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Abstract 

Cancer is the second leading of cause of death worldwide. In 2020, it is estimated that 

19.3 million people were newly diagnosed with cancer and almost 10 million people died 

from their pre-existing disease. In the past, treatment strategies for cancer patients have 

been based primarily on surgery, chemotherapy and radiation therapy. Now, however, 

immunotherapy using antibodies specific for immune checkpoint molecules (e.g., anti-

programmed death-1 (anti-PD-1) and anti-cytotoxic T lymphocyte antigen 4 (anti-CTLA-

4)), has emerged as a novel and powerful treatment. Immune checkpoint inhibitor (CPI) 

therapy shows superior overall survival in advanced malignancies including melanoma 

and lung cancers, compared to conventional therapies. Unfortunately, most patients 

(about 80%) still do not benefit from CPI therapy as a monotherapy, and the potential for 

serious side effects exists. Therefore, to optimize selection of suitable patients for CPI 

therapy and avoid iatrogenic toxicity, there is a need for new biomarkers.  

Monocytic myeloid-derived suppressor cells (mMDSCs) are a class of 

immunosuppressive immune cells with prognostic value in many solid tumor cases. The 

proportion of mMDSCs in the peripheral blood appears to be a prognostic marker that 
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can indicate a positive response to CPI therapy. However, measuring peripheral mMDSC 

levels is currently difficult in current medical practice because of the need for specialized 

equipment (e.g., flow cytometry) and the instability of mMDSCs. Therefore, establishing 

a simple method to determine the levels of peripheral mMDSC would be of significant 

clinical benefit. As a step towards doing so in colorectal cancer (CRC) patients, I 

performed a correlation analysis of the proportion of mMDSCs in freshly-drawn 

peripheral blood with levels of plasma proteins (cytokines, chemokines, growth factors 

and enzyme) and demographic factors. Freshly drawn mMDSCs were measured using 

flow cytometry on PBMCs from healthy donors (n = 24) and CRC patients (n = 78). The 

plasma concentrations of 29 different cytokines, chemokines, growth factors, and 

enzymes were measured using a multiplex assay or enzyme-linked immunosorbent assay 

(ELISA). Correlation analysis to find mMDSC-associated factors was conducted using 

univariate and multivariate models. In univariate correlation analysis, there were no 

plasma proteins that were associated with mMDSC proportions in CRC patients. In 

multivariate analysis, considering all variables including age, gender, stage and plasma 

proteins, levels of inducible nitric acid synthase (iNOS) (p = 0.013) and platelet-derived 
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growth factor (PDGF)-BB (p = 0.035) were associated with mMDSC proportion in 

PBMCs (mMDSC proportion [%] = 0.2929 − 0.2389 * PDGF-BB + 0.3582 * iNOS) (p 

< 0.005, r = 0.32). Measuring the plasma concentrations of iNOS and PDGF-BB may be 

useful in predicting the proportion of mMDSCs in CRC patients’ peripheral blood.  

Biomarkers serve critical diagnostic and prognostic purposes, but they are not 

therapeutics. It is vital to develop a novel drugs effective in CPI-resistant patients, either 

as a monotherapy or in combination with CPIs. For example, in preclinical studies, 

targeting myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) 

improves responses to anti-CTLA-4 and anti-PD-1 antibodies. T-cell immunoreceptor 

with immunoglobulin (Ig) and immunoreceptor tyrosine-based inhibitory motif domains 

(TIGIT) is a validated immune checkpoint molecule expressed on memory CD4+T cells, 

Tregs, CD8+T cells and natural killer (NK) cells. TIGIT binds to its ligands, poliovirus 

receptor (PVR) and poliovirus receptor-related 2 (PVRL2) expressed on cancer cells, 

MDSCs, and dendritic cells, producing an immunosuppressive signal for both the 

receptor- and ligand-expressing cells. Several groups have demonstrated that anti-TIGIT 

blocking antibody treatment abolished the immunosuppressive activity of MDSCs and 
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Tregs against CD8+T cells. TIGIT signal blocking may be efficacious as a single agent in 

CPI resistant patients or have additive or synergistic effects with CPIs. I generated anti-

TIGIT blocking antibodies (ASP8374: therapeutic antibody and mSEC1: mouse 

surrogate antibody) and investigated non-clinical studies. ASP8374 is a fully human 

monoclonal IgG4 antibody designed to block the interaction of TIGIT with its ligands 

and inhibit TIGIT signaling. ASP8374 bound with high affinity to TIGIT and increased 

interferon (IFN)-γ production by cultured PBMCs in a dose-dependent manner. When 

used in combination with pembrolizumab, an anti-PD-1 antibody, ASP8374 induced 

higher T cell activation in vitro than either treatment alone. A surrogate anti-mouse TIGIT 

antibody, mSEC1, was efficacious in an MC38 syngeneic colon tumor mouse model (anti-

PD-1/ anti-programmed death-ligand 1 (PD-L1) antibody sensitive model [MDSC low 

model]) alone and in combination with anti-PD-L1 antibody. In an additional syngeneic 

colon tumor mouse model, CT26 (anti-PD-1/anti-PD-L1 antibody insensitive model 

[MDSC expansion model]), mSEC1 alone had no anti-tumor effect, but mSEC1 

combined with an anti-PD-1 antibody augmented anti-tumor action of the anti-PD-1 

antibody alone. These data provide evidence that ASP8374 has therapeutic potential to 
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amplify the activity of anti-PD-(L)1 antibodies in the clinic where PD-1 blockade is not 

fully efficacious. 
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Abbreviations 

APCs  antigen presenting cells 

CMV  cytomegalovirus 

CPIs   immune checkpoint inhibitors 

CRC  colorectal cancer 

CTLA-4  cytotoxic T lymphocyte antigen 4 

EC50   half maximal effective concentration 

ELISA  enzyme-linked immunosorbent assay 

gMDSCs  granulocytic myeloid-derived suppressor cells   

IC50   half maximal inhibitory concentration 

Ig   immunoglobulin 

IHC   immunohistochemistry 

iNOS  inducible nitric oxide synthase 

ip   intraperitoneal 

KD   dissociation constant 

MDSCs  myeloid-derived suppressor cells 
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mMDSCs monocytic myeloid-derived suppressor cells 

NK cells  natural killer cells 

NO    nitric oxide 

PBMCs  peripheral blood mononuclear cells 

PD-1  programmed death 1 

PDGF-BB  platelet-derived growth factor BB 

PD-L1  programmed death ligand 1 

PD-L2  programmed death ligand 2 

PVR   poliovirus receptor 

PVRL2  poliovirus receptor-related 2 

TIGIT  T-cell immunoreceptor with Ig and immunoreceptor tyrosine-based 

inhibitory motif domains 

TILs   tumor-infiltrating lymphocytes 

TME  tumor microenvironment  

Tregs  regulatory T cells 
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Chapter 1: 

General Introduction 

Cancer is the second leading of cause of death worldwide. In 2020, it is estimated that 

19.3 million people were newly diagnosed with cancer and almost 10 million people died 

from their pre-existing disease [1]. Until recently, surgical resection, chemotherapy, and 

radiation therapy have been the three pillars of cancer treatment. In recent years, interest 

in immunotherapy has increased due, in part, to data showing that it can improve overall 

survival in some patients with treatment-resistant cancers. It thus has become the fourth 

pillar in cancer treatment. Wilhelm Busch and Friedrich Fehleisen were the first to posit 

an etiologic relationship between cancer and immunity [2]. They noticed that tumors 

spontaneously regressed in patients who had erysipelas, a common bacterial infection of 

the skin. Thereafter, William Coley, the “Father of Cancer Immunotherapy,” showed that 

erysipelas correlated with a favorable prognosis in sarcoma patients through retrospective 

analysis [3]. To confirm the epidemiological evidence, he attempted to treat cancer 

patients with heat-inactivated S. pyogenes and Serratia marcescens, called “Coley’s 

toxins” that could potentially activate an immune response [4]. Although Coley’s toxins 
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caused complete remission in a variety of cancers, including sarcomas and testicular 

carcinomas, they never became a standard therapy due to lack of scientific evidence, 

reproducibility, and the risks of infecting patients intentionally with pathogenic bacteria. 

Surgery and radiation therapy were the standards of care in the early 20th century [2].   

Soon after, the emergence of new technologies reinvigorated the cancer 

immunotherapy field. Several groups suggested that, although the tumor cells may arise 

spontaneously throughout life, they bore tumor-associated neoantigens that could be 

recognized by the immune system, which then would eliminate these cells. This “cancer 

immunosurveillance” hypothesis [2,3] was supported by studies in mouse tumor models 

that showed immune activation by adoptive transfer [4] and clinical data showing 

spontaneous tumor regression in melanoma patients who had autoimmune disease [5]. 

Gene knockout mouse models provided experimental proof of a link between 

carcinogenesis and immunodeficiency [6]. Furthermore, cancer-specific immune 

responses were identified by molecular and biochemical research approaches [7]. This 

evidence that the immune system could fight cancer stimulated research into cancer 

immunotherapy.  
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The next breakthrough in cancer immunotherapy was the discovery of negative 

regulators of immune cell activation, “inhibitory immune checkpoint molecules,” cell 

surface receptors that mediate the balance between immunosurveillance against abnormal 

cells or foreign antigens and autoimmunity [8]. CTLA-4 and PD-1, which are expressed 

on activated T cells, are the most promising examples of immune checkpoint molecules. 

