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STRESZCZENIE 

Coraz więcej danych wskazuje, że mechanizmy immunoregulacyjne w złożonym 

mikrośrodowisku nowotworu należą do głównych przeszkód w uzyskaniu skutecznej 

odpowiedzi klinicznej na immunoterapię. Między innymi, jedną z ważniejszych cech 

mikrośrodowiska nowotworu, która zaburza lokalną odpowiedź immunologiczną 

przeciwko komórkom nowotworowym, jest metabolizm aminokwasów, w tym ι-

argininy. Arginaza (ARG) jest enzymem degradującym ι-argininę, która ma znaczenie 

dla prawidłowego funkcjonowania limfocytów T, biorących udział w skutecznej 

przeciwnowotworowej odpowiedzi immunologicznej. W mikrośrodowisku różnych 

typów nowotworów odnotowano wysoką aktywność ARG, a coraz więcej obserwacji 

wskazuje, że koreluje ona z niekorzystnymi wynikami klinicznymi chorych na 

nowotwory. Dlatego też, w ramach tego projektu skupiono się na zbadaniu roli ARG w 

mikrośrodowisku nowotworu oraz na badaniach mechanizmu hamowania ARG w celu 

zmniejszenia immunoregulacyjnych właściwości mikrośrodowiska nowotworu. 

Ekspresję ARG zbadano szczegółowo w mikrośrodowisku mysiego guza płuc na 

różnych etapach progresji nowotworu. W rezultacie ekspresję ARG stwierdzono w 

komórkach szpikowych związanych z nowotworem, głównie w makrofagach. 

Podwyższona ekspresja ARG została powiązana z zaawansowanym stadium 

nowotworu i korelowała z upośledzoną proliferacją in vivo antygenowo specyficznych 

limfocytów T. Dodatkowo, stężenie ι-argininy w osoczu zmniejszało się wraz z 

progresją nowotworu, co sugeruje podwyższoną aktywność ARG. W warunkach in vitro 

zbadano wpływ braku ι-argininy w pożywce oraz wpływ rekombinowanej ARG1 na 

proces namnażania limfocytów T. Deficyt ʟ-argininy spowodował upośledzoną 

proliferację limfocytów T, obniżenie ekspresji cząsteczek CD3ε i CD3ζ oraz zmniejszenie 

produkcji cytokin. Wszystkie zaobserwowane zmiany zostały zniesione pod wpływem 

działania inhibitorów ARG. Do wyjaśnienia immunomodulującego wpływu ARG1 na 

rozwój antygenowo swoistej odpowiedzi immunologicznej wykorzystano myszy 

transgeniczne z niedoborem ARG1. Uzyskane wyniki wskazują, że myszy z niedoborem 

ARG1 rozwijają lepszą odpowiedź immunologiczną i mają wyższy odsetek, a także 

liczbę limfocytów T naciekających guz. Wyniki przeprowadzonych badań ukazują 
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również negatywny wpływ zwiększonej ekspresji ARG1 na wzrost guzów in vivo, 

powodując przyspieszoną progresję mysiego raka płuc i czerniaka. Ponadto in vivo 

zbadano działanie przeciwnowotworowe nowego drobnocząsteczkowego inhibitora 

ARG OAT-1746 w modelu mysiego nowotworu płuc. Aktywność przeciwnowotworową 

OAT-1746 zbadano w monoterapii, jak również w połączeniu z innymi 

immunoterapiami, w tym z inhibitorem punktu kontrolnego anty-PD-1 i agonistą 

stymulatora genów interferonu (STING). Monoterapia z użyciem OAT-1746 znacząco 

zahamowała wzrost nowotworu, jak również wydłużyła przeżycie myszy. Ponadto, 

działanie to zostało spotęgowane w terapii skojarzonej. Ostatecznie zbadano 

mechanizm działania OAT-1746. Uzyskane wyniki sugerują, że OAT-1746 działa poprzez 

modyfikację proporcji określonych subpopulacji limfocytów T w mikrośrodowisku 

nowotworu, zwłaszcza poprzez przekierowanie równowagi w kierunku mniej 

immunosupresyjnego fenotypu limfocytów T. 

Podsumowując, wyniki zawarte w niniejszej pracy doktorskiej wskazują, że 

aktywność ARG1 upośledza odpowiedź limfocytów T, oraz że modulacja właściwości 

mikrośrodowiska nowotworu poprzez hamowanie enzymatycznej aktywności ARG jest 

obiecującym podejściem immunoterapeutycznym, które wzmacnia 

przeciwnowotworową odpowiedź immunologiczną. 
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ABSTRACT 

Accumulating evidence indicates that the immunoregulatory mechanisms in the 

complex tumor microenvironment are among the main obstacles to successful cancer 

immunotherapy. One of the most prominent features of the tumor microenvironment 

that dysregulates the local adaptive immune response against cancer is amino-acid 

metabolism, also that involving ι-arginine. Arginase (ARG) is an enzyme degrading ι-

arginine, which plays a role in the expansion and proper functioning of T-cells to exert 

a successful antitumor immune response. High ARG activity in the tumor 

microenvironment of various types of malignancies has been reported and an 

increasing number of observations indicate that it correlates with poor clinical 

outcomes of cancer patients. Therefore, this project focused on investigating the role 

of ARG in the tumor microenvironment and on studies of ARG inhibition mechanism to 

reduce the immunosuppressive properties of cancer. 

ARG1 expression was studied in detail in the tumor microenvironment of a 

murine lung carcinoma at the different tumor progression stages. As a result, ARG 

expression was found in tumor-associated myeloid cells, mostly macrophages. 

Elevated ARG expression was linked with advanced tumor stage and correlated with 

impaired in vivo proliferation of the antigen-specific T-cells. Additionally, ι-arginine 

plasma concentration decreased with tumor progression, suggesting elevated ARG 

activity. In in vitro settings, the influence of lack of ι-arginine in medium or addition of 

recombinant ARG1 on the process of T-cells expansion was investigated. Depletion of 

ι-arginine caused impaired T-cells proliferation, down-regulation of CD3ε and CD3ζ 

chains expression and reduced cytokines production. The observed negative changes 

were abrogated in the presence of ARG inhibitors. Transgenic mice with ARG1 

deficiency were used to elucidate the immunomodulatory impact of ARG1 on the 

development of antigen-specific immune response. The obtained results indicate that 

mice with knock-out of ARG1 develop an improved immune response and have a 

higher percentage as well as the number of tumor-infiltrating lymphocytes. This study 

also demonstrates the negative effects of ARG1 overexpression on the in vivo tumor 

growth, causing accelerated progression of lung carcinoma and melanoma. Furthermore, 
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the in vivo antitumor efficacy of the novel small-molecule ARG inhibitor OAT-1746 was 

investigated in the murine lung tumor model. Antitumor activity of OAT-1746 was 

studied in monotherapy as well as in combination with other immunotherapies, 

including checkpoint inhibitor anti-PD-1 and stimulator of interferon genes (STING) 

agonist. OAT-1746 treatment as monotherapy significantly inhibited tumor growth as 

well as prolonged the survival of mice and these effects were enhanced in combination 

therapy. Finally, the mechanism of action of OAT-1746 was investigated. The obtained 

results suggest that OAT-1746 acts by changing the proportions of specific T-cell 

populations in the tumor microenvironment, especially by switching the balance 

towards a less immunosuppressive T-cell phenotype. 

Altogether, this study provides the evidence that ARG1 activity impairs T-cell 

response and that modulation of tumor microenvironment properties by targeting 

ARG enzymatic activity is a promising immunotherapeutic approach to enhance the 

antitumor immune response. 
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1. INTRODUCTION 

1.1 Tumor microenvironment 

Tumors are formed in the oncogenesis process that may last even several decades. 

Most often, it is initiated by hereditary or spontaneous mutations induced by chemical, 

biological and/or physical factors. Accumulation of the genetic changes within the 

genes responsible for cell cycle control, such as proto-oncogenes and tumor 

suppression genes, leads to disruption of the balance between apoptosis, 

differentiation, proliferation and cell aging. This usually results in the alteration of 

cellular repair systems and the development of inflammation in the affected tissue. 

Inflammation associated with tumorigenesis leads to the accumulation of immune cells 

within the tumor and surrounding tissues or organ, contributing to their remodeling 

and, consequently, impairing their function [1-3]. 

The tumor microenvironment not only contains tumor cells, but represents a very 

complex structure that consists of many other types of cells, including fibroblasts, 

immune cells, endothelial cells of blood and lymphatic vessels, adipocytes, pericytes as 

well as the extracellular matrix. Together these components constitute the closest 

surrounding of tumor cells and are in dynamic interactions [4]. Cells and vasculature 

are supported by a three-dimensional macromolecular network of an extracellular 

matrix that represents non-cellular components such as collagen, fibronectin, laminin, 

elastin, hyaluronan, among others. The extracellular matrix helps to maintain 

homeostasis that is tightly controlled. On the other hand, it undergoes continuous 

remodeling mediated by several enzymes that degrade the matrix [5]. Cellular 

components of tumor microenvironment distinct from transformed cells are termed 

stromal cells. This group consists of cancer-associated fibroblasts, endothelial cells, 

mesenchymal stem cells and various immune cells [6]. The continuous cross-talk of 

malignant cells with stromal cells and/or with extracellular matrix can lead to the 

acquisition of a changed, unfavorable phenotype by cells in the tumor 

microenvironment that further promotes tumor progression. Cumulatively, the 

properties of the tumor microenvironment contribute to promoting chronic 
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inflammation, angiogenesis, invasion, progression and metastasis as well as determine 

resistance to treatment [7]. 

1.2 Immune cells in the tumor microenvironment 

Apart from the malignant cells, the tumor mass contains a variety of other cells 

belonging to the immune system. There are cells playing a positive role in the host 

protection process, called immune surveillance, in which immune cells may detect and 

eliminate precancerous and malignant cells. These cells include resting and effector T-

cells as well as natural killer (NK) cells with the ability to direct killing of tumor cells and 

dendritic cells relevant for antigen presentation. On the other hand, a characteristic 

feature of the tumor microenvironment is the formation of the immunoregulatory 

properties mediated by a group of immune cells playing an unfavorable role. Among 

immunoregulatory cells contributing to tumor development, the following can be 

distinguished: tumor-associated macrophages (TAMs), myeloid-derived suppressor 

cells (MDSCs), T-cells with the regulatory properties [4, 8]. The division of 

immunostimulatory and immunoregulatory cells in the tumor microenvironment is 

presented in Figure 1.  

 

Figure 1. Role of cells present in the tumor microenvironment in maintaining the balance 

between immunostimulation and immunoregulation/immunosuppression.  
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1.2.1 Immunoregulatory cells 

1.2.1.1 Tumor-associated macrophages (TAMs) 

Macrophages originate in the majority from monocytes that are attracted to the tumor 

niche by tumor-derived chemokines: CCL2, CCL3, CCL4, CCL5, CCL8, CXCL12 and growth 

factors: macrophage colony-stimulating factor (M-CSF) and vascular endothelial 

growth factor (VEGF) [9]. In the tumor microenvironment, especially upon the 

production of cytokines by other cells, macrophages can be further polarized into two 

distinct subsets: M1 and M2.  Currently, this classification is not recommended 

however, the majority of articles describe the function of macrophages in the tumor in 

the context of M1 or M2 subsets based on in vitro polarization [10]. According to the 

literature, M1 type is induced upon interferon γ (IFN-γ) exposure, whereas M2 type is 

favorably generated in the presence of T helper 2 (Th2) cytokines such as interleukin 4 

(IL-4) and IL-10. Generally, macrophages are characterized by high functional and 

phenotypic plasticity. Depending on the signals in the microenvironment, 

macrophages can undergo a smooth transition between M1 and M2 type or 

differentiate into similar forms. Differentiated M1 macrophages represent a pro-

inflammatory phenotype, whereas M2 macrophages are characterized as 

immunoregulatory and contribute to the promotion of tumor growth. TAMs commonly 

represent M2 type and play a protumoral role. Macrophages in the tumor can be 

identified by immunophenotyping based on CD11b and F4/80 markers expression. 

Furthermore, major histocompatibility complex (MHC) class II expression might serve 

as the additional marker for both types, whereas expression of CD206 and 

immunosuppressive enzyme arginase (ARG) is characteristic for M2 phenotype [11, 

12]. It was shown that the increased number of TAMs is associated with advanced 

tumor stage and shorter survival in a variety of human cancers, including glioblastoma, 

pancreatic cancer, lymphoma and breast cancer, among others [13-17]. M2 polarized 

macrophages were shown to express high levels of VEGF and, once injected in tumor-

bearing mice, promoted the development of higher vascular density in the tumor [18]. 

In addition, TAMs can secrete matrix metallopeptidases 1 and 7, which are proteolytic 

enzymes induced in hypoxia responsible for releasing VEGF from the extracellular 
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matrix, accelerating angiogenesis [19]. It was shown that the influx of macrophages 

into healthy tissue is an important step in the formation of a pre-metastatic niche. In 

the lung, macrophages displaying specific phenotype (CD11b+ F4/80+/- CD68+ CX3CR1+) 

are recruited before metastasis is formed [20]. Importantly, TAMs by secretion of 

inhibitory cytokines such as IL-10, transforming growth factor-β (TGF-β) and 

inflammatory mediator prostaglandin-E2 can inhibit antitumor immune response 

mediated by T-cells [21, 22]. Liu and colleagues showed that in a model of murine 

colorectal cancer TAMs recruit regulatory T-cells positive for chemokine receptor 6 

(CCR6) by the production of its sole chemokine ligand 20 (CCL20) [23]. A number of 

unfavorable effects attributed to TAMs arise from the production of 

immunosuppressive enzyme ARG that causes evasion of immune response. 

