT) * 
303.00  

(285.50, 352.50) 

178.00  

(152.75, 356.75) 
0.1815  

CD16+ % NKT 6.48 ± 7.15 5.51 ± 4.32 0.7877  

CD16 (NKT) * 
97.70  

(85.15, 110.00) 

86.45  

(72.33, 131.50) 
0.8795  

CD8+ % NKT 67.57 ± 19.76 55.18 ± 12.64 0.2737  

CD8 (NKT) * 
5726.00  

(4821.00, 7183.00) 

7563.00  

(5321.25, 8728.75) 
0.4222  

*, represent the MFI value expressed as the median with 95% confidence interval. All 

other data were presented with the Mean ± SD (%). The Benjamini-Hochberg method 

was used to correct P-value for multiple testing, which was indicated by P-value#. P-

value# < 0.05 was regarded as statistically different.   

Abbreviation: NCSM: non-class switched memory; CSM: class switched memory; 

Breg, regulatory B; EM, effector memory; E, effector; CM, central memory; Treg, 

regulatory T cells; NK, natural killer; NKT, natural killer T; DC, dendritic cell; PMN-

MDSC, polymorphonuclear MDSC; M-MDSC, mononuclear MDSC; E-MDSC, 

early-stage MDSC. 
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3.2 Diagnostic Model allowed Differentiation of CRC Patients from Healthy Controls 

Eleven immune subsets were identified from the univariable logistic regression on 

fifty-two immune subsets (Table 8 in the Appendix). When SVM was applied to 

evaluate the accuracy of different combinations of the above immune subsets in 

discriminating between CRC individuals and healthy controls, the combination of 

seven immune subsets was optimal, with an accuracy of 0.936 (Fig. 9A), including 

NC.Monocyte_Leukocytes, E_Th, T_Leukocytes, Activated_Th, Activated_CD8T, 

Th_Leukocytes, and Naïve_Th (Table 5). Therefore, these seven immune subsets 

were chosen to construct a diagnostic model using a logistic regression algorithm. The 

diagnostic formula was determined as follows:  

112.9468 − 44.5381 × Non-Classical Monocyte (% of Leukocytes) – 3.1629 

× Effector Th (% of Th cells) − 5.8056 × T (% of Leukocytes) − 6.0697 × 

Activated Th (% of Th cells) + 8.9753 × Activated CD8T (% of CD8T cells) 

+ 5.7387 × Th (% of Leukocytes) + 0.0072 × Naïve Th (% of Th cells). 

Moreover, a nomogram incorporating the above immune subsets was constructed to 

visualize this diagnostic model and efficiently predict the risk of malignancy (Fig. 9B). 

This study used 12 CRC and 11 normal samples as the training set. The calibration 

curve of the nomogram confirmed that the predictive probability of CRC nearly 

matched the actual probability, which was also supported by the Hosmer-Lemeshow 

test result (P = 1.0000) (Fig. 9C). According to the DCA curve, we observed that the 

diagnostic model acquired the most clinical benefit with the entire range of threshold 

probabilities compared to the individual immune subset (Fig. 9D). Furthermore, ROC 

analysis in our training cohort suggested that the nomogram model accurately 

distinguished CRC and normal subjects with an AUC of 1.000 (95% CI 1.000-1.000), 

the sensitivity of 1.000, specificity of 1.000, positive predictive value of 1.000, and 

negative predictive value of 1.000 at the cut-off point of -0.038 (Fig. 9E). In addition, 

each immune cell subset of the model has a good diagnostic performance in 

distinguishing these two groups with an AUC greater than 0.850 (Fig. 9F-H). 
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Figure 9: Diagnostic model for differentiating CRC patients from healthy 

controls 

A) Tenfold cross-validation accuracy plot of SVM algorithm. B) Diagnostic 

nomogram model to predict the risk probability of CRC. C) Calibration curve of the 

nomogram model. D) DCA curve of the nomogram model and corresponding seven 

predictive risk factors. E) ROC analysis of the nomogram model. F, G) ROC analysis 

of seven predictive immun subsets in the model. H) The forest plot of the AUC value 

and 95% CI for each immune subset. Each immune subset was expressed as the 

percentage of source cells annotated following the underscore. 

Abbreviation: Naïve_Th, naïve Th (% of Th); Activated_Th, activated Th (% of Th); 

NC.Monocyte_Leukocytes, non-classical monocyte (% of Leukocytes); 

Activated_CD8T, activated CD8T (% of CD8T); Th_Leukocytes, Th (% of 

Leukocytes); T_Leukocytes, T (% of Leukocytes); E_Th, effector Th (% of Th); Th, T 

helper, CD8T, CD8+ T; ROC, receiver operating curve; AUC, area under curve; 95% 

CI, 95% confidence interval. 