Research on molecular mechanism of CTLA-4 and PD-1 was done by James P. Allison 

and Tasuku Honjo, respectively, who received the Nobel-Prize winners for Physiology 

or Medicine in 2018 [9]. CTLA-4 is a member of the immunoglobulin super family and 

exhibits inhibitory effects on T cell activation mainly via competition with CD28, 

costimulation molecule by binding to their shared ligands, CD80/CD86 expressed on the 

antigen-presenting cells (APCs), besides direct inhibitory function through the 

cytoplasmic domain that reacts with signaling molecules [10] (Fig. 1-1). Allison’s group 

showed that CTLA-4 knock-out mice induce T cell lymphoproliferation and develop a 

lethal autoimmune disorder, confirming the role of CTLA-4 as an inhibitory regulator of 

T cells. His group also studied the effect of CTLA-4 on tumor growth in 

immunocompetent mice and showed that anti-CTLA-4 blocking antibody inhibited tumor 
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growth [10]. PD-1 is a member of the B7/CD28 family and regulates T-cell immune 

response via interaction with PD-L1 and programmed death ligand 2 (PD-L2), which are 

expressed on APCs and tumor cells [10] (Fig. 1-1). As with CTLA-4 signaling, PD-1/PD-

L1 (or PD-L2) signaling inhibits T cell activation [10]. Honjo’s group reported that 

although PD-1 deficient mice are healthy at birth, after one year, they develop symptoms 

of autoimmune disease gradually begin to appear in the aged mice [10]. In addition to the 

functional analysis of PD-1 deficient mice, his group also indicated that PD-1 signal 

blockade inhibits tumor growth in immunocompetent mouse tumor models. These data 

point to the potential of the CPIs in cancer immunotherapy. The immune system is 

normally suppressed by inhibitory immune checkpoint molecules such as CTLA-4 and 

PD-1. The inhibitory effects of these molecules are vital to self-tolerance. Although tumor 

-recognizing cytotoxic T cells are generated and try to attack tumor cells, tumors may 

escape T cell immune surveillance by modulating these immune checkpoint pathways. 

CPI therapy seeks to remove signals inhibiting T cell activation by blocking the immune 

checkpoint molecules from binding with their ligands, which leads cytotoxic T cells to 

attack cancer cells (Fig. 1-1). Based on these findings, therapeutic anti-CTLA-4 and anti-
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PD-1 blocking antibodies were developed by several pioneering groups [9]. In clinical 

trials, these antibodies were efficacious, dramatically improving survival by inducing 

immune activation against a variety of cancers that were unresponsive to conventional 

therapies. In 2011, ipilimumab was the first anti-CTLA-4 antibody (human IgG1) 

approved in the US (FDA) and EU (EMA) for advanced melanoma. In 2015, it was 

approved in Japan (PMDA) [9]. It is currently approved for several tumor indications 

worldwide. One of the most impressive indications of the efficacy of ipilimumab is the 

fact that 20% of advanced melanoma patients enrolled in the first ipilimumab clinical 

study are still alive [9]. For anti-PD-1 antibody, there are currently three approved drugs, 

Nivolumab (human IgG4), pembrolizumab (humanized IgG4) and cemiplimab (human 

IgG4). Nivolumab received drug approval for advanced melanoma from PMDA and 

FDA in 2014, and from EMA in 2015. Pembrolizumab was approved by FDA in 2014, 

EMA in 2015, and PMDA in 2016 for advanced melanoma. Cemiplimab was approved 

by FDA in 2018, EMA in 2019 for metastatic cutaneous squamous cell carcinoma (no 

approval in Japan at this moment). In clinical trials, nivolumab and pembrolizumab yield 

broader clinical responses than ipilimumab, and thus these two anti-PD-1 antibodies have 
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been used to treat other cancers, including colorectal cancer, lung cancer, renal cell 

carcinoma, Hodgkin lymphoma, head and neck squamous cell cancers, and melanoma 

[9].  

Although anti-CTLA-4 and anti-PD-1 antibodies are the most promising 

immunotherapeutic approaches, unfortunately, about 80% of patients do not benefit from 

anti-CTLA-4 and anti-PD-1 antibody therapy (current CPI therapy) and, in addition, 

serious side effects have been reported [11]. The most common side effects are diarrhea, 

fatigue, itching, and pneumonitis, all of which are immune-related side effects. Although 

the frequency of immune-related side effects depends on the type of CPI and the type of 

cancer, approximately 50% of patients treated with anti-CTLA4 antibody and 30% of 

patients treated with anti-PD-1 antibody develop side effects [12]. Therefore, to properly 

stratify patients and reduce medical costs, there is a growing need for specific biomarkers. 

In current CPI therapy, tumor-infiltrating lymphocytes (TILs), tumor PD-L1 expression, 

tumor mutational burden, inflammatory gene expression, and other factors all are being 

considered. For anti-PD-(L)1 antibody treatment, the only FDA approved test is based on 

the immunohistochemistry (IHC) for PD-L1 detection at the tumor site [13]. More 
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biomarkers are needed because many other factors may correlate with tumor response. 

Markers in peripheral blood would be especially useful because of the ease with which 

blood can be drawn and the relatively simple instrumentation required.  

A useful prognostic biomarker used in ipilimumab and nivolumab therapy is the 

proportion of peripheral mMDSCs [14,15]. mMDSCs are a heterogenous population of 

immature myeloid cells that suppress responses of immune cells such as T cells, NK cells 

and dendritic cells [16,17] (Fig. 1-2). The number of circulating mMDSCs is increased in 

patients with various type of cancers such as melanoma, breast cancer, and CRC, and is 

inversely correlated with clinical outcome [18,19]. In metastatic melanoma patients who 

were treated with ipilimumab, responders had a lower proportion of peripheral mMDSCs 

compared to non-responders [14]. Low numbers of mMDSCs also inversely correlates 

with outcomes in melanoma patients treated with nivolumab [15]. 

Although the proportion of peripheral blood mMDSCs is a useful biomarker, 

determining this proportion requires freshly drawn blood (freezing affects results) and 

flow cytometry with multicolor staining [20]. In addition, mMDSCs are defined as 

CD14+HLA-DR−/low cells in humans and their HLA-DR expression often varies, and in 
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addition, identification of a specific subset of cells is susceptible to inter-user, intra-day, 

and inter-laboratory variability. Standardization thus is an issue. For these reasons, there 

is a need for a simpler, more accurate method of determining peripheral mMDSC 

proportions. In Chapter 2, I report results from a correlation analysis of the proportion of 

freshly-drawn peripheral mMDSCs, levels of different plasma proteins, and demographic 

factors (age and gender) in CRC patients.  

In the treatment of cancers, biomarkers are clinically useful, but they themselves are 

not therapeutic in the usual sense of the word. Therefore, it is vital to develop new drugs 

that can help CPI-resistant patients, either as monotherapy or to augment CPIs. Although 

the mechanism of CPI therapy resistance remains to be fully elucidated, it is known that 

increased numbers of immune suppressive cells, such as MDSCs and Tregs, are involved 

(Fig. 1-2). Targeting MDSCs and Tregs improved responses to CPIs in animal models 

[21–25]. Thus, MDSCs and Tregs are potential targets for current CPI resistant patients. 

Other novel inhibitory checkpoint molecules have been discovered. For example, one of 

the new generation of check point molecules is TIGIT, which has been implicated in 

tumor immunosurveillance [26]. TIGIT is mainly expressed on T cells, NK cells and 
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Tregs. TIGIT binds to its ligands, PVR and PVRL2 which are expressed on cancer cells, 

MDSCs and dendritic cells, leading to induction of an immunosuppressive signal in both 

the receptor- and ligand-expressing cells (Fig. 1-3). Immunosuppressive activity of 

MDSCs and Tregs against CD8+T cells can be abolished by anti-TIGIT blocking antibody 

[27–29] and diminished tumor cell killing activity of NK cells cocultured with MDSCs 

can be reversed by TIGIT signal blocking [30]. Both TIGIT and PD-1 are co-expressed 

on T cells in the tumor microenvironment (TME) in a wide variety of cancer patients [31]. 

TIGIT signal blocking thus may be effective as a monotherapy for anti-PD-(L)1 antibody 

resistant patients, or to augment the effects of anti-PD-(L)1 antibodies. In Chapter 3, I 

discuss my production of anti-TIGIT blocking antibodies (ASP8374: therapeutic 

antibody and mSEC1: mouse surrogate antibody) and the results of pharmacological 

studies of their activity for monotherapy and for combination therapy with anti-PD-(L)1 

antibodies.  
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Fig. 1-1 Mechanism of actions of anti-CTLA-4 and anti-PD-1 antibodies 
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Fig. 1-2 Immunosuppression mediated by MDSCs and Tregs 
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Fig. 1-3 Mechanism of action of TIGIT 
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Chapter 2: 

Correlation Analysis of the Proportion of mMDSCs in 

CRC Patients 

 

Introduction 

There were approximately 1.1 million new CRC cases and 551,269 CRC deaths 

worldwide in 2018 [32]. Previous studies have demonstrated that chronic inflammation 

is necessary for the initiation of CRC pathogenesis. CRC-related inflammation promotes 

tumor development and progression through many different mechanisms, such as 

promoting angiogenesis and suppressing anti-tumor immune responses. A chronic 

inflammatory mucosal microenvironment can also trigger oncogenic mutations that serve 

as CRC-initiating events [33]. Further tumor progression is induced by inflammatory 

immune cells, which also work to turn an inflamed microenvironment into an 

immunosuppressive one [34]. It has been reported that CRC induces inflammatory 

immune cell infiltrates through upregulation of “inflammatory signature” genes [33,34]. 

Infiltration of CD4+T cells and CD8+ T cells is associated with a good prognosis in CRC 
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[35–37]. However, Tregs and immunosuppressive myeloid cells are associated with a 

poor prognosis [33,34], thus characterizing these immunosuppressive cells accurately is 

crucial for diagnosis and therapy of CRC. 