1.2.1.2 Myeloid-derived suppressor cells (MDSCs) 

Accumulation of not fully differentiated myeloid cells displaying abnormal functions is 

a common feature of cancer. MDSCs are derived from myeloid lineage and represent 

pathologically activated immature stages of monocytes and granulocytes, which reside 

in the tumor microenvironment and promote tumor progression. Furthermore, MDSCs 

can also be found in bone marrow, spleen and peripheral circulation. Similar to TAMs, 

MDSCs are characterized by considerable heterogeneity and high plasticity depending 

on the surrounding differentiating conditions. In a healthy state, MDSCs are present 

only at low numbers because they continuously undergo differentiation to mature 

forms of monocytes and granulocytes. However, in pathological conditions, the 

number of MDSCs increases due to a block of differentiation and cytokine-driven 

proliferation [24, 25]. This accumulation is not only limited to cancer, but also occurs in 

autoimmunity, infectious diseases, aging, obesity, pregnancy and transplantation. 

Although MDSCs are linked with so many circumstances, their role has been the most 

widely studied in the context of cancer [26]. MDSCs rapidly accumulate in the tumors, 

which has been shown in numerous murine cancer models including lymphoma, 

sarcoma, melanoma as well as lung, colon and mammary carcinomas [27]. In cancer 

patients circulating MDSCs were found to be significantly increased in early and late-



26 
 

stage cancer correlating with clinical stage and metastatic disease. For example, 

among patients with various advanced-stage cancers, the highest number and 

percentage of MDSCs were linked with extensive metastatic tumor burden [28]. 

MDSCs exhibit a very potent suppressive activity towards cells of the immune system 

and also play a role in angiogenesis, promotion of tumor cells survival and metastases 

[29, 30]. In mice, MDSCs are defined by the expression of CD11b and GR1 markers on 

their surface. GR1 marker, initially recognized by monoclonal antibodies as a single 

antigen, is now known to be one of the two molecules: Ly6G and Ly6C. Based on Ly6G 

and Ly6C relative expression, MDSCs can be further differentiated into granulocytic 

identified as Ly6Ghigh, Ly6Clow and monocytic expressing Ly6Chigh and Ly6Glow) 

subpopulations [27]. Human cells do not express GR1 molecule, thus MDSCs 

identification is different. Youn et al. evaluated the MDSCs ratio in mouse tumor 

models revealing that granulocytic MDSCs are a dominant subpopulation in the spleen 

of mice with advanced LLC tumors [27]. Several T-cell inhibitory mechanisms employed 

by MDSCs were established. The first is the production of immunosuppressive enzyme 

ARG that actively depletes from microenvironment simple amino acid ι-arginine 

needed for T-cells proliferation [31, 32]. Second is the production of peroxynitrite that 

causes nitration of the T-cell receptor (TCR), altering the binding process of specific 

antigen and thus impairing proper T-cells activation [33]. The third unraveled 

mechanism of MDSCs playing a role in immune evasion is the down-regulation of ι-

selectin (CD62L) on T-cells. ι-selectin is an adhesion molecule important in an 

endothelial attachment that directs the trafficking of naïve lymphocytes to lymph 

nodes where activation takes place and also allows access of the T-cells to the tissue 

inflamed by tumor development [34]. Another identified immunomodulatory process 

of MDSCs is ι-cysteine sequestration that limits the availability of this amino acid for T-

cells expansion process [35]. Moreover, MDSCs impair cytotoxic activity of NK cells 

through decrease in perforin production, which was demonstrated in vivo in tumor-

bearing mice [36]. Special subpopulation of MDSCs expressing M-CSF receptor CD115 

apart from GR1 was shown to induce suppressive FoxP3+ T regulatory cells [37]. Due to 

so many negative faces of MDSCs they emerge as promising target in cancer therapy 
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including their depletion, blockage of expansion or directing efforts towards 

suppressing their inhibitory mechanisms [38]. Accumulating evidence indicates that 

elevated number of MDSCs is linked with poor clinical outcomes of cancer patients and 

hinders the therapeutic efficiency of other immunotherapies such as immune 

checkpoint inhibitors [39, 40]. 

1.2.1.3 Regulatory T-cells 

Regulatory T-cells belong to CD4+ subpopulation of T lymphocytes and are further 

characterized by the specific phenotype of nuclear transcription factor FoxP3 and 

surface CD25 expression. Notably, CD25 molecule constitutes the α chain of a 

functional receptor for IL-2 with high affinity. Regulatory T-cells have been associated 

with cancer-related immunosuppression created by a plethora of mechanisms 

targeting both cellular and humoral activity. One of the key inhibitory activity is 

competition with conventional T-cells for IL-2 consumption via its surface receptor. 

This cytokine is crucial for the appropriate expansion of all T-cells therefore, with its 

limited amount effector T-cells responsiveness is impaired. The well-known action of 

regulatory T-cells is the production of cytokines such as IL-10, IL-35 and TGF-β that 

have immunosuppressive activity towards other cells of the immune system including 

B cells, NK cells and T-cells (naïve, effector, memory) [41, 42]. Besides, regulatory T-

cells express the cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) that transmits 

inhibitory signaling. Through binding of CTLA-4 with CD80 and CD86, co-stimulatory 

molecules found on antigen-presenting cells (APCs) such as dendritic cells, it impairs 

their potential in stimulating the T-cells following antigen encounter [43]. Another 

immunosuppressive mechanism of regulatory T-cells results from the conversion of 

adenosine triphosphate via ectonucleotidases CD39 and CD73 into adenosine, which is 

an immunosuppressive metabolite towards T-cells, especially in hypoxic conditions of 

tumor-affected tissue [44]. Higher frequency of regulatory T-cells in the tumor 

microenvironment is linked with worse prognosis in several types of cancer including 

hepatocellular carcinoma and non-small cell lung carcinoma (NSCLC) [45]. However, 

there is one exception – it is colorectal cancer, where regulatory T-cells play a 
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beneficial role [46]. Considering a variety of adverse mechanisms promoting tumor 

development, regulatory T-cells represent an appealing target in cancer 

immunotherapy that is under intensive investigation [47, 48].  

1.2.2 Immune cells playing a positive role in the tumor microenvironment 

1.2.2.1 Tumor-infiltrating lymphocytes (TILs) 

T lymphocytes can be the most simply divided into CD4+ Th cells and CD8+ cytotoxic T-

cells. Further CD4+ T-cells can be divided into functional subsets: Th1 and Th2, 

characterized by contrasting differentiation cytokines and production of a specific 

repertoire of cytokines playing a distinct role in immunity. T-cells presence in the 

tumor microenvironment is considered a positive prognostic factor for cancer patients, 

especially considering CD8+ T-cells subpopulation. However, CD4+ FoxP3+ CD25+ 

regulatory T-cells are also included to the T-cells that infiltrate the tumor, and as 

mentioned above their role is rather unfavorable as contrary to other T-cells 

subpopulations [49]. Recent studies based on meta-analysis revealed that not only the 

presence but also TILs histological location such as tumor center or invasive margin is 

relevant for prognosis [50]. CD8+ T-cells play an essential role in the elimination of 

cancer cells through their direct cytotoxic activity [51]. Tumor-induced dysfunction of 

tumor-infiltrating CD8+ T-cells was described in lung cancer patients. It was shown that 

the lung tumor microenvironment sensitizes these cells to activation-induced cell 

death, which may be further linked with the poor clinical effects observed in 

immunotherapeutic trials [52]. The role of CD4+ T-cells is more complex. Th1 type 

lymphocytes are able to limit tumor progression by secreting cytokines with anti-

cancer properties such as tumor necrosis factor α (TNF-α) and IFN-γ. Furthermore, IFN-

γ secreted by Th1 T-cells activates the M1 type of macrophages, playing a beneficial 

pro-inflammatory role in the tumor microenvironment. In contrast, Th2 T-cells by 

secreting cytokines such as IL-4 and IL-10 activate M2 type of macrophages, the 

presence of which promotes tumor progression [53]. The evaluation of TILs is utilized 

to calculate the so-called immunoscore – cancer classification system based on the 

immunohistochemistry method assessing densities of CD3+ and CD8+ T-cells at the 



29 
 

tumor site and in the invasive margin. It was proposed for the estimation of recurrence 

risk in colon cancer patients [54, 55].  

1.2.2.2 Natural killer (NK) cells 

NK cells are cells of the innate immune system that are able to eliminate cells infected 

with viruses and those that express surface markers related to oncogenic 

transformation. The signal for the elimination of aberrant cells is also triggered by a 

lack of MHC class I expression on the target cells. NK cells share some common 

features with cytotoxic T-cells, however here, detection of a target cell does not solely 

depend on specific antigen recognition. NK cells can kill target cells (cancerous or virus-

infected cells) directly, in a mechanism also known as natural cytotoxicity. The process 

is mediated by stimulation of activating and/or inhibitory receptors present on the 

surface of NK cells. The predominance of activating signals or a deficit of inhibitory 

signals within the immune synapse leads to the activation of NK cells and the release 

of the content of lytic granules containing perforin, granzymes, granulizine and TIA-1 

protein. With the predominance of inhibitory signals, no activation of the cytotoxic 

reaction in NK cells occurs [56, 57]. NK cells participate in the control of tumor 

progression by directly interacting with cancer cells or indirectly by affecting other cells 

of the immune system. The lysis of a transformed cell generates cell debris that can be 

further engulfed by APCs such as dendritic cells and macrophages. Loss of MHC class I 

molecules from the surface is a very common feature of mouse and human tumor 

cells. It consequently leads to decreased antigen presentation and avoiding the 

detection by the T-cells, which require this interaction to become activated [58]. In 

mice with impaired NK cell activity, tumor growth was accelerated and more 

metastases were observed [59]. Similar observations apply to mice treated with an 

antibody that targets NK cells causing their depletion [60]. Moreover, NK cells isolated 

from cancer patients exhibit decreased activity [61]. Also, the incidence of familiar 

cancer was found to be associated with reduced cytotoxicity of NK cells [62]. 

Numerous studies revealed that impaired activity of NK cells in cancer patients is 

related to alterations of expression of activating receptors such as NKp30, NKp46, 
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NKG2D that are relevant for natural cytotoxicity [63, 64]. Several strategies based on 

the antitumor properties of NK cells are currently in preclinical and clinical 

development aiming to fight a variety of cancer types, but predominantly 

hematological malignancies. The therapies encompass adoptive NK cell transfer 

expanded on the large scale such as autologous and allogeneic NK cells as well as 

human NK cell lines and recently widely studied NK cells with genetically engineered 

and modified in laboratory chimeric antigen receptor (CAR) targeting specific receptor. 

Other therapies include agonists of NK cell activating receptors and modulation of 

microenvironment towards properties favoring the NK cells activity such as increasing 

the concentration of IL-15 that enhances NK cells proliferation [65, 66]. 

1.2.2.3 Dendritic cells  

Dendritic cells have unique properties to professionally present antigens and therefore 

play a key role in the induction of adaptive immune response against developing 

tumor. Dendritic cells can uptake, intracellularly process antigens associated with 

cancer cells and then present peptides in the context of MHC class II molecules to the 

CD4+ T-cells. As a result, a cellular antitumor response is activated, as well as the 

production of antibodies by B-cells, leading to the destruction of cancer cells [67]. 

Furthermore, in a process termed cross-presentation dendritic cells can present 

exogenous antigens derived from solid tumors via MHC class I molecules to naïve 

cytotoxic T-cells. Subsequently, CD8+ cytotoxic T-cells recognize and attack cancer cells 

that have on their surface antigens already presented by dendritic cells [68]. Based on 

the enormous potential of dendritic cells in the elicitation of antitumor T-cell mediated 

immune responses, these APCs have been used as active cellular immunotherapy after 

ex vivo expansion on a large scale. The procedures of dendritic cell-based vaccines 

involve the isolation of CD34+ precursors or CD14+ monocytes from the peripheral 

blood of cancer patient, laboratory differentiation into dendritic cells by treatment 

with IL-4 and granulocyte-macrophage colony-stimulating factor (GM-CSF), loading the 

dendritic cells with tumor-specific antigens and infusion of expanded cells to the 

patient circulation. It is expected that administrated dendritic cells will migrate to the 
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secondary lymphoid organs such as tumor-draining lymph nodes to induce the specific 

response against cancer [69, 70]. So far, vaccines utilizing dendritic cells have been 

investigated in many cancer-related clinical trials evaluating patients with prostate 

cancer, breast cancer, melanoma, renal cancer, ovarian cancer, myeloma and 

gastrointestinal cancer [71, 72]. Results of prolonged overall survival in 2010 have led 

to Food and Drug Administration (FDA) approval for clinical use of autologous dendritic 

cells based vaccine named sipuleucel-T for treatment of metastatic prostate cancer 

that is castration-resistant [73]. Generally, dendritic cells based immunotherapy has 

shown favorable safety profiles and such treatment induced antitumor immune 

responses in some treated patients. However, in some patients, the clinical response is 

limited and not satisfying. Among the factors influencing this inefficiency is reduced 

expression of tumor-associated antigens (TAAs) by malignant cells [74]. Furthermore, a 

study using murine tumor indicated that proinflammatory cytokine IL-6 induces ARG 

expression in dendritic cells that causes subsequent downregulation of MHC class II 

molecules leading to CD4+ T-cells dysfunction [75]. The presence of dendritic cells in 

the tumor niche plays a positive role by generating antitumor immunity. However, a 

subpopulation of tumor-associated regulatory dendritic cells that exhibits defective 

function and possess immunosuppressive properties has also been described [76, 77]. 