LMU Doctoral Dissertation  Can Lu 

61 

 

Table 5 The accuracy of individual immune subset or the combination of 

different immune subsets as the classifier to distinguish CRC patients from 

healthy controls by Support Vector Machine learning algorithm 

Feature Combinations 
10 × CV 

Accuracy 

NC.Monocyte_Leukocytes 0.741 

NC.Monocyte_Leukocytes and E_Th 0.863 

NC.Monocyte_Leukocytes, E_Th, and T_Leukocytes 0.856 

NC.Monocyte_Leukocytes, E_Th, T_Leukocytes, and Activated_Th 0.882 

NC.Monocyte_Leukocytes, E_Th, T_Leukocytes, Activated_Th, and 

Activated_CD8T 
0.863 

NC.Monocyte_Leukocytes, E_Th, T_Leukocytes, Activated_Th, 

Activated_CD8T, and Th_Leukocytes 
0.877 

NC.Monocyte_Leukocytes, E_Th, T_Leukocytes, Activated_Th, 

Activated_CD8T, Th_Leukocytes, and Naïve_Th 
0.936 

NC.Monocyte_Leukocytes, E_Th, T_Leukocytes, Activated_Th, 

Activated_CD8T, Th_Leukocytes, Naïve_Th, and 

PMN.MDSC_MDSC 

0.924 

NC.Monocyte_Leukocytes, E_Th, T_Leukocytes, Activated_Th, 

Activated_CD8T, Th_Leukocytes, Naïve_Th, PMN.MDSC_MDSC, 

and EM_Th 

0.917 

NC.Monocyte_Leukocytes, E_Th, T_Leukocytes, Activated_Th, 

Activated_CD8T, Th_Leukocytes, Naïve_Th, PMN.MDSC_MDSC, 

EM_Th, and CM_Th 

0.911 

NC.Monocyte_Leukocytes, E_Th, T_Leukocytes, Activated_Th, 

Activated_CD8T, Th_Leukocytes, Naïve_Th, PMN.MDSC_MDSC, 

EM_Th, CM_Th, and E.MDSC_MDSC 

0.924 

Abbreviation: 10 × CV, ten-fold cross validation; NC.Monocyte_Leukocytes; non-

classical monocyte (% of Leukocytes); E_Th, effector Th (% of Th); Activated_Th, 

activated Th (% of Th); T_Leukocytes, T (% of Leukocytes); Activated_CD8T, 

activated CD8T (% of CD8T); Th_Leukocytes, Th (% of Leukocytes); Naïve_Th, 



LMU Doctoral Dissertation  Can Lu 

62 

 

naïve Th (% of Th); PMN.MDSC_MDSC, polymorphonuclear MDSC (% of MDSC); 

EM_Th, effector memory Th (% of Th); CM_Th, central memory Th (% of Th); 

E.MDSC_MDSC, early-stage MDSC (% of MDSC); MDSC, myeloid-derived 

suppressor cell; Th, T helper, CD8T, CD8+ T. 

 

3.3 NR3C2, CAMK4, and TRAT1 Associated with the Composition of Th cells 

To further elucidate the underlying molecular mechanism associated with the distinct 

circulating immune subsets between CRC cases and healthy controls, we performed 

the differential expression analysis on GEO and TCGA datasets. In the GEO dataset, 

we identified 398 DEGs in blood samples of CRC patients compared to healthy 

controls, of which 38 genes and 360 genes were up-regulated and down-regulated, 

respectively (Fig. 10A). Meanwhile, 5245 DEGs were obtained from the gene 

expression analysis on CRC and non-cancerous tissue samples in the TCGA dataset, 

including 2594 up-regulated genes and 2651 down-regulated genes (Fig. 10B). We 

performed the intersection of DEGs between GEO and TCGA datasets to identify the 

consistently changed genes in both blood and tissue samples regarding the potential 

interaction between colorectal carcinoma and the systemic immune system. In total, 

39 DEGs consisting of 1 up-regulated gene and 38 down-regulated genes were 

identified as the common DEGs (Fig. 10C, D). Next, the GO enrichment analysis 

indicated that these genes were mainly involved in lymphocyte differentiation and 

purinergic receptor signaling pathway (Fig. 10E).               

   In order to study the relationship between different distributional immune subsets 

and regulated genes, the correlation analysis between immune cell subsets and 

common DEGs was conducted in healthy controls and CRC patients, respectively (Fig. 

11A, B). Furthermore, details of the correlation results are depicted in the appendix 

(Table 9 and Table 10). To ensure the robustness of the selection on potential genes 

associated with the composition of Th cells, correlation pairs between immune cell 

subsets and DEGs were used to filter genes with the coefficient greater than 0.8 and p-

value less than 0.05 in both healthy controls and CRC patients. Three genes: NR3C2, 
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CAMK4 and TRAT1, were identified as the candidate genes that may involve the 

regulation of the composition of circulating Th cells in patients with CRC (Fig. 11C-

H). 

 

 

Figure 10: Differential expression genes between normal and CRC in blood and 

tissue samples 

A) The heatmap of the top 50 DEGs in the GEO dataset. B) The heatmap of top 50 

DEGs in TCGA dataset. C, D) Common up-regulated and down-regulated DEGs 

between GEO and TCGA datasets, respectively. E) GO enrichment analysis of 

common DEGs. 

Abbreviation: GEO, Gene Expression Omnibus; TCGA, the Cancer Genome Atlas. 

DEG, differential expression genes.  
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Figure 11: Identification of candidate genes associated with the composition of 

circulating Th cells 

A, B) The heatmap of the correlation coefficient between common DEGs and Th cells 

in healthy controls and CRC patients, respectively. Blank cells represented the p-

value of the correlation greater than 0.05. Blue color and red color referred to positive 

and negative correlation, respectively. C, D) Correlation plot of NR3C2 with Th cells 

in healthy controls and CRC patients, respectively. E, F) Correlation plot of CAMK4 

with Th cells in healthy controls and CRC patients, respectively. G, H) Correlation 

plot of TRAT1 with Th cells in healthy controls and CRC patients, respectively. 