MDSCs, a subset of immune suppressive cells, are a heterogeneous population of 

immature myeloid lineage cells [16,17]. Human MDSCs are classified into two groups, 

CD15+ granulocytic MDSCs (gMDSCs) and CD14+ mMDSCs. Both groups of MDSCs 

have been shown to suppress immune responses through multiple mechanisms. These 

include production of nitric oxide (NO) through iNOS, release of reactive oxygen species 

(ROS), depletion of arginine by arginase, secretion of immunosuppressive cytokines such 

as transforming growth factor-β (TGF-β) and interleukin-10 (IL-10), and inducing 

apoptosis mediated by the Fas antigen-Fas ligand (FAS-FASL) pathway [38–43]. 

gMDSCs express high levels of arginase and ROS, whereas mMDSCs express high levels 

of both arginase and iNOS but express less ROS [44,45]. Peripheral mMDSCs inhibit the 

NY-ESO-1 melanoma antigen-specific T cell response to tumor cells in vitro, are 

associated with clinical cancer stage, and show prognostic value for overall survival in 

melanoma patients [46]. Several groups have also demonstrated that the proportion of 
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peripheral mMDSCs is significantly increased in patients with breast cancer and CRC, 

and correlates positively with clinical cancer stage, tumor burden, and poor clinical 

outcomes [18,19].  

Although measuring the proportion of peripheral mMDSCs is beneficial to predict 

clinical outcome in cancer patients, it requires a complex process of flow cytometric 

analysis with detection of multiple cell surface markers. In addition, though mMDSCs 

are characterized as CD14+HLA-DR−/low cells in humans, their HLA-DR expression 

typically shows variability, making identification of a specific subset of cells susceptible 

to inter-user and intra-day variability. For these reasons, measuring peripheral mMDSC 

levels using this method would be difficult to develop as a basic clinical test. In an effort 

to identify new biomarkers, I performed a comprehensive correlation analysis of the 

proportion of peripheral mMDSCs with plasma levels of multiple proteins and with 

demographic factors such as age, gender, and clinical grade of CRC. I found that the 

levels of peripheral mMDSC correlate with those of iNOS and PDGF-BB. Further 

research is required to validate and standardize these biomarkers, but they have potential 

as prognostic indicators that would be of benefit during immunotherapy. 
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Materials & Methods 

Study subjects 

Patients with CRC (n = 78) were recruited into this study from University of Tsukuba 

Hospital and Tsukuba Medical Center Hospital (Ibaraki, Japan) between April 2015 and 

November 2017. Prior to surgery, 20 mL of peripheral blood was collected. The inclusion 

criterion was a hemoglobin concentration > 100 g/L. Exclusion criteria were viral 

infection with the human immunodeficiency virus, hepatitis B, or hepatitis C. 

Patients were classified by disease stage according to the TNM classification system 

of malignant tumors published by the International Union Against Cancer. Patient data 

were registered in an anonymization system at Tsukuba Clinical Research & 

Development Organization (T-CReDO). Healthy donors (n = 24) were also recruited as a 

control group from employees of Astellas Pharma, Inc. (Tokyo, Japan) between 

December 2015 and October 2017. This study was approved by the institutional review 

board at University of Tsukuba Hospital (No. H26-157), Tsukuba Medical Hospital (No. 

2015-036, 2016-044) and Astellas Pharma, Inc. (No. 140032, 150042, 000182), 

respectively. This study was conducted in accordance with the Declaration of Helsinki. 
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Written informed consent was obtained from all patients and healthy donors prior to blood 

drawing. 

 

PBMC isolation 

PBMCs were isolated from freshly drawn peripheral blood using BD Vacutainer CPT 

Mononuclear Cell Preparation Tubes (BD Bioscience, San Jose, CA, USA). The blood 

samples were centrifuged at 25°C for 15 minutes at 1500 rpm. The isolated PBMCs were 

washed twice with MACS buffer (Miltenyi Biotech, Gradbach, Germany) containing 

10% bovine serum albumin. PBMCs were used immediately for flow cytometric analysis 

and in vitro functional assays without cryopreservation. 

 

Flow cytometry 

PBMCs were incubated with human Fc blocker (Miltenyi Biotech) and stained for 20 min 

at 4°C with the following antibodies: Lin (CD3/CD16/CD19/CD20/CD56)-FITC, CD14-

PerCP-Cy5.5, CD11b-APC-Cy7, (BD Bioscience), and HLA-DR-PE (Beckman Coulter, 

Brea, CA, USA). The PBMCs then were washed twice with MACS buffer and then 
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analyzed with a FACSVerse flow cytometer with FACSuite software (BD Bioscience). 

The subsequent data analysis was carried out using FlowJo software (Tree Star, Ashland 

OR, USA). The gating strategy for mMDSCs is shown in Fig. 2-1. 

 

Plasma protein measurement 

Plasma collected during PBMC isolation was frozen in small aliquots at −80°C and 

subjected to measurement of 27 proteins (IL-1ra; IL-1β; IL-2; IL-4; IL-5; IL-6; IL-7; IL-

8; IL-9; IL-10; IL-12p70; IL-13; IL-15; IL-17A; C-C motif chemokine ligand 11 [CCL11; 

Eotaxin]; fibroblast growth factor 2 [FGF-2]; colony stimulating factor 3 [CSF3; G-CSF]; 

colony stimulating factor 2 [CSF2; GM-CSF]; interferon gamma [IFN-γ]; tumor necrosis 

factor alpha [TNF-α]; C-X-C motif chemokine ligand 10 [CXCL10; IP-10]; C-C motif 

chemokine ligand 2 [CCL2; MCP-1]; C-C motif chemokine ligand 3 [CCL3; MIP-1α]; 

C-C motif chemokine ligand 4 [CCL4; MIP-1β]; platelet-derived growth factor-BB 

[PDGF-BB]; regulated on activation, normal T cell expressed and secreted [RANTES]; 

and vascular endothelial growth factor [VEGF]). These were measured with Bio-Plex Pro 

Human Cytokine 27-plex (BIO RAD, Hercules, CA, USA). Arginase and iNOS were also 
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quantified with ELISA (Hycult Biotech, Uden, Netherlands and Cloud-Clone Corp, 

Houston, TX, USA, respectively). 

 

mMDSC, CD14− cell, and T cell isolation for in vitro mMDSC functional assay 

mMDSCs were isolated by a combination of magnetic sorting and flow cytometry. The 

isolated PBMCs were then mixed with CD14 selection MicroBeads (Miltenyi Biotech, 

Monocyte Isolation Kit II) and incubated at 4°C for 15 min. The cell suspension was 

applied onto an LS magnetic column (Miltenyi Biotech). The column was washed with 

MACS buffer and unlabeled cells that passed through were collected as CD14+ cells. 

HLA-DR−/lowCD14+ cells were identified and isolated as mMDSCs using a BD FACSAria 

III cell sorter (BD Biosciences). The purity of the sorted populations was > 90% in all 

experiments. CD14− cells were isolated from PBMCs using CD14 selection Micro beads 

in parallel with CD14+ cell isolation as above. T cells were isolated from PBMCs using 

human pan-T cell isolation beads (Miltenyi Biotech, Pan T Cell Isolation Kit) following 

the manufacturer’s protocol; unlabeled cells that passed through were collected as T cells. 

 

 



29 
 

In vitro mMDSC functional assay 

Autologous mMDSC subsets were added at different ratios to CD14− cells (5 × 104 

cells/well) in 96-well flat bottom plates (Iwaki, Tokyo, Japan) in RPMI 1640 media 

containing 10% fetal calf serum. Cells were incubated with anti-CD2/anti-CD3/anti-

CD28 antibody conjugated beads (Miltenyi Biotech) at a 1:1 CD14− to bead ratio. Plates 

were incubated at 37°C in a humidified 5% CO2 incubator for 5 d. After culture, 

supernatants were collected and IFN-γ concentration was measured using a human IFN-

γ AlphaLISA Detection Kit (Perkin Elmer, Waltham, MA, USA). 

For further study, autologous mMDSC subsets (5 × 104 cells/well) were added in a 

mMDSC:T cell ratio of 1:1 in 96-well flat bottom plates (Iwaki, Tokyo, Japan) in RPMI 

1640 media containing 10% fetal calf serum. Cells were incubated with anti-CD2/anti-

CD3/anti-CD28 antibody conjugated beads (Miltenyi Biotech) at a 1:1 T-cell to bead ratio. 

Plates were incubated at 37°C in a humidified 5% CO2 incubator for 5 d. Supernatants 

then were collected and IFN-γ concentration was measured using a human IFN-γ 

AlphaLISA Detection Kit (Perkin Elmer, Waltham, MA, USA). 
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Statistical analysis 

When I analyzed plasma protein concentration, I excluded the measurements from the 

study whose value = 0 or NA for > 10 subjects, or whose 75th percentile of value was < 

10 subjects. The proportion of mMDSCs in PBMCs and concentration of various plasma 

proteins were log-transformed for analysis. Plasma concentrations of all protein samples 

below the limit of quantification were assigned to 0.1 to allow log transformation. 

Statistical comparisons between healthy donors and CRC patients were performed using 

the 2-sided Welch’s t-test for continuous variables. Statistical comparisons between 

mMDSC proportion and categorical variables, such as stage or the site of primary lesions 

in CRC patients, were conducted using a one-way analysis of variance (ANOVA). A p < 

0.05 was considered statistically significant. A prediction model against mMDSC 

proportion in PBMCs was developed applying a multivariate linear regression model. The 

variables for the regression model were selected using forward and backward stepwise 

feature selection method from plasma protein measurements and demographic factors 

(i.e., sex, and age). All statistical analyses were performed using the free statistical 

software R [47]. 
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Results 

mMDSC levels in CRC patients and healthy donors 

Table 2-1 shows the characteristics of CRC patients and healthy donors. First, I analyzed 

the proportion of mMDSCs in the PBMCs. The gating strategy and the representative dot 

plots for mMDSCs are shown in Fig. 2-1. The percentages of mMDSCs in the PBMCs of 

the 102 samples from the 78 patients with CRC and the 24 healthy donors were analyzed. 

The proportion of mMDSCs in the CRC patients was significantly higher than that in the 

healthy donors (p < 0.001; Fig. 2-2).  