1.3 ι-arginine 

In healthy adults, ι-arginine is considered as non-essential amino acids. However, it is 

regarded as conditionally-essential or semi-essential amino acids for adults with 

pathological conditions such as inflammation, trauma and cancer, since its synthesis 

might be insufficient. On the other hand, for preterm infants and young children it is 

classified as an essential amino acid [78]. ι-arginine is involved in a number of crucial 

nutritional and physiological processes in the human body. First, it participates in 

nitrogen metabolism as a part of the hepatic urea cycle that aims to convert toxic 

ammonia to urea that can be excreted with the urine. Enzymes participating in the 

hepatic urea cycle are shown in Figure 2. Second, it is required for the synthesis of 

creatinine, which supports tissues with high energy demands, such as muscles and the 
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brain. Third, it constitutes the precursor for the synthesis of a variety of relevant 

signaling molecules such as glutamate, agmatine and notably nitric oxide that play a 

particular role in host-defense and vasodilatory mechanisms. Forth, it serves as a 

simple amino acid for protein synthesis, necessary for all dividing cells. Importantly, it 

is required for the proliferative ability of both transformed cells as well as cells of the 

immune system. Thus, ι-arginine is necessary for the proper expansion of T-cells that 

trigger antitumor immune response [79, 80]. Depending on the health and nutritional 

status of the individual, normal plasma concentration varies between 50 to 250 μM 

[81]. More detailed studies counting age and sex of the individual revealed that the 

usual range is 72.4 ± 6.7 μM, 81.6 ± 7.3 μM, 88.0 ± 7.8 μM and 113.7 ± 19.8 μM for 

young women, young men, elderly women and elderly men, respectively [82]. In 

contrast to plasma ι-arginine concentrations, its intracellular concentration is many 

times higher and range from 1 to 2 mM [83]. Transport of extracellular ι-arginine to 

the intracellular compartments is enabled via several membrane transporters. The 

main group of transporters that uptake the majority of ι-arginine consists of cationic 

amino acid transporters (CATs) including CAT-1, CAT-2A, CAT-2B, CAT-3, also termed as 

SLC7A1-3 [84]. In myeloid cells, transport of ι-arginine occurs predominantly by CAT-2, 

whereas in T-cells is mediated by CAT-1. [85, 86] MDSCs in the tumor that are 

characterized by upregulated ARG activity uptake the extracellular ι-arginine through 

CAT-2B [87, 88]. 
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Figure 2. Enzymes participating in the hepatic urea cycle.  

1.4 ι-arginine metabolism  

In the human body, the majority of ι-arginine can be synthesized by two distinct 

pathways named intestinal-renal axis and ι-citrulline-nitric oxide (NO) cycle. The first 

pathway allows maintaining the systemic homeostasis of extracellular ι-arginine. The 

intestinal-renal axis pathway begins within intestinal enterocytes, where the amino 

acids coming from dietary intake (such as glutamine, proline and glutamate) are 

converted into ι-citrulline, that is next transferred to the hepatic portal circulation. 

From there, it circulates to the systemic circulation to finally reach the kidneys, where 

it is converted to the ι-arginine and released back to circulation. This conversion is 

possible due to the expression of two pivotal enzymes of the cytosolic urea cycle: 

argininosuccinate synthase 1 (ASS-1) and argininosuccinate lyase (ASL) [89]. The 

second pathway termed as ι-citrulline-NO cycle occurs in the immune cells and 

manages the intracellular pool of ι-arginine. It evolved to maintain the constant 

production of NO that is involved in host defense against different pathogens such as 
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bacteria, parasites and fungi [90]. In this cycle ι-arginine is again synthesized from 

citrulline in a two-step reaction by ASS and ASL enzymes via the intermediate ι-

argininosuccinate, to be next converted into NO by the inducible nitric oxide synthase 

(iNOS). Apart from the NO, the by-product of the iNOS enzymatic reaction is again 

citrulline that closes the cycle [91]. It is worth mentioning that iNOS belongs to a family 

of enzymes existing in three different isoforms that differ in tissue and cellular 

distribution. iNOS, also known as NOS2, has the highest enzymatic activity and is the 

most prevalent type in immune cells, including various types of myeloid cells such as 

macrophages and MDSCs. Besides, NOS1 is found in neuronal tissue, whereas NOS3 is 

located in endothelial cells [92]. Aside from immune cells, intracellular ι-arginine can 

be synthesized in most types of cells via the urea cycle enzymes. An additional ι-

arginine pool might come from the degradation of intracellular proteins. In mammalian 

cells, ι-arginine can be further metabolized by four distinct enzymes: ARG, NOS, ι-

arginine:glycine amidinotransferase (AGAT), and ι-arginine decarboxylase (ADC) [93]. ι-

arginine catabolizing enzymes and their metabolic products are presented in Figure 3. 

The reaction catalyzed by ARG produces ι-ornithine and urea, mediated by NOS 

generates ι-citrulline and NO. L-Ornithine constitutes the precursor for proline, which 

is mandatory for collagen production. Enzymatic conversion by AGAT incorporates 

glycine and creates ι-ornithine and guanidinoacetate that further leads to the synthesis 

of creatinine. ADC catalyzed reaction generates agmatine - a precursor for the 

biosynthesis of polyamines that are necessary to sustain the rapid turnover of the 

proliferating cells [89, 94]. Additionally, some bacteria including mycoplasma express 

another enzyme able to convert the ι-arginine:  arginine deiminase (ADI), that 

generates L-citrulline and ammonia [95].  
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Figure 3. ι-arginine catabolizing enzymes and their metabolic products. ADC - 

arginine decarboxylase; NOS - nitric oxide synthase; AGAT - arginine:glycine 

amidinotransferase; ARG – arginase;  ADI - arginine deiminase, NO – nitric oxide 

Degradation of ι-arginine by ARG and iNOS enzymes play an essential role in immune 

cells. Since both enzymes share the same substrate, their activity needs to be 

balanced. Higher activity of ARG negatively regulates iNOS enzymatic activity by 

limiting the availability of ι-arginine. The kinetic profile of each enzyme needs to be 

considered once the expression is triggered at the same rate. iNOS has a much higher 

affinity for the substrate but catalyzes the reaction much slower. Consequently, ι-

arginine can be depleted approximately at the same rate by both enzymes. ARG 

functions as a regulator of NO production via regulation of ι-arginine supply, and 

therefore it affects the production of reactive oxygen and nitrogen species [96]. The 

expression of both enzymes is also controlled by immune mediators – cytokines 

produced by Th lymphocytes. Th1 cytokines, such as IFN-γ and TNF-α, induce iNOS but 

inhibit ARG1, whereas Th2 cytokines, such as IL-4, IL-10 and IL-13, have the opposite 

effect [97, 98]. The influence of Th1 and Th2 cytokines on ι-arginine metabolism is 

presented in Figure 4. Coordinated expression of all ι-arginine degrading enzymes 

plays a crucial role in maintaining the homeostasis and physiological functions of the 

cells within the body. 
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Figure 4. The influence of Th1 and Th2 cytokines on ι-arginine metabolism. ARG1 - arginase-1; 

IFN-γ - interferon gamma; IL - interleukin; iNOS - inducible nitric oxide synthase; NO - nitric 

oxide, RNOS - reactive nitrogen-oxide species; ROS - reactive oxygen species; TNF-α - tumor 

necrosis factor alpha 

1.5 Role of the ι-arginine in the tumor microenvironment 

In recent years it has been increasingly recognized that obstacles to successful 

immunotherapy result from the fact of existing immunosuppression mechanisms in 

the complex microenvironment of the tumor. Among others, one of the most 

prominent features of the tumor microenvironment that dysregulates the local 

adaptive immune response against cancer is amino-acid metabolism, most notably 

that involving ι-arginine and ʟ-tryptophan [99]. In the ι-arginine depleted conditions, T-

cells residing at the neoplastic site commence metabolic competition with the tumor 

cells and other cells in the surrounding microenvironment for the nutrient needed to 

sustain the rapid cells proliferation. ι-arginine deficiency inhibits T-cells proliferation 

but is not associated with an elevated incidence of apoptosis. Moreover, the lack of ι-

arginine also downregulates the expression of TCR-associated CD3ζ chain, a pivotal 

intracellular signal-transduction element of the TCR complex that is required to 

transmit the activation signals upon T-cell stimulation [100-102]. It is a clinically 

relevant mechanism observed in cancer patients – down-regulation of CD3ζ chain was 



37 
 

noticed in both CD4+ and CD8+ T-cells isolated from the tumor area as well as from the 

peripheral blood. Correlation analysis suggested that low or absent expression of the 

CD3ζ chain might be a reliable predictive factor for an unfavorable prognosis in cancer 

patients [103, 104]. T-cells cultured without ι-arginine are able to become activated, 

which was noticed by upregulation of the activation markers expression such as CD25 

and CD69 [105]. Therefore, it was concluded that ι-arginine starvation must act on 

later stages than T-cells activation. Lack of ι-arginine halts the T-cell cycle progression 

by arresting the cells in the G0-G1 phase. The underlying mechanism indicates the 

inability to upregulate cyclin D3 and mRNA of cyclin-dependent kinase 4 that are 

necessary to pass through G1 phase and progression into the subsequent S phase of 

the cell cycle [106]. Another proposed mechanism for the lymphocyte cell-cycle arrest 

includes signaling through general control non-depressible 2 (GCN2) kinase. Amino 

acid starvation causes activation of GCN2 kinase and subsequent phosphorylation of 

eukaryotic translation initiation factor (EIF2α) that inhibits protein synthesis [107]. 

Halting the proliferation of cytotoxic lymphocytes might result in much less efficient 

elimination of cancerous cells, thereby promoting tumor growth. Furthermore, it was 

shown that T-cells deprived of ι-arginine in culture medium produce lower amounts of 

IFN-γ that is a key mediator of an inflammatory and antitumor immune response [105]. 

IFN-γ-mediated mechanisms are responsible for the inhibition of cancer cells 

proliferation therefore, its reduced amounts result in weakened reactions against 

tumor [108]. In addition, T-cells with high ι-arginine concentration display better 

antitumor activity and enhanced survival [109]. 

1.6 Arginase (ARG) 

 ARGs constitute a highly conserved family of enzymes that hydrolyze the biochemical 

conversion of ι-arginine into ι-ornithine and urea. Two ARG isoenzymes can be 

distinguished: ARG1 and ARG2 that differ in structure, regulation and subcellular 

localization. ARG1 is localized in the cytoplasm of the cells, whereas ARG2 is a 

mitochondrial protein. Each of the isoforms is encoded by a separate gene located on 

distinct chromosomes. Still, they share more than 50% of amino acid residues, 
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including 100% homology in areas crucial for enzymatic activity. Therefore both 

enzymes catalyze the same biochemical reaction [110, 111]. Human ARG1 was cloned 

as the first isoenzyme in 1986, whereas human ARG2 was cloned 10 years later. 

Human ARG1 is 36 kDa protein built from 322 amino acids, while human ARG2 is 

approximately 38 kDa protein constructed from 354 amino acids [112, 113]. The 

chromosomal location of genes was mapped to chromosome 6 (q23) and 14 (q24.1-

24.3) for ARG1 and ARG2, respectively [114, 115].  ARG1 is mainly expressed in the 

liver, where it participates in the detoxification of ammonia as one of the key enzymes 

of the urea cycle. The enzymes of the urea cycle are distributed between mitochondria 

and cytoplasm, however ARG1 acts as a cytosolic protein. Besides, ARG1 isoform is also 

present in red blood cells and some populations of immune cells such as macrophages, 

granulocytes and MDSCs. Expression of ARG2 is found in a variety of peripheral tissues 

across the human body. However, the most remarkable expression is found in kidneys. 

In addition, also brain, prostate, retina, small intestine and lactating mammary gland 

were established as ARG2 expressing tissues [79, 116]. Based on ARGs crystal 

structures evaluated in high-resolution, it was established that enzymes have a 

trimeric structure with identical subunits. The enzyme active site is located at the 

bottom of a cleft containing two manganese ions bridged by oxygens [117]. 

1.7 Role of the ARG in the tumor microenvironment 

In the tumor microenvironment, ι-arginine deprivation by high ARG activity belongs to 

fundamental mechanisms of tumor escape from T-cells governed antitumor responses 

[118]. A high level of either ARG1 or ARG2 has been found in the blood of patients with 

hematologic malignancies such as acute myeloid leukemia [119] as well as in the tumor 

microenvironment of solid tumors including lung cancer [120], ovarian carcinoma 

[121], neuroblastoma [122], pancreatic cancer [123], breast cancer [124], renal 

carcinoma [125], hepatocellular carcinoma [126, 127], skin cancer [128], cervical 

cancer [129], colorectal cancer [130, 131], esophageal cancer [132], thyroid carcinoma 

[133] and head and neck cancer [134] among others. What becomes clinically relevant, 

upregulated ARG expression has been associated with poor clinical outcomes of 

patients with some type of cancers mentioned above [119, 121, 122, 125, 129, 130, 
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134]. In the tumor microenvironment and secondary lymphoid organs, the production 

of ARGs is mainly attributed to MDSCs and TAMs. Transport of the extracellular ι-

arginine to the intracellular compartments is enabled by CATs. Thus, these integral 

membrane pumps found also on MDSCs and TAMs in tumor microenvironment deliver 

the substrate for degradation by ARG, contributing to reduced levels of environmental 

ι-arginine needed for T-cell functioning [135]. Mechanisms of MDSC-dependent 

suppression of T-cell function via ι-arginine metabolism is presented in Figure 5.  

 

Figure 5. Mechanisms of MDSC-dependent suppression of T-cell function with a focus on ι-

arginine metabolism. High ARG activity and subsequent ι-arginine downregulation in the tumor 

microenvironment result in proliferation arrest through GCN2 signaling and loss of CD3𝜁 chain 

of TCR. Tumor-associated MDSCs release oxidizing molecules, such as peroxynitrite (ONOO−) 

that cause nitration of components of the TCR signaling complex. iNOS produces NO that 

nitrosylates cysteine residues, which further interfere with IL-2R signaling pathway. All of these 

mechanisms influence the intracellular signaling pathways that control T-cell proliferation after 

antigen stimulation. ARG -arginase; CAT2 - cationic amino acid transporter 2 (ι-arginine 
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transporter); EIF2α - eukaryotic translation initiation factor 2α; GCN2 - general control non-

depressible 2 kinase; IL - interleukin; IL-2R - IL-2 receptor; iNOS - inducible nitric oxide synthase; 

MDSCs - myeloid-derived suppressor cells; NO - nitric oxide; RNOS - reactive nitrogen-oxide 

species; TCR -  T-cell receptor 

In vivo depletion of ι-arginine via administration of ARG1 leads to the enhanced tumor 

growth that correlates with higher MDSCs numbers and block of T-cells response 

[136]. In another report, supplementation with ARG1 substrate (ι-arginine) partially 

inhibited the growth of breast cancer and prolonged survival of mice, which was 

associated with enhanced adaptive immunity and reduction of MDSCs [137]. The 

effects of ARG expression on polyclonal activation or cytokines secretion by T-cells 

have been documented, indicating that ARG negatively influences proliferation and 

production of T-cells secreted mediators [138, 139]. Furthermore, one report aimed at 

testing the influence of low ι-arginine concentration in the culture medium on antigen-

specific cytotoxic T lymphocytes response. Interestingly, researchers found that the 

percentage of target cells lysis was slightly but insignificantly inhibited, however 

granzyme B levels and IFN-γ secretion were severely reduced [140]. It is known that 

the high enzymatic activity of ARG results in functional T-cells hyporesponsiveness due 

to ι-arginine depletion [141]. Therefore, all the mechanisms described above in the 

chapter ’Role of the ι-arginine in tumor microenvironment’  that are switched on in the 

low ι-arginine concentration will also apply to elevated ARG expression. Apart from 

inside tumor and immune cells, an enzymatically active form of ARG1 can also be 

released in extracellular vesicles by some tumor cells such as ovarian carcinoma [121]. 