Abbreviation: Th, T helper. 
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3.4 Right-sided CRC Patients demonstrating Similar Systemic Immune Landscape 

with Left-sided Ones 

To further characterize the systemic immune status in different sideness of CRC, we 

compared the distribution of circulating fifty-two immune subsets between RSC and 

LSC patients(Fig. 12A). These two cohorts have a similar pattern of age, gender, 

TNM classification, tumor stage, residual tumor classification, and concomitant 

diseases (Table 6). Meanwhile, the absolute number of each immune subset was 

calculated based on distributional percentage and leukocytes counts of clinical test to 

maximize the accuracy of cell compositional estimates. However, no differences were 

detected in the distribution of fifty-two immune subsets and phenotypic markers 

expression on NK and NKT cells between RSC patients and LSC ones (Fig. 12A, B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Annotation for Table 6:  

Abbreviations: CRC, colorectal cancer; AJCC, American Joint Committee on Cancer; 

T, tumor; N, lymph node; M, metastasis. COPD, chronic obstructive pulmonary 

disease. 

Data were represented as n (%) unless otherwise annotated. * Age was presented as 

mean ± standard deviation. 
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Table 6 Clinical characteristics of left-sided CRC patients and right-sided ones 

Variables 
Left-sided CRC 

(n=5) 

Right-sided CRC 

(n=6) 
P-value 

Age, year* 66.20 ± 11.82 75.83 ± 6.37 0.1500 

Gender   0.5671 

Female 2 (40%) 4 (66.67%)  

Male 3 (60%) 2 (33.33%)  

T (AJCC 7th)   0.5455 

T1/T2 4 (80%) 3 (50%)  

T3/T4 1 (20%) 3 (50%)  

N (AJCC 7th)   1.0000 

N0 5 (100%) 5 (83%)  

N1 0 (0%) 1 (17%)  

M (AJCC 7th)   1.0000 

M0 5 (100%) 6 (100%)  

Tumor Stage (AJCC 7th)   0.5455 

I 4 (80%) 3 (50%)  

II/III 1 (20%) 3 (50%)  

Residual tumor classification   1.0000 

R0 5 (100%) 6 (100%)  

Diabetes mellitus   1.0000 

No 4 (80%) 4 (66.67%)  

Yes 1 (20%) 2 (33.33%)  

Coronary heart disease   0.5455 

No 4 (80%) 3 (50%)  

Yes 1 (20%) 3 (50%)  

Heart failure   0.4545 

No 5 (100%) 4 (66.67%)  

Yes 0 (0%) 2 (33.33%)  

COPD   1.0000 

No 5 (100%) 5 (83.33%)  

Yes 0 (0%) 1 (16.67%)  
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Figure 12: The circulating immune subsets distribution in right-sided CRC 

patients compared to left-sided ones 

A) The heatmap of circulating immune subsets. B) The boxplot of the expression of 

phenotypic markers on NK and NKT cells. Each immune cell subset was expressed as 

the absolute cell number in 200ul peripheral blood. The bars show median values of 

each immune cell subset and the corresponding 95% confidence interval. Corrected P-
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values were calculated for each comparison using Benjamini-Hochberg method. *, P 

< 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. 

Abbreviation: NCSM: non-class switched memory; CSM: class switched memory; 

Breg, regulatory B cells; EM, effector memory; E, effector; CM, central memory; 

Tregs, regulatory T cells; NC.Monocyte, non-classical monocytes; C.Monocytes, 

classical monocytes; NK, natural killer; NKT, natural killer T; DC, dendritic cell; 

PMN.MDSC, polymorphonuclear MDSC; M.MDSC, mononuclear MDSC; E-MDSC, 

early-stage MDSC. 

 

3.5 Correlation of Clinical Test Parameters with Immune Subsets in CRC Patients 

To further study the relationship between fifty-two immune cell subsets and twelve 

clinical test parameters, the correlation analysis was performed for CRC patients 

using the absolute number of the respective immune subsets (Fig. 13). In order to find 

reliable biomarkers associated with the immune cell composition in the peripheral 

blood, correlated pairs with the coefficient greater than 0.8 and p-value less than 0.05 

were selected from the above analysis. In total, three parameters were proved to be 

strongly associated with the distribution of immune subsets in CRC patients (Table 7). 

Firstly, gamma-glutamyltransferase was positively correlated with the level of 

circulating DCs. Five positively correlated pairs involving aspartate aminotransferase 

(AST) were identified, including plasmablasts, activated CD8T cells, effector CD8T 

cells, class-switched memory B cells, and CD8T cells. In contrast to AST, only two 

immune subsets, T lymphocytes and memory Treg cells, were positively associated 

with the alanine aminotransferase (ALT).      
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Figure 13: Correlation analysis between circulating immune subsets and clinical 

test parameters 

Each immune subset was expressed as the absolute cell number in 200ul peripheral 

blood. Blank cells represented the p-value of the correlation greater than 0.05. Blue 

circles and red circles referred to positive and negative correlations, respectively. 