I assessed for any correlation between mMDSC proportion with TNM tumor stage 

in CRC patients. CRC patients were divided into four groups based on TNM tumor stage 

(stage I, II, III and IV [N = 3, 21, 33 and 21, respectively]) for comparison of mMDSC 

proportion among the groups. Levels of mMDSCs showed no significant differences 

among tumor stages (Fig. 2-3A). There was no correlation between mMDSC proportion 

and the site of the primary lesions in CRC patients (Fig. 2-3B). mMDSC proportion was 

not gender-related (Fig. 2-3C) or age-related (Fig. 2-3D). 
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Comparison of in vitro suppressive function of mMDSCs from CRC patients with 

those from healthy donors 

To confirm peripheral blood mMDSCs from CRC patients and healthy donors suppressed 

T cell activation, I isolated mMDSCs, CD14− cells, and pan-T cells from PBMCs and co-

cultured them under stimulation with anti-CD2/anti-CD3/anti-CD28 antibody conjugated 

beads for 5 d. I then assessed the suppressive function of mMDSCs in vitro. In mMDSC 

titration assays (CRC patients, n = 3; healthy donors, n = 3), when autologous mMDSCs 

were added in an mMDSC:CD14− cell ratio of 0.25:1, 0.5:1 and 1:1, IFN-γ production of 

CD14− cells was inhibited at ratios of 1:1 and 0.5:1. Loss of IFN-γ suppressive activity 

was observed as mMDSCs were titrated down in both CRC patients and healthy donors 

(Fig. 2-4A). For further assay (CRC patients: n = 9, healthy donors: n = 5), when 

autologous mMDSCs were co-cultured with pan-T cells at a ratio of 1:1 (mMDSCs:pan-

T cells), IFN-γ production of pan-T-cells was decreased in 4 out of 5 healthy donors and 

8 out of 9 CRC patients, confirming mMDSCs’ suppressive function irrespective of 

disease state (Fig. 2-4B and Table 2-2). 
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Comparison of plasma protein levels between CRC patients and healthy donors 

Of the target 29 plasma proteins to be measured, 15, including arginase and iNOS, were 

detected in CRC patients and healthy donors. The remaining 14 proteins (IL-1b, IL-2, IL-

4, IL-5, IL-6, IL-7, IL-10, IL-12p70, IL-13, IL-15, IL-17, MIP-1a, IFN-γ and G-CSF) 

were excluded from analysis because their value = 0 or NA for > 10 subjects, or whose 

75th percentile of value was < 10 subjects. The plasma concentrations of the 15 remaining 

proteins were compared between CRC patients and healthy donors. Significant 

differences were observed in the mean plasma levels between the CRC patients and 

healthy donors for 13 plasma proteins (p < 0.05, Table 2-3). 

 

Correlation analysis of mMDSC proportion in CRC patients 

First, I conducted univariate correlation analysis to see if there were plasma proteins that 

were associated with mMDSC proportions in CRC patients, but I did not find any 

correlation between them (Table 2-4).  

Next, I used a multivariate linear regression model, combining forward and 

backward feature selection based on the AIC (Akaike Information Criterion) to assess 
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correlations between mMDSC ratios and age, sex, and 15 plasma proteins in CRC patients. 

The final multivariate linear regression model included iNOS (p = 0.013) and PDGF-BB 

(p = 0.035) as predictive factors  

[log10 �mMDSCs
PBMCs

� = 0.2929 − 0.2389 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙10(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − BB) + 0.3582 ∗

log10(iNOS)] (1) (Pearson correlation p < 0.005 and r = 0.32) (Fig. 2-5A).  

Of the plasma proteins selected as predictive factors in the multivariate linear 

regression model, plasma iNOS and PDGF-BB levels in CRC patients were significantly 

higher than those in healthy donors, although neither protein was associated with 

mMDSC proportions in CRC patients in univariate analysis (Fig. 2-5B, C and Table 2-4).  
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Discussion 

In agreement with previous reports, my current work has indicated that the proportion of 

mMDSCs in CRC patients was significantly higher than that in healthy donors. I did not 

observe significant differences in the proportion of mMDSCs in different tumor stages in 

CRC patients. Bin Zhang and colleagues previously indicated that mMDSCs in peripheral 

blood were associated with clinical stage and tumor metastasis in CRC patients. In their 

study, a significant difference was observed only between patients with advanced tumors 

and healthy donors while patients with stage I/II cancer had no significant increase in the 

proportion of circulating mMDSCs [19]. The explanation for the difference in results 

between my studies and theirs may be due to different sample processing methods or the 

different markers used in defining mMDSCs. They used whole blood to analyze the 

percentage of mMDSCs and defined mMDSCs as Lin−/lowHLA-DR−CD11b+CD33+ cells. 

I used PBMCs and defined mMDSCs as Lin−/low HLA-DR−/lowCD11b+CD14+ cells. I 

stained mMDSCs using the method of Kitano and colleagues, who showed that peripheral 

mMDSC proportion correlated with overall survival in melanoma patients treated with 

ipilimumab [48]. My study indicates that tumorigenesis significantly affects mMDSC 
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proportion regardless of clinical stage. 

Because validated specific markers for human mMDSCs are still unknown, 

identification and characterization of mMDSCs requires confirmation of their functional 

activity [49]. The immunosuppressive properties of mMDSCs are known [50,51], thus 

measuring T cell inhibition is commonly done. I directly isolated mMDSCs from PBMCs 

of CRC patients and healthy donors by a two-step method using magnetic bead 

enrichment followed by flow cytometry. I first isolated CD14+ cells by magnetic sorting 

and then HLA-DR−/low cells by flow cytometry and used these isolated cells as mMDSCs 

for in vitro co-culture assay with autologous CD14− cells or T cells isolated separately 

using magnetic sorting. mMDSC-mediated suppressive activity against IFN-γ production 

of CD14− cells increased with increasing percentage of mMDSCs in CRC patients. T cell 

INF-γ production was reduced by mMDSCs at a 1:1 ratio in 8 out of 9 CRC patients. 

Interestingly, I found that mMDSCs also suppressed IFN-γ production in healthy donors. 

These data suggest that the immunosuppressive activity of mMDSCs on a per-cell basis 

in healthy donors might be comparable to CRC patients’ cells, with an increased 

proportion of mMDSCs in CRC patients would potentiate immune suppression. 
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In my study, I used fresh PBMCs for analysis because previous studies had 

emphasized the importance of using fresh blood when monitoring mMDSC proportions 

in the circulation [18,20,52–54]. For example, Grützner and colleagues showed that 

freezing PBMCs significantly decreased the yield of mMDSCs [20]. Unfortunately, in 

clinical practice at present, monitoring mMDSC numbers from fresh PBMCs by flow 

cytometry with multiple-marker staining on the same day as the blood draw is impractical. 

Thus, it would be advantageous to develop a simple method to determine mMDSC 

proportion without using fresh PBMCs. I hypothesized that using plasma from frozen 

samples might work. I thus assessed whether plasma protein concentrations and 

demographic factors such as age and sex, would be biomarkers of mMDSC proportion. 

iNOS and PDGF-BB were predictive of mMDSC proportion. This was consistent with 

the fact that mMDSCs induce increased levels of NO via iNOS, leading to cell cycle arrest 

in T cells via depletion of the amino acid l-arginine from the TME [39,55]. It is reported 

that angiogenic factors such as PDGF-BB have been likely involved in MDSC 

populations [56]. One of the potential mechanisms is direct expansion from progenitor 

cells by stimulation of the VEGF receptor [56,57]. Therefore, iNOS and PDGF-BB levels 
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are potential indicators of mMDSC proportion. 

Several groups have reported that mMDSCs were an important prognostic marker 

for cancer immunotherapy by CPIs such as ipilimumab and nivolumab. In metastatic 

melanoma patients, mMDSC proportion was utilized to predict clinical response or 

resistance to ipilimumab treatment [14]. Compared with non-responders, clinical 

responders to ipilimumab had a significantly lower proportion of mMDSCs in the 

peripheral blood. This finding suggests the use of peripheral mMDSC proportion as a 

response marker, because a low MDSC proportion identified patients who benefitted from 

ipilimumab therapy [14,48]. Other studies also reported that a lower proportion of 

peripheral mMDSCs at baseline can be used as a predictive marker for ipilimumab 

therapy for malignant melanoma [58–60]. In castration-resistant prostate cancer patients 

treated with prostate cancer vaccines and ipilimumab, a low mMDSC proportion in the 

peripheral blood was reported to be associated with clinical benefit with longer median 

survival [61]. Weber and colleagues indicated that a higher number of mMDSCs before 

treatment was associated with a poorer outcome with nivolumab in melanoma [15]. 

Although there is insufficient information regarding the relationship between peripheral 
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mMDSC proportion and clinical outcome of CPIs in CRC patients, high levels of 

peripheral mMDSCs have been reported in this cancer [19,62–64]. Prospective clinical 

trials assessing mMDSC proportions as potential biomarkers of response to immune 

checkpoint inhibitors in CRC patients are therefore warranted and further studies 

involving more CRC patients and other tumor types could validate my observations. 