Also, MDSCs were shown to be able to secrete ARG1-containing exosomes that are 

nanometer-sized extracellular vesicles [142]. Importantly, ARG1 encapsulated by the 

lipid membrane of extracellular vesicles remains stable and can be transported on far 

distances from the local tumor site, for instance to the draining lymph nodes where it 

might further inhibit T-cell mediated responses [121]. This mechanism of distant 

immunosuppression utilizing extracellular vesicles is presented graphically in figure 6. 

As contrary to a vesicle-bound enzyme, locally secreted free form of ARG is much more 

unstable due to the short half time in circulation, which is approximately 30 min [143].  
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Figure 6. Suppression of T-cell mediated antitumor immune response by extracellular vesicles 

containing ARG1. Adapted from [144]. 

1.8 ι-arginine depletion therapy in ι-arginine auxotrophic tumors 

ι-arginine is a critical amino acid within the tumor niche since its availability 

determines the proliferation ability of both immune and tumor cells. Therefore, it can 

be regarded as an immuno-nutrient and onco-nutrient as well. In terms of therapeutic 

approaches, both strategies undergo intensive experimental research [89]. Next to the 

inhibition strategy of ARGs in order to increase the availability of ι-arginine for T-cells, 

opposite therapy regards inhibition of tumor growth by ι-arginine deprivation. This 

therapeutic approach can be achieved by employing the engineered human 

recombinant enzymes that catabolize the ι-arginine. To the most popular enzymes 

belong human ARG and ADI that are currently being tested in multiple clinical trials 

[145, 146].  Based on basic research, it is known that bare ι-arginine degrading 

enzymes are very unstable and degrade within hours due to short half-time [143]. 

Therefore, a lot of effort was put into the enhancement of the enzyme stability and the 

most durable conditions were achieved by pegylation technology. The pegylated form 

of the enzyme is mainly obtained by attachment of polyethylene glycol (pegylation 

process) that enhances the bioavailability and reduces immunogenicity of the enzyme 

[147, 148]. It is important that this strategy does not apply to all the tumor types but is 
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relevant only in ι-arginine auxotrophic tumors that are reliant on extracellular ι-

arginine supply, as a result of downregulation of ASS-1 or ornithine transcarbamylase 

(OTC) - key enzymes necessary for the intracellular ι-arginine recycling and synthesis. 

This translates into lack to ability of auxotrophic tumor cells for generation of own ι-

arginine needed to sustain the intensive process of dysregulated cells proliferation. 

Consequently tumor cells are left as dependent on uptake of the extracellular amino 

acid found in the nearest microenvironment [149, 150]. The examples of ι-arginine 

auxotrophic tumors associated with loss of ASS-1 include: hepatocellular carcinoma, 

malignant melanoma mesothelioma, renal and prostate cancers [151]. The pegylated 

form of ARG, denominated as ADI-PEG20, has shown positive outcomes concerning 

the treatment of malignant melanomas and hepatocellular carcinoma. Therefore, it 

was approved many years ago, in 1999 by the FDA for a group of these oncologic 

patients [152]. Furthermore, intensive clinical trials evaluating the antineoplastic 

activity of a pegylated form of human recombinant ARG named BCT-100 are 

underway. So far, it has shown promising anticancer results in various malignancies 

including melanoma [153], hepatocellular carcinoma [154], leukemia [155, 156], small 

cell lung cancer [157] and malignant pleural mesothelioma [158]. ι-arginine degrading 

enzymes in the treatment of ι-arginine auxotrophic tumors are presented in Figure 7. 

The main mechanism by which pegylated ARG exerts the antitumor effect is the 

induction of apoptosis of cancer cells [159, 160]. Once non-malignant cells are 

deprived of ι-arginine, it leads to quiescence due to the arrest in the cell cycle at G0 – 

G1 phase. On the other hand, when malignant cells are exposed to lack of ι-arginine it 

does not necessarily stop the cell cycle but triggers dysregulated growth finally 

resulting in activation of apoptotic pathways [161]. Moreover, ι-arginine is not the only 

amino acid considered for tumor depletion strategy. High nutrients demands to satisfy 

the elevated energy requirements together with altered metabolism in tumor cells 

leads to development of auxotrophy for different nutrients [162]. Interests were also 

put into starvation of tumor cells deprived of ι-methionine, ι-glutamine among others 

[163, 164]. Promising results of clinical trials with pegylated form of ι-asparaginase 

lead to the first approval of such modified enzyme for cancer treatment. Escherichia 
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coli-derived L-asparaginase is indicated for treatment of paediatric and adult patients 

with acute lymphoblastic leukaemia [165].  

Figure 7. ι-arginine degrading enzymes in the treatment of ι-arginine auxotrophic tumors. ADI - 

arginine deiminase; ASL - argininosuccinate lyase; ASS - argininosuccinate synthase; ARG – 

arginase; CAT - cationic amino acid transporter; OTC - ornithine transcarbamylase; PEG - 

polyethylene glycol; 

To sum up, targeting ι-arginine in tumors lacking ASS-1 in most cases results in an anti-

proliferative effect on auxotrophic tumors [143]. However, the drawback of this 

approach is that due to ι-arginine depletion it can render the immune system tumor-

unresponsive. Therefore, a thin line can be drawn between the demand for ι-arginine 

by malignant and immune cells. As it is tumor-type dependent, thorough studies are 

needed to decide which of the above strategies would be the most effective in a 

specific tumor type. Indeed, one should be very careful in designing the therapies 

aiming at modulating the ι-arginine level and always remember about its dual role in 

the tumor microenvironment.  
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1.9 Immune checkpoints 

Cancer cells utilize many mechanisms to escape from immune system surveillance. 

One of them is the alteration in expression and signaling of checkpoint molecules 

present on the major players of the immune system: T-cells. T-cells govern robust 

activity against cancer cells being able to eradicate transformed cells. On the other 

hand, the functionality of T-cells might be impaired by the engagement of immune 

checkpoint molecules such as PD-1 and CTLA-4 with their inhibiting ligands [166]. It is 

worth mentioning that in 2018 Tasuku Honjo and James P. Allison were awarded 

jointly with the Nobel Prize in Physiology or Medicine “for their discovery of cancer 

therapy by inhibition of negative immune regulation.” On the way of his research 

career, Japanese immunologist Tasuku Honjo discovered a PD-1 protein on immune 

cells. In parallel, American immunologist James P. Allison studied the interaction of an 

already known protein CTLA-4. They both realized that these molecules function as the 

brakes of the immune system. Subsequently, they implemented the idea of blocking 

these T-cells brake molecules with antibodies that ultimately allowed to unleash the T-

cells activity, giving spectacular results in animal studies. Later, pharmaceutical 

companies further developed this breakthrough into life-saving anticancer 

immunotherapy being applied in several types of cancer [167].  

1.9.1 Programmed death protein 1 (PD-1) 

PD-1 is an immunoglobulin superfamily protein found at a large quantity on the 

surface of the activated T-cell membrane that negatively regulates the T-cell function. 

The cytoplasmic part of PD-1 chain contains an immunoreceptor tyrosine-based 

inhibitory motif and an immunoreceptor tyrosine-based switch motif that transmit the 

inhibitory signal. The latter seems to be more decisive for mediating the suppression of 

lymphocyte activation [168]. First, PD-1 was identified as a protein that is up-regulated 

on the apoptotic T-cells, whereas later, it was assigned as the marker of exhausted T-

cells [169]. PD-1 ligands belong to the B7-family and are represented by PD-L1 (B7-H1) 

and PD-L2 (B7-DC) molecules, which can be found on the tumor cell as well as on other 

cells present in the tumor microenvironment. PD-L1 is expressed constitutively, but at 
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low levels, however upon IFN-γ stimulation, its expression is induced in nearly all 

tissues. The expression of PD-L1 is characteristic for macrophages, among others. 

Particularly classically activated macrophages (representing M1 type) can significantly 

upregulate PD-L1 upon induction by Th1 cells [170]. Aside from tumor cells, PD-L2 is 

expressed on APCs such as dendritic cells and macrophages. It was shown that 

alternatively activated macrophages (representing M2 type) induced by IL-4 markedly 

upregulate PD-L2. PD-L2 has a 4-fold higher affinity for PD-1 than PD-L1 but is generally 

expressed at lower levels [171]. Interaction between PD-1 and their ligands negatively 

modulates the T-cell proliferation, production of cytokines as well as their cytotoxic 

activity [172]. Regarding autoimmune diseases, where the immune system is 

abnormally activated, this inhibitory process is of great importance in controlling the 

excessive reactions. In fact, mice deficient in PD-1 are prone to develop autoimmune 

disorders, indicating a peripheral tolerance defect [173, 174].  However in the context 

of cancer this mechanism leads to unfavorable effects especially by inhibiting T-cells 

present in the tumor microenvironment. In such circumstances the more activated T-

cells the better response against developing tumor. It was shown that TILs have 

upregulated expression of PD-1 and PD-L1 in contrast to peripheral T-cells [175, 176]. 

In general, elevated expression of PD-1 or its ligands is linked with poor prognosis for 

cancer patients [177, 178]. Moreover, the prognostic value of a soluble PD-L1 was 

evaluated in unresectable pancreatic cancer, indicating that patients with low levels 

show better overall survival [179]. Furthermore, in a cohort of patients with 

esophageal cancers, cases with PD-L2 expression showed unfavorable survival 

prognosis compared to cases that were negative for PD-L2 [180]. It was also found that 

tumor-infiltrating T regulatory cells can upregulate PD-1 and play a role in suppressing 

the proliferation of CD8+ T-cell through PD-1 and PD-L1 interactions [181]. Apart from 

PD-1, PD-L1 is also able to bind to costimulatory molecule CD80 expressed on T-cells, 

thus delivering another blocking signal [182].  
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1.9.2 Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) 

CTLA-4 represents another key inhibitory molecule present on the T-cells. It transmits 

the negative signal to the interior of cells.  It is constitutively expressed by T regulatory 

cells, but upon activation, it is upregulated by other subsets of T-cells, especially by 

CD4+ T-cells [183]. Especially, exhausted T-cells, both CD8+ and CD4+ highly express 

CTLA-4 [166]. Interestingly, CTLA-4 expression was also attributed to cancer cell lines 

derived from a diversity of human malignant solid tumors [184]. CTLA-4 binds to two 

known ligands: CD80 (B7.1) and CD86 (B7.2) molecules that are present on the surface 

of APCs [166]. Aside from binding to CTLA-4, these ligands play a crucial role in the 

standard activation pathway of a T-cell. During that process, TCR binds to the antigen 

that is presented by the MHC found on APCs. Simultaneously, the second obligatory 

event to fulfill the activation process is the interaction of CD28 protein found on T-cells 

with the mentioned before co-stimulatory molecules CD80 and CD86. CTLA-4 shares 

30% homology with CD28 [185]. Therefore, the competitive binding of CTLA-4 to CD80 

and CD86 impedes the interaction with CD28. These results in obstruction of the 

successful activation process of a T-cell. In addition, CTLA-4 has 40-100 times greater 

avidity for these ligands than CD28 as well as much higher affinity [186]. Moreover, it 

was shown that CTLA-4 is able to capture its ligand from the APCs via the process 

called trans-endocytosis. Subsequently, ligands are degraded inside the cell expressing 

CTLA-4, limiting the availability of costimulatory molecules for CD28 interaction [187]. 

The main role of CTLA-4 signaling is to extinguish the activation process, which occurs 

for instance at the end of every infection. However, in the context of cancer 

progression, up-regulated expression of a CTLA-4 on T-cells is not desired. Tumor 

antigens belong to so-called weak antigens, therefore elevated T-cell activation 

threshold by limitation of CD28 signaling via CTLA-4 generates reduced immune 

responses [166]. By using computational methods, it was estimated that increased 

CTLA-4 expression correlates with worse overall survival of patients with breast cancer 

[188]. The role of CTLA-4 expression was studied in mice with its specific deficiency in 

Foxp3+ CD4+ T-cells, revealing fatal systemic lymphoproliferative disorder [43]. 
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Likewise, studies in humans indicated susceptibility for autoimmune diseases that 

were associated with CTLA-4 gene polymorphism [189]. 

1.10 Cancer immunotherapy  

Cancer immunotherapy is the application of fundamental immunology knowledge in 

oncology clinics. Cancer immunotherapy exploits the idea of boosting the immune 

system so that it undertakes the naturally occurring efforts to eradicate the cancer 

cells. The immune system often lacks enough power to act fully and utilize its own 

potential in the fight against cancer. It might result from mechanisms developing in 

cancer, such as avoiding the host immune response. This strategy is termed as immune 

evasion and applies not only to tumors but also to pathogenic organisms that attack 

the body. Therefore, immunotherapy acts on the immune system directing the 

treatment to improve its potential maximally. Some cancer immunotherapy 

approaches use the very basic immunology expertise such as the fact of the presence 

of specific molecules on cancer cells like TAAs that can be targeted by the antigen-

specific T-cells or antibodies. Others focus on removing the blockade, which is 

immunosuppression generated mostly in the tumor microenvironment. Generally, 

immunotherapy can be categorized into several main branches: cellular therapies, 

antibody therapies, cancer vaccines, immunomodulators and, previously famous but 

now not so popular, cytokine therapies [190, 191]. 