Abbreviation: NCSM: non-class switched memory; CSM: class switched memory; 

Breg, regulatory B cells; EM, effector memory; E, effector; CM, central memory; 

Tregs, regulatory T cells; NC.Monocyte, non-classical monocytes; C.Monocytes, 

classical monocytes; NK, natural killer; NKT, natural killer T; DC, Dendritic cell; 

PMN.MDSC, polymorphonuclear MDSC; M.MDSC, mononuclear MDSC; E-MDSC, 

early-stage MDSC. 
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Table 7 Clinical test parameters correlated with immune subsets 

Clinical parameters Immune cells Coefficient P-value 

Gamma-glutamyltransferase Dendritic cells 0.96  1.31E-06 

AST Plasmablasts 0.95  1.55E-06 

AST Activated CD8T cells 0.91  4.91E-05 

AST Effector CD8T cells 0.87  2.60E-04 

ALT T lymphocytes 0.84  6.60E-04 

AST CSM-B cells 0.83  7.29E-04 

ALT Memory Treg cells 0.82  1.19E-03 

AST CD8T cells 0.81  1.34E-03 

Abbreviation: AST, aspartate aminotransferase; ALT, alanine aminotransferase; CSM, 

class-switched memory; Treg, regulatory T; CD8T, CD8+ T. 
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4.   Discussion 

The immunoscore, based on the quantification of CD3+ and CD8+ tumor-infiltrating 

lymphocytes (TILs) at the invasive margin and at the core of the carcinoma, has been 

proven to be more reliable than tumor-node-metastasis (TNM) staging as a prognostic 

marker in patients with CRC [45, 46]. Meanwhile, cancer immunity is considered a 

combination of the intratumoral immune events and the systemic immune response 

[47]. Although most studies focus on the TILs, immune subsets in the peripheral 

blood are the main resources for intratumoral immune components. Therefore, the 

composition and phenotype of circulating immune cell subsets may be linked to the 

immune response inside the tumor, potentially playing a significant role in predicting 

the tumor progression and drug responses in CRC. In addition, the impact of CRC on 

the systemic immunity remains to be elucidated. To characterize peripheral blood 

immune features of CRC patients, we analyzed fifty-two subsets of circulating 

immune cells, including B and T lymphocytes, monocytes, neutrophils, NK cells, 

NKT cells, DCs, and MDSCs. Furthermore, these immune subsets were used to 

construct the diagnostic model to differentiate CRC patients from healthy controls and 

further correlated with the clinical test data. 

4.1 Distributional Characteristics of Circulating Immune Subsets in CRC patients 

Even though acting as the main effector cell of humoral immunity, B lymphocytes are 

poorly investigated in the TME because of their controversial role in regulating tumor 

progression [141]. Conversely, T cells infiltration of TME has been widely researched 

in CRC patients [82, 87-90]. Innate immune cells that principally comprise 

neutrophils, monocytes, dendritic cells (DCs), myeloid-derived suppressor cells 

(MDSCs), NK, and NKT cells, are also involved in the interplay with tumor cells. 

Neutrophils are indispensable immune cells in defending against invading 

microorganisms and facilitating wound healing [49]. Moreover, monocytes are 

considered critical regulators of cancer development and metastasis, with different 

subsets performing opposing roles in enabling tumor growth and preventing 
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metastatic spread of tumor cells [52]. DCs, one of the essential antigen-presenting 

cells, could initiate adaptive immune responses and secret costimulatory molecules to 

drive cytotoxic T cells clonal expansion [58]. Besides, MDSCs consist of a 

heterogeneous population of early-stage (E-MDSC), monocytic (M-MDSC), and 

polymorphonuclear origin (PMN-MDSCs) that typically arise in chronic 

inflammatory sites, including cancer [142]. NK and NKT cells are innate-like 

lymphocyte populations with cytotoxic functions independent of MHC molecular on 

pathogenic cells and tumor cells in the innate immunity. It is worth noting that the 

composition of the above immune subsets is seldomly reported in the peripheral blood 

of CRC patients. 

   We first demonstrated that CRC patients have a lower percentage of B lymphocytes 

than healthy controls. This finding contradicted Shimabukuro-Vornhagen et al., which 

showed a comparable proportion of B lymphocytes in peripheral blood of CRC 

patients compared to healthy controls [93]. Since chemoradiotherapy prior to surgery 

can potentially change the circulating immune landscape by stimulating the systemic 

immune response, this discrepancy may attribute to the different inclusion criteria of 

patients with CRC. Meanwhile, we observed that multiple subsets of T lymphocytes 

have different compositional features in CRC patients than healthy controls. T 

lymphocytes, Th cells, and effector Th cells have decreased proportion in CRC 

patients, whereas activated CD8T cells, activated Th cells, naïve Th cells, and central 

memory Th cells were significantly increased in those patients. Although evidence 

reported that CRC patients have a similar distribution of naïve T cells, central 

memory T cells, and effector memory T cells with healthy controls [48], they failed to 

discriminate between the two major subpopulations of T cell, namely CD8T and Th 

cells. Conflicting results have been reported on the level of circulating Treg cells in 

CRC patients. Dylag-Trojanowska et al. indicated that Treg cells were significantly 

decreased in CRC patients [143], whereas the opposite trend of Treg cells was 

reported in another study [48]. Interestingly, our results showed that Treg cells have 
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similar distributional characteristics in CRC patients and healthy controls. In addition, 

Krijgsman et al. reported no statistical difference in the distribution of T lymphocytes 

and Th cells between CRC patients and healthy controls, which is not in line with our 

study [49]. Due to the critical role of T lymphocytes in the systemic immune reaction, 

it is fundamental to focus on the dynamic distributional changes of circulating T cells 

in the context of leukocytes. Compared to leukocytes as the denominator for T 

lymphocytes and Th cells in our study, Krijgsman et al.[49] used the lymphocytes or T 

lymphocytes as the denominator of the above immune cell subsets, partially 

explaining the discrepant results between the two studies. Due to the low percentage 

of B and T lymphocytes, and Th cells in the leukocyte population of the peripheral 

blood, CRC patients may have immune suppression on the adaptive immune response. 