In conclusion, I found that iNOS and PDGF-BB are significant surrogate markers 

for peripheral mMDSC proportions in CRC patients. My predictive model might 

contribute to patient stratification in cancer immunotherapy and should guide further 

research on other populations with different types of malignancies. 
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Table 2-1. Characteristics of study population  

Details of subjects CRC patients Healthy donors 

Subjects (n) 78 24 

CRC stage, (n) 

I 3 - 

II 21 - 

III 33 - 

IV 21 - 

Sex, (n) 

Female 24 11 

Male 54 13 

Age (years), 

median (range) 

66 (42–86) 47.2 (40–55) 

(doi: https://doi.org/10.1371/journal.pone.0243643.t001) 

 

 

 

 

 

 

 

 

https://doi.org/10.1371/journal.pone.0243643.t001
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Table 2-2 Statistical analysis for suppressive function of mMDSCs 

 # of 

subjects to 

be tested 

# of subjects 

showing IFN-γ 

reduction by 

mMDSCs 

Mean of the 

differences 

between T cells 

alone and T cells 

+ mMDSCs 

p-value 

(two-sided paired 

Welch’s t-test) 

p-value 

(one-sided 

binominal test) 

Healthy 

donors 

5 4 −73.3 0.362 0.188 

CRC 

patients 

9 8 −192.0 0.099 0.020* 

Total 14 12 −149.6 0.054 0.006* 
* Significant at p < 0.05 (doi: https://doi.org/10.1371/journal.pone.0243643.t002) 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1371/journal.pone.0243643.t002
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Table 2-3 Concentration of plasma proteins; comparisons between healthy donors and 

CRC patients  

Plasma proteins 

Plasma concentration (log10: [pg/mL]) 

Mean (SD) 
p value 

(two-sided Welch’s t-test) 
Healthy donors CRC patients 

IL-1ra 1.793 (0.281) 1.963 (0.475) 0.034* 

IL-8 0.727 (0.739) 1.802 (0.436) < 0.001* 

IL-9 1.275 (0.164) 1.604 (0.363) < 0.001* 

Eotaxin 1.655 (0.293) 1.457 (0.429) 0.013* 

FGF basic 1.400 (0.262) 1.581 (0.226) 0.004* 

GM-CSF 1.377 (0.811) 1.955 (0.828) 0.004* 

IP-10 2.224 (0.174) 2.426 (0.278) < 0.001* 

MCP-1 1.815 (0.677) 1.851 (0.644) 0.818 

PDGF-BB 1.877 (0.333) 2.119 (0.342) 0.004* 

MIP-1b 1.515 (0.164) 1.754 (0.168) < 0.001* 

RANTES 3.077 (0.220) 3.579 (0.405) < 0.001* 

TNF-α 0.983 (0.306) 1.201 (0.420) 0.008* 

VEGF 1.487 (0.765) 1.224 (0.681) 0.140 

Arginase 0.942 (0.400) 1.482 (0.413) < 0.001* 

iNOS 2.123 (1.488) 2.819 (0.271) 0.032* 

Concentration of plasma proteins (pg/mL) had been transformed by log 10 

* Significant at p < 0.05 (doi: https://doi.org/10.1371/journal.pone.0243643.t003) 

 

 

 

 

https://doi.org/10.1371/journal.pone.0243643.t003
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Table 2-4 Univariate analysis in CRC patients: correlation between mMDSC proportion 

and plasma proteins 

Plasma protein p-value 
Pearson’s correlation 

coefficient (r) 

IL-1ra 0.326 −0.113 

IL-8 0.866 −0.019 

IL-9 0.594 −0.061 

Eotaxin 0.974 0.004 

FGF basic 0.893 0.015 

GM-CSF 0.905 −0.014 

IP-10 0.915 0.012 

MCP-1 0.826 −0.025 

PDGF-BB 0.193 −0.149 

MIP-1b 0.613 0.058 

RANTES 0.612 −0.058 

TNF-α 0.449 −0.087 

VEGF 0.890 0.016 

Arginase 0.794 0.030 

iNOS 0.062 0.212 

* Significant at p < 0.05 (doi: https://doi.org/10.1371/journal.pone.0243643.t004) 

 

 

 

 

https://doi.org/10.1371/journal.pone.0243643.t004
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Fig. 2-1 Gating strategy for mMDSC detection 

Representative dot plots from flow cytometry to quantitate mMDSCs in PBMCs of 

healthy donors and CRC patients. (doi: https://doi.org/10.1371/journal.pone.0243643.g001) 

CD14        

H
LA

-D
R

CD14        

C
D

11
b 

   

Lineage cocktail

C
D

14
   

   
  

FSC-A

SS
C

-A

https://doi.org/10.1371/journal.pone.0243643.g001


45 
 

 

Fig. 2-2 Percentage of circulating mMDSCs in CRC patients and healthy donors. 

mMDSC proportion in fresh PBMCs from CRC patients prior to surgery and healthy 

donors were analyzed. PBMCs from 78 CRC patients and 24 healthy donors were stained 

for mMDSC markers. mMDSC proportion (% of PBMCs) was transformed by log 10. 

Data were analyzed by Welch’s t-test.   

(doi: https://doi.org/10.1371/journal.pone.0243643.g002) 
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Fig. 2-3 Correlation analyses of mMDSC proportion and stage/demographics in CRC 

patients 

Correlations were assessed between mMDSC proportion and (A) TNM stage, (B) site of 

the primary lesion, (C) Sex, and (D) Age. mMDSC proportion (% of PBMCs) was 

transformed by log 10. Data were analyzed by one-way analysis of variance (ANOVA).  

(doi: https://doi.org/10.1371/journal.pone.0243643.g003) 
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Fig. 2-4 In vitro suppressive activity of mMDSCs  

(A) CD14− cells or (B) T cells from healthy donors and CRC patients were stimulated 

with anti-CD2/anti-CD3/anti-CD28 antibody conjugated beads in the absence or presence 

of autologous mMDSCs. Culture supernatant was collected at 5 d to measure IFN-γ 

concentration. (doi: https://doi.org/10.1371/journal.pone.0243643.g004) 
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Fig. 2-5 Multivariate analysis for mMDSC proportion in CRC patients 

(A) Multivariate linear regression with mMDSC proportion and other factors (plasma 

proteins, age, gender). Univariate analysis of mMDSC proportion and (B) iNOS and (C) 

PDGF-BB. 

(doi: https://doi.org/10.1371/journal.pone.0243643.g005) 
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Chapter 3: 

Characterization of ASP8374, a Fully-Human, Antagonistic 

Anti-TIGIT Monoclonal Antibody 

 

Introduction 

New therapeutic strategies for the treatment of cancer harness the body’s own immune 

system to mount an anti-tumor response. However, endogenous immune responses are 

frequently unable to inhibit tumor growth. This deficiency appears to be due to the 

immunosuppressive nature of the TME. TILs become “exhausted” or suppressed in the 

context of multiple signals in the TME, resulting in significantly impaired proliferative 

capacity and effector function [65].s 

T cell responses are controlled by various receptor/ligand interactions, and inhibitory 

or stimulatory signals provided by the TME are excellent drug targets for “reawakening” 

the immune response to the tumor [66]. Anti-CTLA-4 and anti-PD-(L)1 antibodies have 

exhibited striking anti-tumor activity in some cancer patients [35,67–69]. These successes 

have generated increased interest in the identification of additional T cell receptor/ligand 
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pairs that may regulate T cell function in the TME. Drugs targeting such molecules may 

provide opportunities for enhanced efficacy in patients who do not adequately respond to 

currently approved CPI therapy. The costimulatory molecule CD226 and the coinhibitory 

receptor TIGIT form a costimulatory/coinhibitory pathway analogous to the well-

described CD28-CTLA-4 pathway [70,71]. CD226 and TIGIT bind to the same ligands, 

PVR and PVRL2 [72–74]. Ligand binding to TIGIT induces an inhibitory signal to both 

the receptor- and ligand-expressing cells. In addition, TIGIT can prevent signaling 

through CD226, a positive regulator of T cell responses, by competing for binding to PVR 

[75] (Fig. 1-3). Importantly, upregulated expression of the TIGIT ligands PVR and 

PVRL2 has been observed in several cancers [76–79], suggesting that this pathway may 

be utilized by tumors to evade the immune system. Several lines of evidence support an 

inhibitory role of TIGIT in modulating the immune response. TIGIT is expressed on 

peripheral memory and regulatory CD4+ and CD8+ T cells and NK cells. It is also 

upregulated following activation of naïve T cells [75]. TIGIT engagement with PVR or 

PVRL2 expressed on NK cells inhibits NK cell-mediated cytotoxicity preventing tumor 

cell death and the subsequent release of tumor-associated antigens [72,74,75]. In addition, 
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T cells expressing TIGIT interact with dendric cells expressing PVR, inducing 

tolerogenic dendric cells, impairing T cell proliferation and increasing anti-inflammatory 

cytokine production [75,80]. TIGIT signal blockade diminishes the immunosuppressive 

activity of MDSCs and Tregs against CD8+T cells [27–29]. Finally, TIGIT directly 

inhibits CD8+ T cell activation and proinflammatory CD4+T cell responses in the TME 

[75,81,82]. ASP8374 is a high affinity, fully human anti-TIGIT IgG4 antibody with S228P 

hinge stabilization. ASP8374 bound to recombinant human TIGIT with picomolar affinity, 

increased IL-2 production in TIGIT-expressing Jurkat cells, and increased IFN-γ and 

TNF-α production in sub-optimally stimulated human PBMCs. Because ASP8374 

weakly binds mouse TIGIT, an anti-mouse TIGIT surrogate antibody (mSEC1) was used 

for mouse tumor studies. mSEC1 demonstrated anti-tumor activity in 2 syngeneic mouse 

tumor models, either as a single agent or in combination with a PD-1 pathway inhibitor. 

This non-clinical characterization of ASP8374 suggests it may show efficacy against 

advanced malignancies in patients. 
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Materials & Methods 

Antibody generation 

ASP8374 was isolated from a fully human full length antibody library through the use of 

a yeast display platform [83]. A surrogate anti-mouse TIGIT antibody (mSEC1) was 

created using the hamster variable regions from the antibody 10A7 [84], formatted as a 

mouse IgG2a N297A. 

Because ASP8374 bound weakly to mouse TIGIT (data not shown), mSEC1 was 

used for mouse tumor studies. mSEC1 bound to recombinant mouse TIGIT and bound 

poorly to human TIGIT, but mSEC1 did cross-block the binding of ASP8374 to human 

TIGIT, suggesting they may recognize a similar epitope on TIGIT (data not shown).  