In the second half of the XX century, MacFarlane Burnet and Lewis Thomas proposed 

the cancer immunosurveillance hypothesis. They claimed that emerging cancer cells 

could induce the development of an effective immune response due to the presence 

of antigens specific for tumor [192, 193]. At that moment, the limited research tools 

and the lack of enough knowledge about the complexity of interactions of the immune 

system made it difficult to confirm this assumption fully. With the development of 

more specific methods including improved mouse models with immunodeficiency, it 

becomes possible to perform more profound studies. Finally, in 2001 Lloyd Old and 

Robert Schreiber experimentally proved the cancer immunosurveillance hypothesis to 

be correct. They studied the development of sarcoma tumors induced by chemical 
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carcinogen methylcholanthrene in immunocompetent mice in comparison with 

immunodeficient mice lacking recombination-activating gene-2 (RAG2) gene crucial for 

the proper development of lymphocytes [194]. They also confirmed the finding that 

the intact functionality of the immune system protects from cancer in another strain of 

mice lacking the signaling for IFN [195]. Studies of others provided evidence that 

untouched components of immune system defense such as perforin or NK and natural 

killer T (NKT) cells play a role in preventing cancer development [196, 197]. Perforin is 

a cytolytic protein stored in the granules of NK cells and cytotoxic T lymphocytes that is 

released upon activation of these cells and is involved in the process of killing of target 

cells [196]. 

1.10.1 Monoclonal antibodies against immune checkpoints  

The discovery of immune checkpoint PD-1 and CTLA-4 and the subsequent 

development of their inhibitors, that is blocking monoclonal antibodies, has totally 

revolutionized cancer therapy. A considerable benefit of the immune checkpoint 

blockade strategy was that this treatment has the potential to be applied to a variety 

of cancer types not being limited to only one specific origin of cancer. Therefore, some 

hopes returned to patients that have failed standard treatment such as resection 

surgery, radiotherapy or chemotherapy. The scheme showing suppression elicited by 

immune checkpoint molecules and retrieval of activation by the application of 

monoclonal antibodies is presented in Figure 8.  
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Figure 8. Suppression elicited by immune checkpoint molecules and retrieval of activation by 

the application of monoclonal antibodies directed against immune checkpoint. MHC - major 

histocompatibility complex; TCR – T-cell receptor;  CTLA-4 - cytotoxic T lymphocyte-associated 

protein 4; PD-1 - programmed death protein 1; PD-L1 - Programmed death-ligand 1 

The antibody against CTLA-4 called ipilimumab was the first in the class of immune 

checkpoint blockade immunotherapeutics that was approved by FDA. It was registered 

in 2011 to treat patients with advanced metastatic melanoma as clinical trials showed 

improved overall survival [198, 199]. This approval triggered great optimism for this 

group of patients that, together with the diagnosis, were informed about a miserable 

estimated prognosis based on previously available therapies. Later on, in 2014, fully 
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human IgG4 monoclonal antibodies against PD-1 named nivolumab were approved for 

by the FDA and registered to treat patients with inoperable or metastatic melanoma. 

Clinical studies revealed that nivolumab given as monotherapy prolongs survival in 

comparison with dacarbazine chemotherapy group in previously untreated melanoma 

patients with BRAF mutation, which is a typical aberration in this type of cancer [200]. 

Concurrent clinical trials summarized that the combination therapy of these two 

immunomodulatory agents (nivolumab plus ipilimumab) displays beneficial effects in 

melanoma than only ipilimumab monotherapy [201]. What is important, combinatorial 

therapy was concluded to have an acceptable and manageable safety profile [202]. 

Therefore, dual therapy was approved in 2015 by FDA for the therapy of melanoma 

without  BRAF mutation [203]. Another humanized monoclonal antibody against PD-1 

was registered in 2014 for melanoma clinical management. As developed by another 

company, it was named pembrolizumab and also represents IgG4 antibody class [204]. 

In the meantime, clinical studies evaluating nivolumab or pembrolizumab showed 

antitumor activity in patients suffering from advanced non–small-cell lung cancer, 

which resulted in the next registrations of these agents [205]. Consecutive years 

brought several subsequent approvals of the mentioned immune checkpoints in new 

medical conditions including renal cell carcinoma, Hodgkin lymphoma, urothelial 

carcinoma, head and neck squamous cell carcinoma, hepatocellular carcinoma, gastric 

and gastroesophageal carcinoma among others [203]. Furthermore, PD-L1 has become 

a target for blocking by newly designed monoclonal antibodies named atezolizumab, 

avelumab and durvalumab [206]. The summary of the immune checkpoint inhibitors 

approved by FDA for tumor treatment is shown in Table 1. 

Table 1. The summary of the immune checkpoint inhibitors approved by Food and Drug 
Administration (FDA) for tumor treatment (data are current as at 30/06/2020). Based on [203, 
207]. 

Year of 
FDA 

approval 

Immune 
checkpoint 

target 

 
Therapeutic agents 

 
Medical indication 

2011 CTLA-4 Ipilimumab Melanoma 

2014 PD-1 Nivolumab Melanoma 

2014 PD-1 Pembrolizumab Melanoma 

2015 PD-1 Nivolumab Non–small cell lung cancer 



51 
 

2015 PD-1 Pembrolizumab Non–small cell lung cancer 

2015 CTLA-4 + 
PD-1 

Ipilimumab + 
Nivolumab 

Melanoma with BRAF wild-type 

2015 CTLA-4 Ipilimumab Melanoma (as adjuvant) 

2015 PD-1 Nivolumab Renal cell carcinoma 

2016 PD-1 Nivolumab Hodgkin lymphoma 

2016 PD-L1 Atezolizumab Urothelial carcinoma 

2016 PD-1 Nivolumab Head and neck squamous cell carcinoma 

2016 PD-1 Pembrolizumab Head and neck squamous cell carcinoma 

2016 CTLA-4 + 
PD-1 

Ipilimumab + 
Nivolumab 

Melanoma (any BRAF status) 

2016 PD-L1 Atezolizumab Non–small cell lung cancer 

2017 PD-1 Pembrolizumab Hodgkin lymphoma 

2017 PD-L1 Avelumab Merkel cell carcinoma 

2017 PD-L1 Avelumab Urothelial carcinoma 

2017 PD-L1 Durvalumab Urothelial carcinoma 

2017 PD-1 Nivolumab Urothelial carcinoma 

2017 PD-1 Pembrolizumab Urothelial carcinoma 

2017 PD-1 Pembrolizumab Solid tumors of any histology: MSI-high or 
MMR-deficient 

2017 PD-1 Nivolumab Metastatic colorectal cancer: MSI-high, 
MMR-deficient 

2017 CTLA-4 Ipilimumab Pediatric melanoma 

2017 PD-1 Nivolumab Hepatocellular carcinoma 

2017 PD-1 Pembrolizumab Gastric and gastroesophageal carcinoma 

2018 PD-L1 Durvalumab Non–small cell lung cancer 

2018 CTLA-4 + 
PD-1 

Ipilimumab + 
Nivolumab 

Renal cell carcinoma 

2018 PD-1 Pembrolizumab Cervical cancer 

2018 PD-1 Pembrolizumab Primary mediastinal large B-cell lymphoma 

2018 CTLA-4 + 
PD-1 

Ipilimumab + 
Nivolumab 

Metastatic colorectal cancer: MSI-high, 
MMR-deficient 

2018 PD-1 Nivolumab Metastatic small cell lung cancer 

2018 PD-1 Cemiplimab Metastatic cutaneous squamous cell 
carcinoma 

2018 PD-1 Pembrolizumab Advanced, treatment-resistant 
hepatocellular carcinoma 

2018 PD-1 Pembrolizumab Merkel cell carcinoma 

2019 PD-1 Pembrolizumab Advanced melanoma (pre-surgical 
treatment) 

2019 PD-L1 Atezolizumab Triple-negative breast cancer 

2019 PD-L1 Atezolizumab Small cell lung cancer (extensive stage) 

2019 PD-1 Pembrolizumab Non-small cell lung cancer (stage III) 

2019 PD-1 Pembrolizumab Colorectal and uterine cancer 

2019 PD-L1 Avelumab Renal cell carcionoma 

2019 PD-1 Pembrolizumab Metastatic or unresectable recurrent head 
and neck squamous cell carcinoma 

2019 PD-1 Pembrolizumab Metastatic small cell lung cancer 
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2019 PD-1 Pembrolizumab Esophageal cancer 

2019 PD-1 Pembrolizumab Endometrial cancer 

2019 PD-L1 Atezolizumab Metastatic nonsquamous non-small cell lung 
cancer 

2020 PD-1 Pembrolizumab Non-muscle invasive bladder cancer 

2020 CTLA-4 + 
PD-1 

Ipilimumab + 
Nivolumab 

Hepatocellular carcinoma 

2020 PD-L1 Durvalumab Extensive-stage small cell lung cancer 

2020 CTLA-4 + 
PD-1 

Ipilimumab + 
Nivolumab 

Metastatic non-small cell lung cancer  
PD-L1+ and no mutations in EGFR or ALK) 

2020 PD-L1 Atezolizumab Hepatocellular carcinoma 

2020 PD-1 Nivolumab Esophageal squamous cell carcinoma 

2020 PD-1 Pembrolizumab Unresectable or metastatic solid tumor with 
mutational burden  

2020 PD-1 Pembrolizumab Cutaneous squamous cell carcinoma 

2020 PD-1 Pembrolizumab Unresectable or metastatic colorectal 
cancer: MSI-high, MMR-deficient 

2020 PD-L1 Avelumab Advanced or metastatic urothelial carcinoma 

Despite many promising outcomes across various types of cancers, the number of 

patients that fully benefit from this immunotherapeutic treatment is limited. Thus, the 

important issue is to find the criteria that will be helpful for the selection of a group of 

patients that would respond to implemented immune checkpoint inhibitor therapy. 

Researchers started to analyze the treated patients' samples as well as the tumor 

microenvironment in order to find the clues and identify the potential biomarkers that 

would be useful as selection criteria [208]. Generally, tumor microenvironment can be 

divided into three types based on the presence of immune cells: immunological desert, 

immunologically excluded and immune inflamed. The first type lacks the T-cells and 

there is no priming nor activation. In the second, a variety of mediators such as 

chemokines or vascular factors are present but there is no substantial T-cells 

accumulation. The third type represents the infiltration of all kinds of immune cells 

particularly including T-cells [209]. It is known that patients with immune inflamed 

tumors respond to immunotherapies at a higher rate than those that have not 

infiltrated tumors. Antibodies against immune checkpoint inhibitors act by removing 

the suppressive signaling and allow the T-cells to recover its functionality. Therefore, 

to unleash their antitumor potential, it is essential that treated tumors are reachable 

for T-cells to develop its activity [208]. Analysis of the tumor tissue infiltrations 
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requires invasive methods such as biopsy. On the other hand, studies revealed that 

simple, non-invasive methods like a collection of peripheral blood and analysis of 

absolute lymphocyte count might be suggestive for the response to therapy. It was 

confirmed as a predictive biomarker in a group of melanoma patients treated with 

ipilimumab. The subgroup of patients with an initially higher absolute lymphocyte 

count displayed better overall survival upon treatment [210]. Furthermore, levels of 

lactate dehydrogenase, absolute monocyte counts and absolute eosinophil counts 

emerged as other easily accessible prognostic biomarkers for ipilimumab treatment 

[211]. It was concluded that anti-PD-1 and anti-CTLA-4 treatment differs in the 

candidates for predictive biomarkers. For anti-PD-1 therapy - NK cells, whereas for 

anti-CTLA-4 - memory CD4+ and CD8+ T-cells were classified as relevant for obtaining 

better clinical response [212]. In addition to immune cells infiltrations and biomarkers 

found in the peripheral blood, genetic background and signatures comprise essential 

indicators of therapy responsiveness [213]. Importantly, pembrolizumab was approved 

in 2017 for the treatment of any solid tumor that is characterized as microsatellite 

instability-high or that is deficient in DNA mismatch repair [214]. Active mismatch 

repair mechanisms utilize enzymes that are crucial for identifying and repairing 

mismatched bases in the process of DNA replication as well as genetic recombination 

in both cancer and normal cells. Consequently, inactive genes, proteins dysfunction or 

defects in a process of mismatch repair may generate high microsatellite instability. 

This, in turn, might lead to the accumulation of a high load of mutations in genes 

related to cancer resulting in the expression of tumor-associated neoantigens. 

Neoantigens act stimulatory for triggering enhanced T-cells mediated immune 

response against malignant cells. Therefore, tumors with defective mismatch repair 

and/or high microsatellite instability are generally successfully treated with immune 

checkpoint inhibitors [214]. The leading type of cancer that is characterized by high 

genetic instability is colorectal cancer, therefore nivolumab was readily approved for 

its treatment in 2017 [215].  

A relevant issue arises with the emerging adverse effects of the immunotherapy that 

blocks the inhibitory signaling in the T-cells. It results from the fact that PD-1 and CTLA-
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4 molecules are involved in controlling autoimmune diseases and play an essential role 

in maintaining self-tolerance. As a consequence, negative side effects concern chiefly 

immune-related incidents. Their occurrence is frequent and diagnosed in even up to 

90% of anti-CTLA-4 treated patients and in 70% of anti-PD-1 or PD-L1 treated patients 

[216]. Combinatorial therapy with antibodies blocking two types of molecules 

increases the incidence of immune-related adverse effects. It may include: colitis, rash, 

hepatitis, pneumonitis and endocrinopathies [217]. However, with the enlarged 

number of studied cases and broadening knowledge of the exact underlying 

mechanisms, side effects become predictable and their management is affordable 

[218]. 

1.10.2  ARG inhibitors 

Over the years, several compounds exhibiting ARG inhibition activity have been 

developed. Immunosuppressive properties of MDSCs and TAMs present in the tumor 

microenvironment can be modulated by the use of ARGs inhibitors aiming at reducing 

the immunotherapy brakes and potentiating T-cell mediated antitumor immune 

response. This chapter focuses on outlining the existing ARG inhibitors, whereas their 

antitumor efficacy concerning in vitro and in vivo applications in a variety of cancer 

types is summarized in the discussion section.  