 To our knowledge, this is the first study comparing circulating DCs of CRC 

patients and healthy controls. We found that those were significantly less frequent 

than healthy controls. Furthermore, we demonstrated that CRC patients presented 

altered distribution of monocytes compared to healthy controls, characterized by 

reduced proportions of circulating non-classical monocytes. These findings are 

partially consistent with one clinical study that showed no significant compositional 

differences in total monocytes, classical monocytes, intermediate monocytes, and 

non-classical monocytes between CRC patients and healthy controls [144]. The 

explanation for the difference was that in their study CD14+CD16++ was used to 

identify non-classical monocytes, whereas we regarded CD14low/+CD16+ as the 

immunophenotype of these cells. Also, previous reports indicated that non-classical 

monocytes could reduce metastatic lung burden in a mouse model via NK cell 

recruitment and activation [145, 146]. Regarding DCs and non-classical monocytes 

belonging to antigen-presenting cells, CRC patients may have impaired immune 

activation on the adaptive immune response due to the low number of these two 

immune cell subsets in the peripheral blood. 

    Neutrophils are regarded as critical effector cells in the innate arm of the immune 
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system by counting against invading microorganisms [147]. Nevertheless, studies on 

circulating neutrophils are virtually scarce. Our study showed that CRC patients have 

a similar proportion of circulating neutrophils to healthy controls. Furthermore, it is 

widely accepted that MDSCs exert immune suppressive effects mostly via inhibiting 

T-cell proliferation and stimulating Treg development [65]. In contrast to several 

studies that reported circulating MDSCs were significantly increased in CRC patients 

[67, 68], we found no difference in the distribution of MDSCs between CRC patients 

and healthy controls. Besides, our study explicitly indicated that CRC patients had an 

increased percentage of PMN-MDSCs compared to healthy controls. Accumulating 

studies have reported that PMN-MDSCs are the main components of circulating 

MDSCs and have a more prominent immune suppressive function than M-MDSC 

[65]. Hence, high proportions of PMN-MDSCs within the MDSCs population could 

present stronger immune suppression on the systemic immune response of CRC 

patients than healthy controls. 

Additionally, compared to healthy controls, we demonstrated that CRC patients 

have an altered phenotype of circulating CD56dim and CD56bright NK cells 

characterizing with reduced expression of CD69. Due to CD69 being widely regarded 

as the stimulatory membrane receptor of NK cells [108], both CD56dim and CD56bright 

NK cells may have compromised cytotoxic activity in patients with CRC. These 

findings are in line with a recent study that showed reduced expression of activating 

receptors on NK cells in CRC patients [48]. Furthermore, Krijgsman et al. proved that 

the immune suppression on circulating NK cells could be removed by tumor resection 

in patients with colon carcinoma [77]. Therefore, we could infer that CRC could 

inhibit the immune function of circulating NK cells via downregulating the expression 

of cytotoxic activation receptors. 

4.2 Construction of a Diagnostic Model based on the Circulating Immune Subsets 

Regarding the different distribution of circulating immune subsets in CRC patients 

compared to healthy controls, we intended to construct a diagnostic model based on 
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these immune subsets to differentiate these two cohorts. Accumulating diagnostic 

models have been proposed to identify CRC patients from the population. Most of 

them are based on clinicopathological characteristics, clinical test parameters, and 

molecular-based biomarkers. To our knowledge, this study is probably the first 

clinical research using flow cytometry data to build a diagnostic model for CRC 

diagnosis. SVM, a machine learning algorithm, is a robust and flexible type of 

supervised algorithm for both classification and regression. Due to the advantages of 

high accuracy with less computer power and effectiveness in high dimensional spaces 

in the classification, SVM was conducted to select the best combination from eleven 

circulating immune subsets identified from univariable logistic regression. Then seven 

immune subsets selected from SVM were used to construct our diagnostic model.  

    In this study, we established a 7-immune subsets classifier to differentiate CRC 

patients from healthy controls in our cohort. This 7-immune subsets classifier has a 

great performance in diagnosing patients with CRC according to the corresponding 

AUC value and the Hosmer-Lemeshow test result. Furthermore, we used nomogram 

to visualize this diagnostic model to facilitate its potential application in the clinics. 

DCA plot also proved that 7-immune subsets classifier-based nomogram have the 

biggest diagnostic capability than each immune subset, which strengthen the 

reliability of our diagnostic model. In the clinical setting, physicians could collect the 

peripheral blood sample from suspected patients and further use flow cytometry to 

detect these samples to infer the risk of CRC. Besides, each of 7-immune subsets also 

has a great performance in the diagnosis of CRC with the AUC value above 0.85. It is 

worth noting that the distribution of these immune subsets was significantly different 

between CRC patients and healthy controls. Due to the limited number of subjects in 

our study, a large cohort study is needed to validate the diagnostic accuracy of this 

classifier in the diagnosis of CRC. 