 

Binding to recombinant TIGIT 

The binding affinities and kinetics of binding of ASP8374 to polyhistidine-tagged TIGIT 

(TIGIT-His) were measured using Octet QKe (ForteBio). ASP8374 (5 μg/mL) was 

captured on anti-human IgG Fc (AHC) biosensors (ForteBio) followed by exposure to 

varying concentrations of human or cynomolgus monkey TIGIT-His (Potenza 
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Therapeutics). Kinetic parameters were generated with Octet Data Analysis Software 

(Version 8.2.0.7) using a 1:1 binding model and global fit (Rmax unlinked by sensor).  

 

Binding to cell surface TIGIT 

The cell surface binding (KD) of ASP8374 to human and cynomolgus monkey TIGIT was 

measured by flow cytometry (LSRFortessa [BD Biosciences]) using Jurkat E6.1 cells 

overexpressing human or cynomolgus monkey TIGIT. Cells were incubated with 

ASP8374 or a human IgG4 control antibody labeled with a Zenon antibody labeling kit 

(Thermo Fisher Scientific). In addition, binding of ASP8374 to cell surface TIGIT on 

human and cynomolgus monkey PBMCs was conducted with varying concentrations of 

either ASP8374 or human IgG4 control to calculate KD values. The secondary staining of 

human and cynomolgus monkey cells was performed with the following antibodies: CD3 

AF700 (Becton Dickenson), CD8 Qdot605 (Biolegend), CD4 APC-Cy7 (eBioscience), 

and anti-human IgG4 APC (Southern Biotech). For identification of human and 

cynomolgus CD8+T cells, single cells were gated on expression of CD3 and then on 

expression of CD8 without expression of CD4. KD values were calculated using 
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GraphPad Prism software (Version 7) by plotting the geometric mean fluorescence 

intensity (MFI) versus logarithmic antibody concentration. 

 

TIGIT ligand competition  

Quantitative ligand blocking studies were conducted by using a cell surface TIGIT 

binding assay. Binding of fluorescently labeled PVR-Fc or PVRL2-Fc to human TIGIT 

expressing Jurkat cells was measured by flow cytometry. A dilution series of each test 

antibody was incubated with the TIGIT Jurkat cells in order to measure each antibody’s 

ability to block PVR-Fc or PVRL2-Fc binding. Geometric mean of fluorescence intensity 

was calculated for each antibody concentration for determination of IC50 values in 

GraphPad Prism. 

 

Jurkat IL-2 production assay 

A co-culture stimulation assay was conducted using human TIGIT expressing Jurkat cells 

and HT-1080 cells that endogenously express PVR and PVRL2 and were engineered to 

express an anti-CD3 agonist scFv on the cell surface. Cells were treated with ASP8374 



55 
 

or human IgG4 control in the presence of soluble anti-CD28 agonist antibody (R&D 

Systems) for 24 hours. IL-2 production was measured by ELISA (R&D Systems). 

 

Informed consent  

Human PBMCs were obtained from commercial sources with donors’ informed consent, 

in accordance with IRB-approved protocols, and in compliance with all applicable laws 

and regulations. Subject identification information was masked by providers, and all 

donor privacy rights were respected. All necessary and appropriate releases were obtained 

from donors for “Research Use”. 

 

PBMC stimulation assay 

Human PBMCs obtained from healthy donors by leukapheresis (Biological Specialty 

Company) were purified and stimulated for 60 hours using a suboptimal concentration of 

soluble anti-CD3 antibody (0.2 μg/mL) (R&D Systems) in the presence of various 

concentrations of either the IgG4 control antibody or ASP8374. The concentration of 

various pro-inflammatory cytokines in the supernatants was measured by ELISA (R&D 

Systems), AlphaLISA (PerkinElmer), or multiplex/Luminex technology (EMD-
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Millipore).  

 

CD4+T cell stimulation assay 

Purified CD4+T cells obtained from a healthy donor were stimulated for 60 hours using 

plate-bound anti-CD3 antibody (1 μg/mL) and soluble anti-CD28 antibody (2 μg/mL) in 

the presence of different concentrations of either the control IgG4 antibody or ASP8374. 

The concentration of IFN-γ was measured in supernatants by ELISA (R&D Systems). 

 

CMV-specific immune recall assay 

PBMCs from cytomegalovirus (CMV) seropositive human donors (Astarte Biologics) 

were restimulated with CMV antigens (Astarte Biologics) and treated with either 

ASP8374 alone or ASP8374 in combination with pembrolizumab. PBMCs were 

stimulated with CMV lysate (1.0 μg/mL), and supernatants were collected and analyzed 

for TNF-α production by AlphaLISA after 5 days of culture. In some cases, PBMCs were 

re-stimulated on day 6 for intracellular cytokine staining analysis. 
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Jurkat reporter assay 

Combination activity of ASP8374 and pembrolizumab was measured in vitro using a PD-

1/TIGIT Combination Bioassay Kit that contained PD-1/TIGIT expressing Jurkat effector 

cells and PD-L1/PVR aAPC/CHO-K1 cells (Promega). The effect of combining of 

ASP8374 and pembrolizumab was evaluated using a luciferase reporter readout. The 

bioassay was run according to the manufacturer’s protocol. 

 

In vivo tumor models 

For MC38 studies, female C57BL/6 mice (Charles River Laboratories) were inoculated 

with 5x105 MC38 cells. The mice (n = 60) were randomized based on tumor volume, and 

treatment was initiated by intraperitoneal (ip) injection once the tumors reached an 

average size of 60 – 90 mm3. For CT26 studies, female BALB/c mice (Charles River 

Laboratories) were inoculated with 3x105 CT26 cells. The mice (n = 60) were randomized 

into treatment groups based on body weights, and treatment was initiated by 

intraperitoneal (ip) injection on the same day as tumor cell inoculation. In both studies, 

tumors and body weights were measured two times per week. The study endpoint was 
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defined as day 25 or group mean tumor volume of 2,000 mm3. 

All animal experimental protocols were approved by the Ethics Review Committee for 

Animal Experimentation of Charles River Laboratories. 
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Results 

ASP8374 binds to TIGIT and enhances T-cell functionality in vitro 

The binding affinity of ASP8374 for recombinant human and cynomolgus monkey TIGIT 

was measured using biolayer interferometry. In addition, KD values for ASP8374 binding 

to cell surface TIGIT were measured by flow cytometry using engineered cell lines and 

primary cells (Table 3-1). In both of these assays, ASP8374 potently bound to human and 

cynomolgus monkey TIGIT.  

To confirm the blocking activity of ASP8374 against human TIGIT/ligand 

interaction, human TIGIT-expressing Jurkat cell binding assay using fluorescently 

labeled human PVR-Fc or PVRL2-Fc protein was conducted. ASP8374 inhibited the 

binding of human TIGIT to its ligands (PVR/PVRL2) (Table 3-2). 

The antagonistic effect of ASP8374 on TIGIT signaling was investigated in a co-

culture assay of human TIGIT-expressing Jurkat cells and anti-CD3 scFv-expressing HT-

1080 cells, which endogenously express PVR and PVRL2. In this human co-culture assay, 

ASP8374 increased the anti-CD3/anti-CD28 antibody-stimulated production of IL-2 with 

a mean (±SD) EC50 of 0.11 (±0.03) nmol/L (Fig. 3-1A). 



60 
 

To test the activity of ASP8374 in human primary cells, PBMCs isolated from 

healthy donors were stimulated with a sub-optimal concentration of soluble anti-CD3 

antibody in the presence of varying concentrations of either the control IgG4 antibody or 

ASP8374. ASP8374 treatment induced the upregulation of IFN-γ, TNF-α, and 

lymphotoxin (LT)-α in a titratable manner in a single donor (Fig. 3-1B). To further explore 

this activity, CD4+T cells isolated from a single donor were sub-optimally stimulated with 

plate-bound anti-CD3 antibody and soluble anti-CD28 antibody in the presence of 

various concentrations of either a control IgG4 antibody or ASP8374. In this system, 

ASP8374 significantly increased IFN-γ production by CD4+ T cells compared to control 

IgG4 antibody (Fig. 3-1C).   

To explore the effects of ASP8374 in an antigen specific assay, PBMCs from two 

donors who were seropositive for CMV and were known to respond to CMV antigen 

stimulation were stimulated with CMV lysates for 6 days in the presence or absence of 

ASP8374. These in vitro studies demonstrated that treatment with increasing 

concentrations of ASP8374 significantly increased PBMC activation as determined by 

increased TNF-α production (Fig. 3-1D). In addition, ASP8374 treatment increased the 



61 
 

frequency of polyfunctional memory CD8+T cells, identified based on positive 

intracellular staining of perforin+/granzyme B+ or IFN-γ+/TNF-α+ (Fig. 3-1E).  

 

ASP8374 amplifies anti-PD-1 antibody activity in vitro 

To determine the functional effect of blocking TIGIT/PVR signaling with ASP8374, PD-

1/PD-L1 signaling with pembrolizumab (anti-PD-1 antibody), or both pathways with a 

combination of both agents, ASP8374 and pembrolizumab were tested alone or in 

combination in a luciferase reporter gene assay using an engineered functional Jurkat co-

culture cell system. ASP8374 in combination with pembrolizumab demonstrated a 

synergistic effect on luciferase reporter gene expression (Fig. 3-2A and B). The EC50 for 

the combination of ASP8374 and pembrolizumab (fixed 1:1 ratio) was 4.2 nmol/L (Fig.  

3A). The EC50 for ASP8374 in combination with a fixed concentration of pembrolizumab 

was 0.1 nmol/L (Fig. 3-2B). In this assay, treatment with pembrolizumab alone resulted 

in minimal activity, and ASP8374 alone resulted in no activity (Fig. 3-2A and B). 