The discoveries of ARG inhibitors reach the 1990s when the first inhibitor has been 

identified [219]. N-hydroxy-nor-L-arginine (nor-NOHA) [220], (S)-2-amino-6-

boronohexanoic acid (ABH) [221] and (S)-(2-boronoethyl)-L-cysteine (BEC) [222] 

belongs the group of the first generation of synthesized ARG inhibitors. These three 

compounds represent reversible ARG inhibitors widely cited in the literature, but all of 

them possess very modest inhibition activity. Nonetheless, these compounds served 

over the years as the best inhibitors to study the pathways regulating ι-arginine 

metabolism across many science fields – not only oncoimmunology. ARG inhibition 

seems to be a reasonable approach in various pathogenic disorders such as 

hypertension, diabetes, asthma, erectile dysfunction, atherosclerosis and heart failure. 

Moreover, ARG inhibitors might be applied in the treatment of infectious diseases 
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since many pathogenic bacteria express ARG that aid them to survive in the host 

organism [81]. Nor-NOHA represents alpha-amino acid of ι-arginine and has a half-

maximal inhibitory concentration (IC50) value equal to 12±5 μM [223]. Despite nor-

NOHA is one of the first synthesized compounds widely cited in the literature as the 

well-established ARG inhibitor until now, there is no clinical trial involving cancer 

patients [224]. It might be due to the fact that nor-NOHA has a very poor half-life 

(minutes after administration in vivo) and does not penetrate the plasma membrane, 

thus mostly inhibits extracellular ARG found in the tumor microenvironment [225]. 

ABH and BEC inhibitors represent boronic acid analogs of ι-arginine and their 

pharmacokinetic profiles and bioavailability are characterized as relatively poor [226]. 

Nevertheless, ABH at 200-400 µM was used to provide evidence that human 

embryonic stem cells express an active form of ARG enzyme [227]. Later on, ABH 

served for the chemists as the template to start with for the development of novel 

inhibitors with increased activity against target enzymes. Second generation inhibitors 

were improved by the addition of α,α-disubstituted amino acid substituents that 

provided the additional interactions for binding with the target protein [228]. Among 

synthesized compounds, the best properties were displayed by (R)‑2-amino-6-borono-

2-(2-(piperidin-1-yl)ethyl)hexanoic acid abbreviated as compound 9 [229] and 2-amino-

6-borono-2-(difluoromethyl)hexanoic acid known as FABH [230]. Compound 9 inhibits 

human ARG1 and ARG2 with IC50 of 223 nM and 509 nM, respectively [229]. Recently, 

the new set of modified ARG inhibitors were discovered comprising third generation 

represented by N‑substituted 3‑amino-4-(3-boronopropyl)pyrrolidine-3-carboxylic 

acids. Extraordinary binding and activity was attributed to N-2-amino-3-phenylpropyl 

substituent called NED-3238, that inhibits ARGs at a very low nanomolar IC50 values of 

1.3 nM and 8.1 nM for ARG1 and ARG2, respectively [231]. In the meantime, there 

were trails to generate the irreversible inhibitors of ARGs that showed the potential in 

docking with active site of ARGs [232].  

The most recently developed small-molecule inhibitor of both ARG1 and ARG2, a 

potential clinical drug candidate, was synthesized by OncoArendi Therapeutics, a 

Polish drug discovery company, and its denoted in literature as OAT-1746 [121] or on 
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posters presented during conferences as OATD-02 [233]. OAT-1746 has IC50 values 

equal 32 nM and 75 nM towards recombinant human ARG1 and recombinant human 

ARG2, respectively [234]. Another small-molecule ARG inhibitor is a compound named 

CB-1158 developed by Calithera Biosciences. CB-1158 inhibited both recombinant 

human ARG1 and recombinant human ARG2 with IC50 values of 86 ± 25 nM and  296 ± 

5 nM, respectively. Yet, CB-1158 is the only ARG inhibitor that has been introduced 

into clinical studies in the immunooncology field [235]. Clinical trial inclusion criteria 

required patients with metastatic or locally advanced solid tumors of various origins. It 

is investigated as a single agent or in combination with immune checkpoint therapy 

such as anti-PD-1 or chemotherapy based on drugs including oxaliplatin, leucovorin, 5-

fluorouracil, gemcitabine, cisplatin or paclitaxel. One clinical trial recruits patients 

suffering from refractory or relapsed multiple myeloma, where CB-1158 is going to be 

tested in combination with anti-CD38 antibody daratumumab (NCT03837509) [72]. A 

report from the first completed clinical trial (NCT03361228) in which CB-1158 was 

tested as a monotherapy in patients with microsatellite stable colorectal carcinoma 

concluded the increase in plasma ι-arginine in a dose-dependent manner. It 

summarized the disease control rate was equal to 27%. Combination therapy with PD-

1 inhibitor pembrolizumab resulted in increased total intratumoral CD8+ T-cells 

whereas the six month progression free survival rate was 20% [236].  

Apart from the compounds described above, there are other often naturally occurring 

molecules/compounds/substances displaying ARG inhibition activity, including a 

hydroxy derivative of ι-arginine: Nω-hydroxy-ι-arginine (NOHA), α-

difluoromethylornithine (DMFO), ι-norvaline, ι-ornithine, ι-citrulline, ι-lysine. Their 

chemical structure and activity against ARG as the target has been well summarized in 

the exhaustive reviews of ARG inhibitors published in 2017-2018 [237-239]. N‐hydroxy‐

L‐arginine (NOHA) is a stable intermediate product formed during the biosynthesis of 

nitric oxide from ι-arginine and it has been shown to possess the ability to inhibit ARG 

[240]. DFMO targets ornithine decarboxylase - a key enzyme for polyamine synthesis 

and has been characterized as a putative but nonspecific ARG inhibitor [241]. ʟ-

norvaline is an unbranched-chain amino acid isomer of valine and has been described 
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as an ARG inhibitor [242]. However, based on studies on human endothelial cells, it is 

known that ʟ-norvaline exhibits anti-inflammatory properties that are independent of 

inhibition of ARG [243]. Besides, ʟ-norvaline is a part of synthetized tripeptide, L-

proline-m-bis (2-chloroethyl) amino-L-phenylalanyl-L-norvaline ethyl ester 

hydrochloride (abbreviated as MF13), that possess anticancer properties [244]. One 

old study points at the antitumor potential of irreversible extrahepatic ARG inhibitors 

(+)-S-2amino-5-iodoacetamidopentanoic acid (2-AIPA) and (+)-S-2-amino-6-

iodoacetamidohexanoic acid (2-AIHA) that were tested in Balb/c mice inoculated with 

L5178Y lymphosarcoma cells [245]. A recent study shows that 6-gingerol may act as 

ARG inhibitor and play a role in exerting anticancer effects [246]. 
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2. AIMS 

 to investigate the effects of ARG1 expression or deficiency in the tumor 

microenvironment on in vivo tumor growth and the development of antitumor 

immune response  

 to investigate the effects of recombinant ARGs and the treatment with ARG 

inhibitors on the in vitro T-cells proliferation, CD3 expression and cytokines 

production 

 to compare the in vitro activity of ARG inhibitors in blocking the ARG1 and 

ARG2 associated with tumor cells  

 to evaluate the antitumor efficacy and the mechanism of action of ARG 

inhibitors in in vivo lung cancer model 
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3. MATERIALS AND METHODS 

3.1 Cell culture 

Murine tumor cell lines Lewis Lung Carcinoma (LLC, CRL-1642™), melanoma B16F10 

(CRL-6475™), lymphoma A20 (TIB-208™), breast cancer 4T1 (CRL-2539™) and human 

embryonic kidney cell line HEK293T (CRL-3216™) were obtained from American Type 

Culture Collection. Murine pancreatic cancer cell line PANC02 was purchased from 

Division of Cancer Treatment and Diagnosis, NCI, NIH Tumor Repository, whereas 

breast cancer cell line E0771 was purchased from CH3 Biosystems.  Murine ovarian 

cancer cell line ID8 was kindly provided by Kathy Roby from the University of Kansas, 

whereas modified murine melanoma B16F10-ARG2 and human monocytic leukemia 

THP-1-ARG2 cell lines were kindly provided by Vincenzo Cerundolo from the University 

of Oxford. LLC, B16F10, B16F10-ARG2, PANC02, ID8, HEK293T and THP-1-ARG2 cell 

lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich). 

A20, 4T1 and E0771 cell lines were cultured in Roswell Park Memorial Institute (RPMI) 

medium (Gibco). Media were supplemented with heat-inactivated 10% (v/v) fetal 

bovine serum (FBS, Thermo Fisher Scientific) 2 mM ʟ-glutamine (Lonza), 100 U/ml 

penicillin and 100 μg/ml streptomycin (Lonza), and cells were cultured in cell culture 

incubator (NuAire) at 37°C in an atmosphere of 5% CO2 in the air and 95% humidity. 

Cell lines have been cultured no longer than 3 weeks after thawing and were kept at 

the lowest possible passage. Cells were passaged according to the growth rate of the 

given line, usually every two or three days. Before passage adherent cells were washed 

with phosphate-buffered saline (PBS, Corning) without calcium and magnesium ions 

followed by the addition of a 0.25% trypsin-EDTA solution (Sigma-Aldrich). After 

incubation for a few minutes at 37°C, trypsin was inactivated with complete medium 

and the cells’ suspension was transferred into conical tubes (Corning) and then 

centrifuged at 300  g for 5 minutes at room temperature (RT). The supernatant from 

the centrifuged cells was aspirated with the vacuum system and the cells’ pellet was 

re-suspended in an appropriate volume of medium, pipetted, and part of the 

suspension was transferred to culture bottles (Corning) containing a fresh portion of 

the medium. The remaining cells were used to conduct experiments. The viability of 
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tumor cells, assessed by trypan blue (Sigma-Aldrich) staining, was not less than 95%. 

Non-adherent cell line A20 was passaged by centrifugation with the same conditions as 

above followed by changing the medium for a fresh one. All tumor cell lines were 

regularly tested for Mycoplasma contamination using polymerase chain reaction (PCR) 

technique and were confirmed to be negative. 

3.1.1 Counting and assessing cell viability 

Cells were counted by automatic cell counter EVE™ (NanoEnTek) or by a microscopic 

technique using a Bürker camera (Heinz Herenz) and inverted microscope Axiovert 25 

(Zeiss).  At the same time, the cell viability was assessed after staining with 0.4% trypan 

blue solution. To this end, the cell suspension was mixed in a 1:1 or 1:10 ratio with 

trypan blue. Cells lacking cell membrane integrity absorb the dye and are visible under 

the microscope as blue while living cells remain unstained. Using the microscope, live 

cells were counted within 25 small squares (excluding cells lying on the left and bottom 

sides of the square). The obtained number was multiplied by the chamber factor (×104) 

and dilution (×2 or x10), thereby the number of cells in 1 ml of suspension was 

obtained.  

3.1.2 Freezing, storage and thawing of cells 

Cells were frozen in a 90% FBS solution with 10% dimethyl sulfoxide (DMSO, Sigma-

Aldrich). The suspension of cells at a density of 1-5 × 106/ml in FBS and DMSO was 

transferred to sterile cryotubes (Sarstedt), which were placed in a container with 

isopropanol allowing the cells to cool slowly at 1°C/minute. The container was then 

placed at -80°C. The next day, the cryotubes were transferred to liquid nitrogen 

containers. Cells were thawed by placing cryotubes removed from liquid nitrogen to a 

37°C water bath (BioSan) with gentle mixing. Upon dissolution of the last ice crystals, 

the cell suspension was immediately transferred to a 15 ml tube, the culture medium 

was added and centrifuged at 300  g for 5 minutes at RT. The supernatant was 

aspirated to remove DMSO and the cells were re-suspended in an appropriate medium 

and transferred to a culture flask. 
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3.2 Western blotting 

Western blotting is a semi-quantitative molecular biology technique that allows 

assessing the amount of a specific protein in protein extracts. This method consists of 

several stages: electrophoretic separation of proteins in a polyacrylamide gel, transfer 

of separated proteins into a membrane, usually nitrocellulose, on which specific 

proteins are detected with specific primary antibodies. Then the primary antibodies 

are detected by secondary antibodies conjugated with reagents for their subsequent 

detection. 

3.2.1 Preparation of protein lysates  

To prepare protein extracts, cells were harvested from cell line culture and washed 3 

times in refrigerated PBS by centrifugation at 500  g for 7 minutes, at 4°C. After the 

last centrifugation, the supernatant from the cell pellet was thoroughly removed, and 

the cells were suspended in 100-200 μl of Lysis buffer for Western Blotting (10% 

glycerol, 1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 50 mM HEPES, pH 7.4), 

depending on the type and number of cells lysed, with added protease inhibitors 

cocktail (Thermo Fisher Scientific). Samples were frozen at -80°C for at least 24 hours 

for better cells’ disruption. Next, samples were thawed and incubated on ice for 30 

minutes with occasional vortexing and centrifuged at 12,000  g for 10 minutes at 4°C 

to remove non-lysed cell fragments. After centrifugation, the protein lysates were 

transferred to new eppendorf tubes (Corning). 

3.2.2 Measurement of protein concentration 

Protein concentration in the obtained lysates was measured using the Pierce BCA 

Protein Assay Kit (Thermo Fisher Scientific). The measurement was carried out in a 96-

well flat-bottomed plate (Corning). 10 µl of a 10-fold diluted protein lysate was added 

to each well. The protein concentration was measured for each sample tested in three 

technical replicates. in parallel, a standard curve was prepared using a known 

concentration of albumin solution by serial dilution. 10 µl standard curve solutions 

were added to the appropriate wells. Then 200 µl of a solution resulting from mixing 
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Reagent A (containing sodium carbonate, sodium bicarbonate, dinquinic acid, sodium 

tartrate in 0.1 M sodium hydroxide) and Reagent B (containing 4% copper sulfate) in a 

ratio of 50:1 was added. The contents of the wells were mixed, then incubated for 30 

minutes at 37°C and absorbance was measured using an Asys UVM 340 (Biochrom) 

spectrophotometer at λ = 562 nm. 