4.3 Prediction of Molecular Mechanism Regulating the Level of Circulating Th cells 

using  Bioinformatics Analysis   
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Bioinformatics is widely applied in biological and medical research ranging from 

laboratory tests to diagnosing and treating diseases. With the help of bioinformatics 

analysis, the researcher could predict an array of potential molecules which may play 

a critical role in certain disorders. Due to the lack of transcriptional profiles from our 

samples, we intended to obtain the public available sequencing data based on similar 

cohorts. GEO is an international public functional genomics data repository under the 

support of the USA National Center for Biotechnology Information (NCBI). To 

guarantee the inclusion of all available GEO datasets, we applied the methodology of 

meta-analysis to select the suitable datasets from GEO manually. As depicted in Fig. 4, 

2756 records were identified from the above database. A dozen sequencing platforms 

have performed RNA sequencing in the past two decades. In terms of the dramatic 

difference in the sequencing coverage among platforms, we decided only to select the 

GEO datasets from three widely used platforms to minimize the missing of genes, 

namely Affymetrix, Illumina, and Agilent. Secondly, to exclude the potential impact 

of therapy on the genetic expression of blood, the GEO datasets should be sequenced 

from the peripheral blood samples of CRC patients without the prior treatment. 

Thirdly, to maximize the merging credibility of multiple datasets, a sample size larger 

than ten was used to select the suitable GEO datasets. We included two GEO datasets 

as the gene expression profiles of blood samples from CRC and healthy controls 

according to the above three screening criteria. Also, tissue-based RNA expression 

profiles were obtained to explore the potential interaction between the peripheral 

blood and carcinoma in CRC patients. TCGA, as a landmark cancer genomic program, 

deposited the largest number of primary cancer and matched normal samples’ 

sequencing profiles spanning 33 cancer types. Therefore, we considered the CRC 

profiles from TCGA as the transcriptional matrixes of colorectal carcinoma. 

   Through bioinformatics analyses on the gene expression profiles of the peripheral 

blood samples, only Th cells were consistently identified as the differential immune 

cells in CRC patients between flow cytometry detection and xCell algorithm analysis. 
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To explore the underlying molecular mechanism involving the regulation of the Th 

cells in the peripheral blood, we identified genes differentially expressed not only in 

blood samples but also in tissue samples of CRC patients compared to normal 

controls with the consideration of the potential effects of the colorectal tumor on the 

systemic immune system. Next, we pinpointed three genes that have a strong positive 

correlation with the level of Th cells in the peripheral blood of both healthy controls 

and CRC patients, namely NR3C2, CAMK4, and TRAT1. NR3C2, also known as 

mineralocorticoid receptor (MR), has a critical role in mediating cardiovascular injury 

induced by the activation of MR. Recent studies revealed that MR activation could 

facilitate the inflammation by inducing T lymphocytes differentiation into the pro-

inflammatory Th1 and Th17 subsets while inhibiting the formation of anti-

inflammatory Tregs [148]. CAMK4, a member of the serine/threonine kinase family, 

could regulate gene expression via activating transcription factors in cells of immune 

systems [149]. Previous studies reported that CAMK4, highly expressed in T cells, 

was an essential molecule mediating the differentiation of Th17 cells from T 

lymphocytes[150, 151]. TRAT1, also referred to as TRIM, can stabilize the T cell 

receptor (TCR) levels via working as the integral component of TCR [152]. Although 

lacking studies reported the influence of TRAT1 on the proliferation of T cells, 

TRAT1 could elevate the expression level of surface CTLA-4 via accelerating its 

transport from cytoplasm [153], which may result in the inhibition of Th cell 

proliferation. Therefore, we confer that NR3C2, CAMK4, and TRAT1 have the 

potential to be candidate genes involving regulating the number of Th cells in the 

peripheral blood. 

4.4 Distributional Comparison of Circulating Immune Subsets between Right-sided 

CRC patients and Left-sided ones 

Primary tumor location has an essential role in predicting the prognosis and the drug 

responses for patients with CRC [154]. In the clinical settings, CRC was commonly 

sub-divided as right-sided CRC (RSC) and left-sided CRC (LSC) according to the 
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proximity to the splenic flexure [154, 155]. There are widely recognized different 

features between RSC and LSC. Clinicopathologically, RSC tend to have older age, 

female, high TNM at diagnosis, poor differentiation, mucinous contingent, and 

inflammation in the comparison with LSC [155]. In terms of the metastatic sites of 

CRC, liver and lung are more common positions in LSC, while RSC is more 

frequently metastasis to peritoneum [156, 157]. Genetically, RSC is characterized 

with high MSI and elevated frequency of KRAS proto-oncogene (KRAS)/ B-Raf 

proto-oncogene (BRAF)/ phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3KCA) 

mutation, whereas CIN and mutations in APC, tumor protein p53 (TP53), SMAD 

family member 4 (SMAD4) and KRAS genes have commonly occurred in LSC [158-

160]. In addition, as opposed to RSC, LSC is associated with higher expression of the 

epidermal growth factor receptor (EGFR) and their ligands, including epiregulin 

(EREG) and amphiregulin (AREG)[156, 161], which is also the main reason why the 

NCCN guidelines only recommend the use of anti-EGFR drugs for the treatment of 

LSC with wild type of RAS [162]. Lastly, several studies demonstrated that LSC has a 

much better prognosis than RSC for patients with metastatic CRC (mCRC) [163, 164]. 

However, the effects of primary tumor location on the immune landscape of the 

peripheral blood remain poorly understood in CRC patients.  