CMV specific CD8+T cells often co-expressed both PD-1 and TIGIT (data not 

shown). Therefore, to determine whether ASP8374 treatment could amplify the effects of 
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anti-PD-1 antibody, PBMCs from CMV seropositive donors were stimulated with CMV 

lysate in the presence of fixed concentration of pembrolizumab and increasing 

concentrations of either ASP8374 or the IgG4 control antibody. The combination of 40 

μg/mL ASP8374 and pembrolizumab led to an approximate 2-fold increase in secreted 

TNF-α levels compared to control IgG4 treated PBMCs in 2 donors (Fig. 3-2C). These 

data demonstrate the potential to further amplify the immune response by combining 

ASP8374 with other CPIs, such as anti-PD-1 antibodies.  

 

TIGIT blockade using an ASP8374 surrogate antibody results in anti-tumor activity 

The anti-mouse TIGIT antibody surrogate of ASP8374 (mSEC1) was tested as a 

monotherapy and in combination with a monoclonal antibody against mouse PD-L1 in 

the MC38 syngeneic mouse tumor model (anti-PD-(L)1 antibody sensitive model [MDSC 

low model]). mSEC1 as a monotherapy displayed moderate anti-tumor activity (Fig. 3-

3A). However, blockade of PD-1 with an anti-PD-L1 antibody demonstrated 

exceptionally strong anti-tumor efficacy in the MC38 model. Therefore, the addition of 

mSEC1 treatment did not further increase anti-tumor activity (Fig. 3-3B). The difference 
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in the number of mice with complete tumor regression at day 25 between all combination 

treated groups and the anti-PD-L1 antibody alone treated group was small and not dose-

dependent (Table 3-3). Therefore, an additive or synergistic combined effect could not be 

confirmed in this anti-PD-L1 antibody sensitive mouse model.   

To test whether combination therapy could amplify the activity of a PD-1 blocking 

therapeutic, the activity of these agents was tested in a model where PD-1 blockade is 

less effective, CT26 (MDSC expansion model). In this model, mSEC1 antibody as 

monotherapy had no anti-tumor activity (Fig. 3-4A). However, the combination of 

mSEC1 with anti-PD-1 antibody was more efficacious than either monotherapy on day 

25 (Fig. 3-4B). The highest dose of mSEC1 with anti-PD-1 antibody displayed the 

strongest anti-tumor effect and the largest number of mice with complete tumor 

regression (Table 3-4). 
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Discussion 

ASP8374 bound to human and cynomolgus monkey TIGIT with high affinity (Table 3-

1) and blocked the interaction of TIGIT with PVR and PVRL2 ligands (Table 3-2). The 

constant region of ASP8374 is a human IgG4 which has low affinity for Fc receptors and 

is unlikely to result in depletion of TIGIT-positive effector T cells following binding of 

ASP8374, whereas most clinical stage TIGIT therapeutics are human IgG1, many of 

which maintain the capacity to induce ADCC [85]. The additional S228P mutation is 

intended to prevent Fab arm exchange with endogenous IgG4. An antagonistic TIGIT 

antibody was selected to promote anti-tumor immune responses by reversing the 

TIGIT/PVR/PVRL2 induced exhaustion of T cells and NK cells [75]. Inhibition of the 

TIGIT pathway by ASP8374 induced IL-2 production in an engineered human TIGIT 

Jurkat/anti-CD3 antibody HT-1080 co-culture assay. ASP8374 also increased IFN-γ 

production in sub-optimally stimulated human PBMCs as well as in CD4+T cells isolated 

from human PBMCs. Furthermore, ASP8374 increased production of IL-2, IFN-γ and 

TNF-α in a CMV-specific T cell recall response assay. The combination of ASP8374 with 

an anti-PD-1 antibody further enhanced the TNF-α induction observed in this assay with 
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either ASP8374 or anti-PD-1 antibody alone.  

It is reported that PVR, one of the ligands of TIGIT, is strongly expressed in most 

human tumor samples of varying types (kidney, stomach, pancreas, skin, brain, lymph 

node metastases, head and neck squamous cell carcinoma, ovary, bladder, liver, breast, 

lung) [86]. These data suggest that many tumor types may exploit the TIGIT axis to thwart 

anti-tumor immune responses in the TME.  

To investigate the anti-tumor activity of ASP8374, a surrogate anti-mouse-TIGIT 

antibody (mSEC1) was designed to mimic ASP8374 with an Fc domain to avoid depletion 

of immune cells. mSEC1 demonstrated anti-tumor activity in two syngeneic mouse tumor 

models, either as a single agent or in combination with an anti-PD-1 antibody (Fig. 3-3, 

3-4). In the CT26 tumor model (anti-PD-(L)1 antibody insensitive model [MDSC 

expansion model]) study, anti-PD-1 antibody was modestly active up to day 21, but at the 

end of the study the mean tumor volume was not different from that of control animals 

that received a control antibody (Fig. 3-4B). The combination treatment of mSEC1 and 

an anti-PD-1 antibody enhanced anti-tumor efficacy to CT26 tumors as compared to anti-

PD-1 antibody alone, resulting in an increased number of tumor-free mice (Table 3-4). 
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These data demonstrate that TIGIT blockade can amplify the activity of anti-PD-1 

antibody in non-responsive tumor models.  

The potential for TIGIT blockade to promote immune responses in the TME is 

balanced with the potential for invoking systemic immune-related adverse events [87]. 

TIGIT is a promising target for safe immune checkpoint inhibition, as mice completely 

lacking TIGIT do not develop autoimmunity [85]. However, blocking TIGIT may impede 

natural shifting of immune responses toward TH2 [75]. No toxicities were observed in a 

5-week repeat-dose study of ASP8374 in cynomolgus monkeys, consistent with other CPI 

therapy (data not shown).  

Taken together, my study results provide evidence that ASP8374 has a therapeutic 

potential for advanced malignancies with safety.  
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Table 3-1 Binding affinity of ASP8374 for human and cynomolgus monkey TIGIT 

TIGIT Source 
Human 

KD (mol/L) 

Cynomolgus monkey 

KD (mol/L) 

Recombinant TIGIT protein 2.4 × 10-10 6.2 × 10-9 

TIGIT-expressing Jurkat cells 5.1 × 10-10 4.0 × 10-10 

CD8+T cells 1.3 × 10-9 2.8 × 10-9 

KD: dissociation constant 
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Table 3-2 ASP8374 inhibited interaction of TIGIT with ligands PVR and PVRL2  

TIGIT Ligand ASP8374 IC50 (nmol/L) 

PVR 3.3 

PVRL2 1.0 

PVR: poliovirus receptor, PVRL2: poliovirus receptor-related 2, IC50: half maximal 

inhibitory concentration 
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Table 3-3 Number of tumor-free mice in the MC38 syngeneic mouse model  

Treatment Number of tumor-free mice 

Control IgG2b 500 μg 1/10 

Anti-PD-L1 125 μg 2/10 

mSEC1 62.5 μg + anti-PD-L1 125 μg 6/10 

mSEC1 125 μg + anti-PD-L1 125 μg 4/10 

mSEC1 250 μg + anti-PD-L1 125 μg 5/10 

mSEC1 500 μg + anti-PD-L1 125 μg 3/10 

IgG: immunoglobulin G; PD-L1: programmed death-ligand 1; mSEC1: surrogate anti-

mouse TIGIT antibody. The number of tumor-free mice (tumor volumes ≤ 4 mm3) are 

given for each of the 10 mice per group on day 25. 
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Table 3-4 Number of tumor-free mice in the CT26 syngeneic mouse model 

Treatment Number of tumor-free mice 

Control IgG2b 500 μg 0/10 

anti-PD-1 125 μg 1/10 

mSEC1 500 μg 0/10 

mSEC1 125 μg + anti-PD-1 125 μg 1/10 

mSEC1 250 μg + anti-PD-1 125 μg 1/10 

mSEC1 500 μg + anti-PD-1 125 μg 4/10 

IgG: immunoglobulin G; PD-1: programmed death-1; mSEC1: surrogate anti-mouse 

TIGIT antibody. The number of tumor-free mice (tumor volumes ≤ 4 mm3) are given for 

each of the 10 mice per group on day 43. 
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Fig. 3-1. Effect of ASP8374 on immune activation in human cells 

 (A) ASP8374 antagonizes TIGIT function in an engineered TIGIT Jurkat/anti-CD3 HT-

1080 coculture assay. Data are a representative experiment comparing control IgG4 to 

ASP8374; Half of effective maximal concentration (EC50) of the latter was 0.11 ± 0.03 
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nM (average ± standard deviation; three replicate experiments). (B) PBMCs were 

stimulated with soluble anti-CD3 antibody for 60 hours in combination with varying 

concentrations of ASP8374 (black bars), IgG4 (grey bars), or unstimulated (-). 