3.2.3 Protein electrophoresis in polyacrylamide gel (SDS-PAGE) 

For the electrophoresis of proteins in polyacrylamide gel, 20-30 μg of lysate was used 

and 5-fold concentrated sample buffer (62 mM Tris-HCl pH 6.8; 5% β-

mercaptoethanol; 10% glycerol; 2.5% sodium dodecyl sulfate, SDS; 0.004% 

bromophenol blue) and water were mixed to give a final volume of 25 μl. Then the 

sample lysates were incubated for 5 minutes at 95°C. At this temperature, protein 

denaturation occurs and the presence of β-mercaptoethanol provides reducing 

conditions leading to the reduction of disulfide bridges. Moreover, SDS contained in 

the sample buffer gives the proteins the negative charge necessary for their 

electrophoretic separation. The prepared protein lysates were next applied to a 

polyacrylamide gel (Bio-Rad or self-made). For electrophoresis, 1.5 mm thick 

polyacrylamide gels containing 12% of polyacrylamide were prepared. Electrophoresis 

was carried out in electrophoretic apparatus (Bio-Rad) contacting running buffer (14.4 

g Glycine, 3.0 g Tris, 1 g SDS, diH20 up to 1 L). The electrophoresis in the stacking gel 

was carried out at a voltage of 80-90 V (intensity <40 mA), while in the resolving gel 

the voltage was increased to 120-130 V (intensity <40 mA). Electrophoresis lasted until 

the proteins and prestained marker (Thermo Fisher Scientific) were fully resolved on 

the gel.   

3.2.4 Transfer of proteins to the membrane 

After electrophoretic separation, the proteins were transferred from the gel to the 

nitrocellulose membrane (Amersham) during the so-called semi-dry transfer, in which 

proteins with a negative charge migrate towards the anode. Before semi-dry transfer, 

the nitrocellulose membrane was soaked in the transfer buffer (192 mM glycine, 25 

mM Tris, 10% methanol) and then was located between the polyacrylamide gel and 



63 
 

the anode. The semi-dry transfer was carried out in Trans Blot apparatus (Bio-Rad) for 

30 minutes at 25 V constant conditions.  

3.2.5. Protein detection on nitrocellulose membrane 

After the transfer, the nitrocellulose membrane was stained with Ponceau S Staining 

Solution (Fluka) - a dye that binds non-specifically to proteins, allowing to verify 

whether the transfer was carried out completely and without interference. The 

membrane was then washed in Tris Buffered Saline with Tween (TBST) buffer (50 mM 

Tris-HCl pH 7.4; 150 mM NaCl and 0.1% Tween 20) to remove Ponceau S Staining 

Solution. In the next step, the membrane was incubated for 1 hour with mixing in 5% 

non-fat dry milk solution dissolved in TBS. Incubation was carried out to block 

nonspecific antibody binding to the membrane. Then the excess milk solution was 

rinsed in TBST and the membrane was incubated overnight at 4°C with a solution of 

the primary antibody in an appropriate dilution (anti-ARG1 1:2000, GeneTex) in a TBST. 

After incubation, the membrane was washed 3 times in TBST, then incubated for 1 

hour at RT with a solution of the appropriate secondary antibody (anti-rabbit, dilution 

1:10,000, Jackson Immuno-Research), conjugated to horseradish peroxidase, 

recognizing the Fc fragment of the primary antibody. Finally, the membrane was 

washed 3 times in TBST. Signal detection for horseradish peroxidase was performed 

using two sets: SuperSignal West Femto Maximum Sensitivity Substrate (Thermo 

Fisher Scientific) with high sensitivity and SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Fisher Scientific) with standard sensitivity. To this end, the reagents 

contained in the kit were mixed in a 1:1 ratio, applied to the membrane, incubated for 

2 minutes, followed by chemiluminescence readout using a ChemiDoc Imaging System 

(Bio-Rad). To verify the equal protein loading housekeeping protein β-actin was 

detected. Briefly, the membrane was incubated for 15 minutes in stripping buffer 

(Thermo Fisher Scientific) followed by twice washing in TBST for 15 minutes and 

blocking for 1 hour with mixing. Next, the membrane was incubated with anti-β-

actin−peroxidase antibody (Sigma-Aldrich) for 30 minutes, washed 3 times in TBST and 

chemiluminescence signal was again detected using a ChemiDoc Imaging System. 
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3.3 Arginase activity assay 

Supernatants from tumor cell culture were collected and urea was depleted using a 

Amicon Ultra 10 kDa molecular weight cut-off filters (Merck Millipore)and twice 

centrifugation at 14,000  g for 30 minutes. 1x106 of tumor cells were lysed in 100 μl 

of lysis buffer (the same as in Western blotting) containing protease inhibitors. 

Enzymatic activity was measured using ARG Activity Assay Kit (Sigma-Aldrich) 

according to the manufacturer’s instructions. Briefly, samples were loaded into flat-

bottom 96-well plate (4 μl/well), representing the sample well and the sample blank 

well, and ultra-pure water was added to reach a final volume of 40 μl in each well. 

Together with samples, the plate was loaded with urea standard to plot the standard 

curve. 100 ng of recombinant human ARG1 (provided by OncoArendi Therapeutics) 

and ultra-pure water served as positive and negative controls, respectively. Next, 10 μl 

of 5X substrate buffer, composed of ι-arginine buffer and manganese solution, was 

added to the wells except from sample blank wells, and the plate was incubated for 2 

hours at 37°C. Following the incubation, 200 μl of urea reagent, composed of mixed 

reagents A and B, as added to each well to stop the reaction. Finally, 10 μl of 5X 

substrate buffer was added to the sample blank wells to have the same reagents 

proportion as in the sample wells. After mixing, the plate was incubated for 60 minutes 

at RT. Finally, the absorbance, proportional to the amount of the produced urea, was 

measured at 430 nm using ASYS UVM 340 microplate reader (Biochrom). ARG activity 

in samples was determined based on urea accumulation calculated using a standard 

curve.  

3.4 Generation of tumor cells stably expressing murine ARG1 

LLC, B16F10 and ID8 cells stably expressing an increased amount of murine ARG1 (LLC-

pLVX-ARG1 and B16F10-pLVX-ARG1, ID8-pLVX-ARG1) were generated using lentiviral 

transduction. Transduction is a method of permanently introducing genetic material 

into a cell using a viral vector. HEK293T cell lines were used to produce lentiviral 

particles. In the first stage, HEK293T cells were transfected with the calcium chloride 
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method. This method involves the simultaneous delivery of the following plasmids to 

the cells: 

-  a plasmid containing the gene encoding ARG1, 

-  a plasmid containing elements encoding capsid proteins - pMD2.G (Addgene) 

- a plasmid containing genes encoding the structural and packaging elements of the 

virus and regulatory elements necessary for amplification of the virus genetic material 

– psPAX.2 (Addgene) 

HEK293T cells were seeded on the day preceding transfection into a 10 cm diameter 

dish in 2.6×106 cells in 10 ml DMEM medium with 10% FBS without the addition of 

antibiotics. Cells were cultured in an incubator for 24 hours. The next day, a plasmid 

mixture was prepared in an eppendorf tube: 

- 8.6 μg of the psPAX.2 plasmid, 

- 5.5 μg envelope plasmid pMD2.G, 

- 8.6 μg plasmid coding ARG1 gene or 8.6 μg control plasmid pLVX-IRES-Puro  

Then 55 μl CaCl2 and 375 μl ultra-pure water were added. The mixture was added 

dropwise to 450 μl of HBS solution (280 mM NaCl, 10 mM KCl, 1.5 mM Na2HPO4, 12 

mM glucose, 20 mM HEPES) placed in a tube with capacity 15 ml. During the addition 

of the mixture, the HBS solution was constantly mixed using a vortex. Then the mixture 

was immediately added dropwise to HEK293T cell plate. Cells were cultured for 16-18 

hours in an incubator. The next day, medium was gently removed from the culture and 

6 ml fresh DMEM medium was added, then the cells were cultured for another 30-34 

hours. After this time, the medium from the cells was collected, transferred to 15 ml 

centrifuge tubes and centrifuged to remove HEK293T cell debris. The centrifuged 

supernatant from the HEK293T culture was passed through a 0.45 μm syringe filter 

(Minisart) and centrifuged overnight at 3000  g at 4°C to concentrate the virus 

particles. The same day target tumor cells LLC or B16F10 or ID8 were seed at the 

number 0.1x106 in 6 well plate in 1,5 ml of medium. After overnight centrifugation, the 

supernatant was carefully removed from the tube, leaving about 0.5-1 ml of 

concentrated virus particles at the bottom. Such concentrated virus suspension was 

added in a dropwise manner to the seeded LLC, B16F10 or ID8 target cells in a 6-well 
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plate and then cells were incubated for 24 hours. To enhance the transduction 

efficiency polybrene (Sigma-Aldrich) was added at the concentration of 8 μg/ml. Next, 

the medium was changed for the fresh one with no virus and transduced cell lines 

were selected with 4.5 μg/ml, 1.5 μg/ml, 2 μg/ml puromycin antibiotic (Sigma-Aldrich), 

respectively. Cells transduced with the empty pLVX-IRES-Puro plasmid served as 

control cell lines. 

3.5 In vitro T-cells proliferation assay 

Murine CD4+ and CD8+ T-cells were isolated from spleens of healthy 8-9-week-old 

C57BL/6 mice using EasySep™ Mouse CD4+/CD8+ T-Cell Isolation (STEMCELL 

Technologies) according to the manufacturer’s instructions. Human CD4+ and CD8+ T-

cells were negatively isolated from peripheral blood of healthy volunteers using 

EasySep™ Human CD4+/CD8+ T-Cell Isolation Kit (STEMCELL Technologies) according to 

the manufacturer’s instructions. For T-cell proliferation assay, T-cells were labeled with 

CellTrace Violet (CTV, Thermo Fisher Scientific) or CellTrace Carboxyfluorescein 

Succinimidyl Ester (CFSE, Thermo Fisher Scientific) dye for 20 minutes at 37°C at a final 

concentration of 2.5 μM. CTV and CFSE dyes form stable complexes with the free 

amino residues of proteins, therefore the dye is retained inside the cells and does not 

leak even in a loss of cell membrane integrity. The labelled T-cells were plated in 

round-bottomed 96-well plates (0.2×106 cell/well) in RPMI medium with 10% (v/v) FBS 

(Thermo Fisher Scientific), 2 mM glutamine (Lonza), 1% (v/v) penicillin/streptomycin 

(Lonza), 1% (v/v) MEM non-essential amino acids solution (Sigma-Aldrich), 50 μM 2-

Mercaptoethanol (Thermo Fisher Scientific) and 30 U/ml of recombinant human IL-2 2 

(PeproTech). In selected experiments, instead of a regular medium and FBS, T-cells 

were cultured in ι-arginine-free RPMI SILAC medium SILAC (without ι-arginine, ι-

glutamine, ι-lysine, Thermo Fisher Scientific) supplemented with 10% dialyzed FBS 

(Thermo Fisher Scientific), 273 μM ι-lysine (Sigma-Aldrich) and ι-arginine (Sigma-

Aldrich) at various concentrations as indicated in the figures. To trigger proliferation, T-

cells were stimulated with Dynabeads Mouse/Human T-Activator CD3/CD28 beads 

(Thermo Fisher Scientific) in a 1:1 ratio. Recombinant mouse ARG1 (provided by 

Vincenzo Cerundolo laboratory from the University of Oxford), recombinant human 
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ARG1 (provided by OncoArendi Therapeutics), recombinant mouse ARG2 (provided by 

Vincenzo Cerundolo laboratory from the University of Oxford), 1 mM ι-citrulline 

(Sigma-Aldrich), 15 µM or 150 µM ι-ornithine (Sigma-Aldrich), 15 µM or 150 µM urea 

(Sigma-Aldrich) and ARG inhibitors ABH or OAT-1617 or OAT-1746 (synthesized and 

provided by OncoArendi Therapeutics) were added as indicated in the figures. Murine 

T-cells were incubated for 3 days whereas human T-cells were incubated for 5 days at 

37°C in 5% CO2. Then, cells were harvested, stained with live/dead Zombie NIR dye 

(BioLegend) and corresponding anti-CD3 and anti-CD4/anti-CD8 (and in some 

experiments also with anti-IFN-γ and anti-TNF-α) antibodies and analyzed by flow 

cytometry (FACSCanto II or FACS Aria II, BD Biosciences). Antibodies used for the flow 

cytometric staining are summarized in Table 2. The gate for proliferating cells was set 

based on the unstimulated control. Percentages of proliferating cells were calculated 

using the FlowJo Software v10.6.1 (Tree Star).  

Table 2. Antibodies used for flow cytometry staining. 

Directed against Antibody target Antibody clone Manufacturer 

Mouse ARG1 polyclonal R&D Systems 

Mouse CD3ε 17A2 eBioscience 

Mouse CD3ε 145-2C11 Tonbo Biosciences 

Mouse CD3ζ H146-968 Abcam 

Mouse CD4 GK1.5 eBioscience 

Mouse CD4 RM4-5 eBioscience 

Mouse CD8 53-6.7 eBioscience 

Mouse CD11b M1/70 eBioscience 

Mouse CD45.2 104 eBioscience 

Mouse F4/80 BM8 eBioscience 

Mouse Ly6C HK1.4 eBioscience 

Mouse Ly6G 1A8 BioLegend 

Mouse MHC class II M5/114.15.2 eBioscience 

Human CD3ε OKT3 eBioscience 

Human CD3ζ 6B10.2 eBioscience 

Human CD4 RPA-T4 eBioscience 

Human CD8 SK1 eBioscience 

Human IFN-γ B27 BD Biosciences 

Human TNF-α MAb11 BD Biosciences 
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3.6 Flow cytometry analysis 

Flow cytometry is a method enabling multi-parametric cell assessment, associated 

with the determination of morphological features such as size or granularity, analysis 

of the amount of surface and intracellular proteins after labeling with appropriate 

monoclonal antibodies conjugated with fluorochromes. During cytometric analysis, 

cells are analyzed in suspension, passing one after the other due to the negative 

pressure generated in the hydraulic system, which sucks the cells individually. Passing 

the laser beam, the cell cause it to disperse and deflect, which provides information on 

the size and granularity of cell based on FSC and SSC detectors. In turn, the excitation 

of fluorochromes conjugated with monoclonal antibodies and fluorescent dyes by 

appropriate lasers enables the analysis by measuring the emission spectrum of the 

dye. 