    Among fifty-two immune subsets, similar distribution of circulating immune 

subsets and phenotypic markers expression was detected between RSC patients and 

LSC ones. Thus, RSC patients may have comparable systemic immune landscape 

with LSC patients, which may indicate that the primary tumor location has no impact 

on the systemic immune responses. 

4.5 Correlation Analysis between Clinical Test Parameters and Circulating Immune 

Subsets in CRC Patients 

When investigating the associations between circulating immune cell subsets and 

clinical test parameters, eight positively correlated pairs involving three parameters 

were identified in CRC patients. Firstly, AST was correlated with five immune cell 
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subsets, including plasmablasts, activated CD8T cells, effector CD8T cells, class-

switched memory B cells, and CD8T cells. Besides, ALT was associated with T 

lymphocytes and memory Treg cells, and gamma-glutamyltransferase was strongly 

related to DCs. Multiple studies pointed out that T cell subsets, Breg cells, and DCs 

have a positive or negative correlation with AST and ALT in hepatitis patients [165-

169]. Although there were scarcely reports about these relationships in CRC, the 

above clinical parameters could indirectly reflect the status of the systemic immune 

profiles, which may contribute to predict the occurrence of surgery-related 

complications. 

4.6 Research Significance        

Our study has prominent significance by characterizing the distribution of a broad 

spectrum of circulating immune subsets and opening new avenues to underlying 

molecular mechanisms regulating the composition of Th cells in the peripheral blood 

of CRC patients. Until now, this study is also the first clinical study to simultaneously 

characterize fifty-two circulating immune subsets in CRC patients. 

4.7 Limitations and Future Directions    

The primary limitation of this study is that the number of patients is low, which may 

compromise the validity of our diagnostic model. However, recently several robust 

studies constructed the diagnostic model based on a comparable size of subjects [170-

172]. Although tenfold cross-validation was performed to guarantee the predictive 

accuracy of the diagnostic model, our study failed to find external flow cytometry 

datasets to validate this model. Furthermore, the gene expression profiles of 

peripheral blood samples were not derived from the recruited patients in this study, 

which may weaken the credibility of the predicted genes. But, with the help of 

bioinformatics analysis on the public available datasets, our study could predict the 

most potential molecular which may participate in the regulation of the distribution of 

circulating immune cells. 

   In the future, our research group will carry on this project by expanding the number 
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of recruited patients and starting the follow-up to investigate the prognostic role of 

circulating immune subsets on CRC patients. Also, it will be interesting to examine 

the effect of therapeutic strategies on the systemic immune landscape of patients with 

CRC. Regarding the significant systemic immune suppression of CRC patients 

compared to normal controls, it is imperative to develop new drugs to reverse the 

inhibition of the immune status in the peripheral blood of CRC patients. 
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5.   Conclusion     

In summary, we found that CRC patients displayed profound distinctions in the 

immune cell subset distribution and their phenotype compared to healthy controls, 

showing that CRC patients have evident immune suppression on the systemic immune 

response. Moreover, NR3C2, CAMK4, and TRAT1were identified as the candidate 

genes regulating the level of circulating Th cells in CRC patients. Furthermore, RSC 

patients have the similar systemic immune response with LSC ones. These findings 

are of importance for deciphering the unique features of circulating immune cell 

subsets in CRC, which could complement the regional immune status of the TME and 

contribute to the discovery of immune-related biomarkers for the diagnosis of CRC.         
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7.   Appendix  

Table 8 Identification of circulating immune subsets to differentiate CRC 

patients from healthy controls through univariable logistic regression 

Immune cells P value 

B_Leucocytes 0.053 

Pre_B 0.23 

Transitional_B 0.179 

Plasmablast_B 0.187 

NCSM_B 0.869 

CSM_B 0.894 

Naive_B 0.475 

Breg_B10_B 0.086 

Breg_Immature_B 0.438 

T_Leucocytes 0.021 

CD8T_Leucocytes 0.076 

Activated_CD8T 0.021 

Naive_CD8T 0.803 

EM_CD8T 0.579 

E_CD8T 0.522 

CM_CD8T 0.152 

Th_Leucocytes 0.012 

Activated_Th 0.018 

Naive_Th 0.017 

EM_Th 0.034 

E_Th 0.037 

CM_Th 0.007 

Th1_Th 0.739 

Th2_Th 0.567 

Th17_Th 0.853 

Tregs_Th 0.221 

Naive_Tregs 0.062 

Memory_Tregs 0.066 

Activated_Tregs 0.645 

Non-Classical Monocyte_Leucocytes 0.038 

Intermediate Monocyte_Leucocytes 0.453 

Classical Monocyte_Leucocytes 0.639 

Total Monocyte_Leucocytes 0.328 

Neutrophil_Leucocytes 0.184 

NK_Leucocytes 0.628 
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CD56dim_NK 0.268 

CD69_CD56dim NK 0.568 

CD16_CD56dim NK 0.076 

CD8_CD56dim NK 0.778 

CD56bright_NK 0.269 

CD69_CD56bright NK 0.944 

CD16_CD56bright NK 0.172 

CD8_CD56bright NK 0.681 

NKT_Leucocytes 0.345 

CD69_NKT 0.594 

CD16_NKT 0.693 

CD8_NKT 0.107 

DC_Leucocytes 0.079 

MDSC_Leucocytes 0.349 

PMN.MDSC_MDSC 0.006 

M.MDSC_MDSC 0.058 

Early-stage MDSC 0.037 

Note: Each immune subset was expressed as the percentage of source cells annotated 

following the underscore. 