Proinflammatory cytokine concentrations were quantified in supernatants. Data labeled 

‘0’ indicate the absence of antibody treatment. Data presented are representative of an 

experiment using cells from a single donor. (C) ASP8374 induced the upregulation of 

IFN-γ production by CD4+T cells. CD4+T cells were sub-optimally stimulated 

concurrently with various concentrations of a control antibody or ASP8374 for 60 hours, 

and IFN-γ concentration was measured in supernatants. Data presented are representative 

of an experiment using cells from a single donor. (D) PBMCs from donors previously 

infected with CMV and shown to be functionally responsive to CMV antigen were 

stimulated with CMV lysates (1 μg/mL) in the presence of increasing amounts of 

ASP8374 (black bars) or control antibody (white bars) for 6 days, and TNF-α production 

in culture supernatant was measured. (E) Polyfunctionality of memory CD8+T cells based 

on perforin+/granzyme B+ expression (left panel) or IFN-γ+/TNF-α+ expression (right 

panel) was characterized after CMV recall in the presence of increasing amounts of 

ASP8374 (black bars) or the control antibody (white bars) in cells from an individual 

donor as in (D) above. *p < 0.05; **p < 0.01; ***p < 0.001, unpaired Student’s t-test 

comparing specific treatment groups to the appropriate IgG4 control. 
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Fig. 3-2 In vitro combination effects of ASP8374 with pembrolizumab 
(A) The combination activity of ASP8374 and pembrolizumab was investigated in an 

engineered functional Jurkat co-culture cell assay. Luciferase gene expression in 

engineered Jurkat/CHO-K1 cells after treatment with increasing amounts of ASP8374 

and pembrolizumab at a fixed 1:1 ratio. (B) Assay was conducted as in (A), by titration 

of ASP8374 with a fixed dose of pembrolizumab (0.5 μg/mL). (C) Combination activity 

of ASP8374 and pembrolizumab was investigated in a CMV recall assay. PBMCs from 2 

separate donors were treated with increasing amounts of ASP8374 and pembrolizumab at 

2 μg/mL (left panel) or 10 μg/mL (right panel) in the presence of the CMV antigen. TNF-

α levels in the culture supernatant were used as a measure of primary human T cell 

activation. *p < 0.05, **p < 0.01, ***p < 0.001; unpaired Student’s T test comparing 

specific treatment groups to the appropriate IgG4 or pembrolizumab control. 
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Fig. 3-3 In vivo mouse efficacy of anti-TIGIT surrogate antibody in the presence or 

absence of anti-PD-L1 antibodies in the MC38 colon cancer model 

MC38 mouse tumor cells were injected into female C57BL/6 mice (n = 60), randomized 

into treatment groups and treatment was initiated (Day 1) when average tumor volumes 

reached 60 mm3 to 90 mm3. The average tumor volume of 10 mice/group is shown for 

each treatment group (A: monoefficacy; B: combination). All antibodies were 

administered intraperitoneally. Black arrows indicate treatment days. 
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Fig. 3-4 In vivo mouse efficacy of anti-TIGIT surrogate antibody in the presence or 

absence of anti-PD-1 antibodies in the CT26 colon cancer model 

CT26 mouse tumor cells were injected into female BALB/c mice (n = 60) on Day 1. Mice 

were randomized based on body weight and treatments were administered 

intraperitoneally on the same day. The average tumor volume from 10 mice per group is 

shown for each treatment group (A: monoefficacy; B: combination). The black arrows 

indicate treatment days. 
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Control IgG2, 500 μg
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General Discussion 

Cancer is the second leading cause of death worldwide. Until recently, tumor resection, 

radiation and chemotherapy have been the three pillars of cancer treatment. However, a 

fourth pillar, cancer immunotherapy, now exists. This is, in part, due to the fact that it can 

improve overall survival in some patients with previously refractory cancer. CPIs such as 

anti-CTLA4 (ipilimumab) and anti-PD-(L)1 (nivolumab, pembrolizumab, atezolizumab, 

etc.) antibodies, are most promising immunotherapeutic approaches. However, only 20% 

of cancer patients benefit from current CPI therapy and serious side effects are often 

observed [11]. Current challenges in CPI therapy are biomarker discovery to enable 

patient stratification and development of new therapies for CPI-resistant tumors. PD-L1 

expression in the tumor site in anti-PD-(L)1 antibody treatment is the only marker now 

approved for clinical use [13]. Unfortunately, tumor PD-L1 expression is only one step 

towards predicting the efficacy of anti-PD-(L)1 antibodies in cancer patients. This is 

because the PD1/PD-L1 interaction is only one of many factors that determine clinical 

outcome [13]. In biomarker exploration, several groups reported that the peripheral blood 

mMDSC proportion may be a marker for patient stratification [14,15,18,19,48,58–60]. 
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However, mMDSCs have unstable properties and can only be measured by flow 

cytometry with complex multicolor staining, a method that is cumbersome to employ in 

routine clinical laboratory settings.  

To identify simpler and more accurate biomarkers, I correlated the percentage of 

peripheral blood mMDSCs with concentrations of 29 plasma proteins (cytokines, 

chemokines, and growth factors, etc.) and with age, gender, and tumor stage. I used blood 

from CRC patients because the number of CRC patients is larger than that of other cancers 

(including melanoma), blood samples are readily available and high levels of blood 

mMDSC have been reported in patients with this type of cancer [19,62–64].  

My data showed that plasma iNOS and PDGF-BB concentrations correlated with 

peripheral blood mMDSC proportion (Fig. 2-5A). These results are consistent with those 

reporting that mMDSCs produce iNOS that reduces l-arginine level in the TME, resulting 

in the cell cycle arrest of T cells [39,55], and that angiogenic factors, such as PDGF-BB, 

may be involved in the proliferation of MDSCs [56,57]. Therefore, iNOS and PDGF-BB 

may be useful predictive factors of peripheral blood mMDSC proportion. In univariate 

analysis, neither iNOS nor PDGF-BB correlated with the proportion of peripheral blood 
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mMDSCs. This is probably due to the fact that iNOS is produced by immune cells other 

than MDSCs [88], and PDGF-BB is produced by endothelial cells, which also have 

proliferative effects on cells other than MDSCs [89]. This may explain why correlations 

were observed only through multivariate analysis.  

If peripheral blood mMDSC proportion can be predicted from plasma protein 

concentrations by ELISA, this method would supplant flow cytometry analysis because 

plasma samples can be kept frozen and ELISA is simple, rapid, and versatile. To put this 

method to practical use, several steps will be required to improve its accuracy. In addition 

to the iNOS and PDGF-BB correlations I found, other plasma protein levels also may 

correlate with peripheral blood mMDSC proportion. I was not able to perform correlation 

analyses among mMDSC proportion, plasma proteins and CPI efficacy in CRC patients 

with anti-CTLA4 or anti-PD-(L)1 antibody treatment because these antibodies had not 

yet been approved in Japan for CRC patients. I hope to do these analyses in the future. 

Correlation analyses of peripheral mMDSC proportion should be conducted for other 

cancer types such as melanoma, renal cancer and lung cancer. I hope that my research 

findings will eventually lead to establishment of a new test method for patient 
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stratification in current CPI therapy in a wide variety of cancers.  

In addition to identifying biomarkers for patient selection in current CPI therapy, 

novel therapeutic agents that work in patients with tumors that are resistant to current 

CPIs must be developed. Although the mechanism of resistance is complex and not fully 

understood, several possibilities have been reported [27]. One of these is that 

immunosuppressive cells, such as MDSCs and Tregs, are involved in creating an 

immunosuppressive environment in the tumor site. Several groups demonstrated that 

intra-tumor MDSC depletion restores the efficacy of anti-PD-1 antibody in mouse models 

[21,22] and that intra-tumor Treg-depletion or -impairment enhances anti-PD-1 antibody 

responses [23–25].  

TIGIT is a new inhibitory immune checkpoint molecule that is involved in regulation 

of CD4+, CD8+T cells and NK cells via interaction with its ligands, PVR/PVRL2, which 

are expressed on cancer cells, MDSCs and dendritic cells [30]. I confirmed that ASP8374 

bound to human TIGIT, inhibited the binding of TIGIT to PVR/PVRL2, and improved T 

cell function in engineered cells and in primary human T cells in in vitro (Table 3-1, 3-2, 

Fig. 3-1). I also confirmed that ASP8374, in combination with an anti-PD-1 antibody 
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(pembrolizumab), increased T cell activity compared to either agent alone (Fig. 3-2).  

Because ASP8374 has no cross-reactivity with mouse TIGIT, an anti-mouse TIGIT 

surrogate antibody (mSEC1) was generated. To evaluate in vivo anti-tumor activity of 

mSEC1 as a monotherapy and in combination with anti-PD-(L)1 antibodies, two mouse 

colon tumor models, MC38 (anti-PD-(L)1 antibody sensitive model) and CT26 (anti-PD-

(L)1 antibody insensitive model), were tested. mSEC1 as a monotherapy showed anti-

tumor activity in the MC38 model (Fig. 3-3). In the CT26 model, mSEC1 alone did not 

show anti-tumor activity, but in combination of anti-PD-1 antibody, it produced a 

protective effect than either monotherapy, suggesting that TIGIT blockade can increase 

the activity of anti-PD-1 antibody in anti-PD-(L)1 insensitive model (Fig. 3-4). The 

mechanism of combination effect of mSEC1 and anti-PD-1 antibody is unknown. It has 

been reported that CT26 mice have high levels of MDSC [28], which could explain their 

resistance to anti-PD-(L)1 antibody therapies. Several groups have reported that TIGIT 

blockade inhibited the immunosuppressive activity of MDSCs against CD8+T cells and 

NK cells in in vitro [29,30,90]. Suppression of MDSC function by TIGIT blockade thus 

may play a role in the combination effect of mSEC1 and anti-PD-1 antibody.  
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One of the TIGIT ligands, PVR, is widely expressed in a various type of tumors 

including kidney, stomach, and pancreatic cancers [86], suggesting that the TIGIT axis 

may contribute to inhibition of the anti-tumor immune response in patients with many 

types of tumors.  

Although there are concerns about immune-related side effects of blocking 

inhibitory immune checkpoint functions [91], TIGIT is a promising target because, at 

least in TIGIT knockout mice [85,87] and cynomolgus monkeys (data not shown), 

autoimmune effects have been observed. Given the above, ASP8374 has therapeutic 

potential for advanced malignancies, including anti-PD-(L)1 antibody refractory cancers 

with safety.  
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Conclusion 

In summary, I demonstrated that measuring the plasma concentrations of iNOS and 

PDGF-BB may be useful in predicting the proportion of mMDSCs in CRC patients’ 

peripheral blood. My predictive model might contribute to patient stratification in current 

CPI therapy and should guide further research on populations with other malignancies. 

The present study also suggested that ASP8374 may exploit the new pathway and 

improve clinical response with existing immunotherapy such as anti-PD-(L)1 antibodies 

in the clinic. Clinical trials are currently ongoing, investigating TIGIT blockade for the 

treatment of patients with several advanced solid tumors. It is my hope that ASP8374, as 

a monotherapy or in combination with current CPIs, will improve the treatment of patients 

with CPI-resistant tumors. Eventually, I expect that improvements will be made in my 

MDSC prediction approach so that proper patient stratification for ASP8374 treatment 

can be made. 
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