Abbreviation: NCSM: non-class switched memory; CSM: class switched memory; 

Breg, regulatory B cells; EM, effector memory; E, effector; CM, central memory; 

Tregs, regulatory T cells; NK, natural killer; NKT, natural killer T; DC, Dendritic cell; 

PMN.MDSC, polymorphonuclear MDSC; M.MDSC, mononuclear MDSC. 
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Table 9 Correlation analysis between circulating Th cells and common DEGs in 

healthy controls 

Genes Immune cells Correlation coefficient P-value 

GRINA Th cells -0.51  2.07E-05 

PDCD4 Th cells 0.65  1.24E-08 

MIER3 Th cells 0.65  9.88E-09 

NR3C2 Th cells 0.81  8.88E-16 

ABHD3 Th cells 0.21  1.09E-01 

NAP1L2 Th cells 0.66  4.26E-09 

P2RY14 Th cells 0.44  3.21E-04 

GIMAP7 Th cells 0.73  1.25E-11 

ACADM Th cells 0.69  5.76E-10 

PRKACB Th cells 0.77  3.04E-13 

MGAT4A Th cells 0.69  4.99E-10 

GPRASP1 Th cells 0.65  1.48E-08 

NAP1L3 Th cells 0.69  4.09E-10 

SYTL2 Th cells 0.37  2.83E-03 

KLRB1 Th cells 0.60  2.17E-07 

BEX4 Th cells 0.63  4.87E-08 

KLRF1 Th cells 0.40  1.23E-03 

MS4A1 Th cells 0.55  3.39E-06 

SH2D1B Th cells 0.11  4.02E-01 

TGFBR3 Th cells 0.15  2.36E-01 

CAMK4 Th cells 0.83  0.00E+00 

FCRL3 Th cells 0.39  1.82E-03 

SMCHD1 Th cells -0.11  3.95E-01 

CD96 Th cells 0.77  3.14E-13 

P2RY10 Th cells 0.67  1.82E-09 

ZNF304 Th cells 0.50  3.40E-05 

RGS18 Th cells 0.13  2.96E-01 

ABCA5 Th cells 0.55  3.06E-06 

GZMA Th cells 0.54  6.13E-06 
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CD52 Th cells 0.71  7.96E-11 

ZNF831 Th cells 0.37  2.82E-03 

GIMAP5 Th cells 0.32  1.22E-02 

THEMIS Th cells 0.73  1.39E-11 

EVI2A Th cells 0.52  1.26E-05 

GPR183 Th cells 0.80  8.44E-15 

TRAT1 Th cells 0.83  0.00E+00 

ZNF439 Th cells 0.58  7.30E-07 

CD69 Th cells 0.69  6.96E-10 

GPR174 Th cells 0.71  1.22E-10 

Abbreviation:  Th cells, T helper cells. 

 

Table 10 Correlation analysis between circulating Th cells and common DEGs in 

CRC patients 

Genes Immune cells Correlation coefficient P-value 

GRINA Th cells -0.64  8.78E-10 

PDCD4 Th cells 0.77  3.11E-15 

MIER3 Th cells 0.63  3.00E-09 

NR3C2 Th cells 0.87  0.00E+00 

ABHD3 Th cells 0.33  4.21E-03 

NAP1L2 Th cells 0.63  2.96E-09 

P2RY14 Th cells 0.39  5.93E-04 

GIMAP7 Th cells 0.84  0.00E+00 

ACADM Th cells 0.68  2.96E-11 

PRKACB Th cells 0.77  2.66E-15 

MGAT4A Th cells 0.61  8.06E-09 

GPRASP1 Th cells 0.72  5.09E-13 

NAP1L3 Th cells 0.76  8.88E-15 

SYTL2 Th cells 0.61  9.26E-09 

KLRB1 Th cells 0.67  1.27E-10 

BEX4 Th cells 0.73  3.44E-13 

KLRF1 Th cells 0.66  1.65E-10 
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MS4A1 Th cells 0.64  7.71E-10 

SH2D1B Th cells 0.50  6.13E-06 

TGFBR3 Th cells 0.58  9.26E-08 

CAMK4 Th cells 0.85  0.00E+00 

FCRL3 Th cells 0.58  9.12E-08 

SMCHD1 Th cells 0.08  5.14E-01 

CD96 Th cells 0.82  0.00E+00 

P2RY10 Th cells 0.77  1.11E-15 

ZNF304 Th cells 0.68  2.42E-11 

RGS18 Th cells 0.18  1.32E-01 

ABCA5 Th cells 0.57  1.06E-07 

GZMA Th cells 0.63  2.16E-09 

CD52 Th cells 0.60  2.59E-08 

ZNF831 Th cells 0.70  3.95E-12 

GIMAP5 Th cells 0.54  9.13E-07 

THEMIS Th cells 0.80  0.00E+00 

EVI2A Th cells 0.32  5.11E-03 

GPR183 Th cells 0.88  0.00E+00 

TRAT1 Th cells 0.86  0.00E+00 

ZNF439 Th cells 0.68  3.25E-11 

CD69 Th cells 0.70  4.48E-12 

GPR174 Th cells 0.77  3.11E-15 

Abbreviation:  Th cells, T helper cells. 
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