Tumors were disassociated mechanically by cutting into smaller pieces using scissors 

(Chirmed). The resulting material was digested enzymatically in a solution of RPMI 

medium containing type IV collagenase (600 U/per tumor, Sigma-Aldrich) and DNAse 

(400 U/per tumor, Sigma-Aldrich) for 1 hour at 37°C with simultaneous shaking. The 

samples were then mechanically homogenized using a tissue dissociation system 

gentleMACS (Miltenyi Biotec). To obtain a single cell suspension, the homogenate was 

passed through a 100 µm cell strainer (Corning) and diluted with PBS. The homogenate 

was centrifuged at 400 × g for 5 minutes. When necessary, erythrocytes were lysed 

using red blood cell lysis buffer (155 mmol/L NH4Cl, 10 mmol/L NaH2CO3, and 0.1 

mmol/L EDTA, pH 7.3) for 5 minutes on ice. For flow cytometric analysis of tumor cells 

from cell line culture, tumor cells were harvested and washed in PBS. For cell surface 

staining, cells were stained with Zombie Viability Kit according to manufacturer’s 

instructions, blocked on ice with 5% normal rat serum (Sigma-Aldrich) in fluorescence-

activated cell sorting (FACS) buffer (PBS; 1% BSA, 0.01% NaN3) and then incubated for 

30 minutes on ice with appropriate fluorochrome-conjugated antibodies that are listed 

in the material section. When necessary, controls for background staining such as 

isotype control or FMO control were applied. After washing with FACS buffer, cells 

were immediately acquired. For intracellular staining (such as ARG1 or CD3ζ or 
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cytokines), membrane-stained cells were fixed using Fixation Buffer for 30 minutes at 

RT, followed by washing in Permeabilization Buffer, and staining with antibody diluted 

in Permeabilization Buffer for 30 minutes at RT (Intracellular Fixation & 

Permeabilization Buffer Set, eBioscience). When necessary, CountBright™ Absolute 

Counting Beads (Thermo Fisher Scientific) were used to calculate the absolute number 

of cells according to manufacturer instructions. Flow cytometry analysis was 

performed on FACSCanto II or FACS Aria II flow cytometers (BD Biosciences) operated 

by FACSDiva software. For data analysis Flow Jo v7.6.5 software (Tree Star) was 

applied. 

3.7 Analysis of ι-arginine and ι-ornithine by mass spectrometry 

Blood was collected into Microvette® tubes with lithium heparin (Sarstedt) by retro-

orbital terminal bleeding from orbital venous sinus performed under terminal 

anesthesia (overdosed anesthetic mixture 2:2:1 (v/v) ketamine/xylazine/0.9% NaCl 

solution, Polypharm). Samples were centrifuged at 1000  g for 10 minutes, plasma 

was separated and kept frozen at - 20°C until analysis. Measurements of ι-arginine and 

ι-ornithine were performed as paid external service by ultra-performance liquid 

chromatography tandem mass spectrometry (UPLC-MS/MS) method on Waters Xevo 

TQ-S mass spectrometer equipped with Waters Acquity UPLC chromatograph 

(Waters).  

3.8 In vivo experiments 

All experiments were performed on female mice. 8- to 12-week-old wild-type (WT) 

C57BL/6 mice were obtained from the Animal House of the Polish Academy of 

Sciences, Medical Research Center (Warsaw, Poland). Transgenic mice C57BL/6-

Tg(TcraTcrb) 1100Mjb/J (abbreviated as OT-I), B6.129S4-Arg1tm1Lky/J (YARG), B6.Cg-

Foxp3tm2Tch/J (Foxp3-GFP), B6(Cg)-Rag2tm1.1Cgn/J (RAG2 KO), C57BL/6-Arg1tm1Pmu/J 

(ARG1flox), B6.129P2-Lyz2tm1(cre)Ifo/J (Lyz2), B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J 

(ROSA) were purchased from The Jackson Laboratory. Animals were housed in 

controlled environmental conditions in specific-pathogen free (SPF) (transgenic mice) 

or non-SPF (WT mice) facility of the Medical University of Warsaw with water and food 
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provided ad libitum. The experiments were performed in accordance with the 

guidelines approved by the 2nd Local Ethics Committee of the Medical University of 

Warsaw (approval No. 68/2013), 1st Local Ethics Committee of the University of 

Warsaw (approval No. 193/2016, 289/2017 and 317/2017) and in accordance with the 

requirements of EU (Directive 2010/63/EU) and Polish (Dz. U. poz. 266/15.01.2015) 

legislation. 

3.8.1 Inoculation of tumor cells 

Immortalized tumor cell lines were thawed from cryovial, cultured, passaged once, 

again cultured and after next trypsinization were washed twice with PBS followed by 

centrifugation at 300  g for 5 minutes at RT. Then, cells in the appropriate number 

were suspended in PBS and placed on ice. Cell viability was assessed by blue trypan 

staining and account for at least 95%. Mice were anesthetized intramuscularly using a 

mixture of ketamine (87 mg/kg, Polypharm) and xylazine (13 mg/kg, Polypharm) 

diluted with saline to the appropriate volume (in a 2: 2: 1 ratio). Sedated mice were 

shaved around the injection site. Tumor cells were inoculated in 30 µl of PBS 

subcutaneously into the right thigh using a special tuberculin syringe with an inserted a 

27-gauge needle (BD Biosciences). The number of injected tumor cells was as indicated 

in the description below each figure.   

3.8.2 Tumor growth monitoring 

Tumor growth was monitored in 2 (experiments using ABH) or 3 dimensions (all 

remaining experiments) using a digital caliper (Yato) starting from 6-8 days after tumor 

cells inoculation. Tumor volume was calculated according to the formula:  

V (mm3) = (longer diameter)  (shorter diameter)2/2 

or 

V (mm3) = length  width  height  𝜋/6 

for 2 or 3 dimensions measured, respectively. Length measurement includes partially 

the healthy leg measurement, that was not subtracted from shown results of tumor 

volume.  
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3.8.3 Treatment schemes and drug doses 

The day of tumor cell administration was designated as day 0. In experiments aiming at 

the evaluation of antitumor efficacy, ARG inhibitor OAT-1746 was administered twice 

daily by an intraperitoneal route at the dose of 20 mg/kg for the first 14 days, whereas 

control groups received PBS. In experiments using ABH, it was administered twice daily 

by oral gavage route at the dose of 100 mg/kg for the first 14 days, while the control 

group received PBS. In combinatorial therapies experiments, anti-PD-1 (RMP1-14, 

BioXCell) or rat IgG2a isotype control (2A3, BioXCell) antibodies were administered by 

an intraperitoneal route at the dose of 10 mg/kg on days: 6, 9, 12, 15, 18 and 21. 5,6-

dimethylxanthenone-4-acetic acid (DMXAA, Selleckchem) was given by intratumoral 

injection at 0.5 µg/mouse when tumor volume reached approximately 100 mm3 (day 

8), whereas control groups received NaHCO3 (DMXAA diluent). To induce ARG1 Total 

KO in ARGfloxROSA mice tamoxifen (Sigma-Aldrich) diluted in peanut oil (Sigma-

Aldrich) was administered by oral gavage at the dose of 75 mg/kg per mouse on day 7 

until day 11 (5 days total), whereas control groups received only peanut oil. For the 

survival evaluation experiment, humane endpoints were applied including criteria such 

as severe cachexia or any tumor diameter > 22mm. At the end of the experiment, mice 

were sacrificed and selected organs such as inguinal lymph nodes, spleens, blood and 

tumors were used for further analysis.  

3.8.4 Generation of ARG1 Myeloid KO and ARG1 Total KO mice and genotyping 

Transgenic mice with constitutive ARG1 Myeloid KO were created by crossing C57BL/6-

Arg1tm1Pmu/J (ARG1flox mice) with B6.129P2-Lyz2tm1(cre)Ifo/J (Lyz2 mice). Transgenic 

mice with tamoxifen-inducible ARG1 Total KO were created by crossing C57BL/6-

Arg1tm1Pmu/J (ARG1flox mice) with B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J (ROSA mice). 

The remaining transgenic mice strains B6.129S4-Arg1tm1Lky/J (YARG mice), C57BL/6-

Tg(TcraTcrb) 1100Mjb/J (OT-I mice) and B6(Cg)-Rag2tm1.1Cgn/J (RAG2 KO mice) were 

bred using homozygote  homozygote mating system. The progeny was genotyped 

using the tip end of tail material. DNA was isolated using DNeasy Blood & Tissue Kit 

(QIAGEN) according to the manufacturer’s instructions. Subsequently, the purity and 
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concentration of isolated DNA were measured by NanoDrop 2000c spectrophotometer 

(Thermo Fisher Scientific). PCR reaction was set up using OneTaq® 2X Master Mix with 

Standard Buffer (New England Biolabs) and appropriate primers summarized in Table 

3. PCR and agarose gel developing conditions were set according to genotyping 

protocols available on The Jackson Laboratory website. Bands were visualized using 

ChemiDoc Imaging System (Bio-Rad). Only mice confirmed to have the desired 

genotype (homozygotes) were used in the studies. 

Table 3. Primers used for genotyping of transgenic mice strains.  

F - Forward; R - Reverse; WT - wild-type; MUT - Mutant 

Transgenic mice strain Primers 

C57BL/6-Arg1tm1Pmu/J  

(ARG1flox mice) 

TGC GAG TTC ATG ACT AAG GTT (oIMR9556 F) 

AAA GCT CAG GTG AAT CGG (oIMR9557 R) 

B6.129P2-Lyz2tm1(cre)Ifo/J  

(Lyz2 mice) 

CCC AGA AAT GCC AGA TTA CG (oIMR3066 – MUT) 

CTT GGG CTG CCA GAA TTT CTC (oIMR3067 – 

COMMON) 

TTA CAG TCG GCC AGG CTG AC (oIMR3068 – WT) 

B6.129-

Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J 

(ROSA mice) 

CTG GCT TCT GAG GAC CG (21306 – WT F) 

CGT GAT CTG CAA CTC CAG TC (oIMR3621 – MUT F) 

CCG AAA ATC TGT GGG AAG TC (oIMR9021 – WT R) 

AGG CAA ATT TTG GTG TAC GG (oIMR9074 – MUT R) 

C57BL/6-Tg(TcraTcrb) 

1100Mjb/J 

(OT-I mice) 

AAG GTG GAG AGA GAC AAA GGA TTC (oIMR0675 F) 

TTG AGA GCT GTC TCC (oIMR0676 R) 

Internal positive control - Tcra: 

CAA ATG TTG CTT GTC TGG TG (oIMR8744 F) 

GTC AGT CGA GTG CAC AGT TT (oIMR8745 R) 

AAG GTG GAG AGA GAC AAA GGA TTC (oIMR0675 F) 

TTG AGA GCT GTC TCC (oIMR0676 R) 

Internal positive control - Tcrb: 

CAA ATG TTG CTT GTC TGG TG (oIMR8744 F)  
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GTC AGT CGA GTG CAC AGT TT (oIMR8745 R) 

B6.129S4-Arg1tm1Lky/J  

(YARG mice) 

TGA GCA AAG ACC CCA ACG AGA AGC (12129) 

AGA GCA AGC ACC CCG TTT CTT CTC (12130) 

GCT GTG ATG CCC CAG ATG GTT TTC (12131) 

B6(Cg)-Rag2tm1.1Cgn/J  

(RAG2 KO mice) 

ATC AAT GGT TCA CCC CTT TG 25602 – WT F 

TCA TGT GAA AGC AGT TCA GGA C 25603 – WT R 

CCG CCA TAT GCA TCC AAC 25604 – MUT F 

CAG CGC TCC TCC TGA TAC TC oIMR8330 – MUT R 

3.8.5 In vivo T-cell proliferation assay 

Ovalbumin (OVA)-derived peptide 257-264 SIINFEKL-specific CD8+ T-cells were isolated 

from the spleen and lymph nodes of C57BL/6-Tg(TcraTcrb) 1100Mjb/J (OT-I mice), 

labeled with CTV (as described above) and freshly transferred into the lateral tail vein 

of host C57BL/6 mice at a cell number of 4-6×106 in 150 μl of PBS. The next day, after 

OT-I T-cells inoculation, host mice were challenged with 5 μg of full-length OVA protein 

(Sigma-Aldrich) injected subcutaneously in a total volume of 30 μl into the tumor area 

(experimental groups) or right thigh (positive control group). The negative control 

group did not receive OVA protein nor the tumor cells. In some experimental settings, 

20 mg/kg of the ARG inhibitor OAT-1746 was administered intraperitoneally twice 

daily, starting from the day before OT-I T-cells transfer until the end of the experiment. 

On day 3 post OVA immunization, draining inguinal lymph nodes from OVA injection 

site were harvested, mashed through a 70 µm nylon strainer, and cells were stained 

with OVA peptide-specific MHC class I tetramers (MBL International) to detect OT-I 

CD8+ T-cells, followed by anti-CD3 and anti-CD8 staining and samples were analyzed 

for proliferation by flow cytometry. The gate for proliferating cells was set based on 

the unstimulated negative control. The gating strategy of flow cytometric analysis is 

presented in Figure 9. 
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Figure 9. Gating strategy used for flow cytometric analysis of in vivo OT-I T-cells proliferation 

and CD3ζ expression on cells isolated from a tumor-draining inguinal lymph node. 

3.9 Statistical analysis 

Data are shown as means ± SD. GraphPad Prism 5 or 8.3.0 software (GraphPad 

Software) was used to calculate statistical analyses. The normality of data distribution 

was tested using the Shapiro-Wilk test. Statistical analyses of two groups were 

compared using unpaired t-test. Statistical analyses of three or more groups were 

compared using a one-way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparisons test. P<0.05 at 95% confidence interval was considered statistically 

significant. Statistically significant results were marked with asterisks depending on the 

p-value: * p <0.05, ** p <0.01, *** p <0.001. The survival rate of mice in in vivo 

experiments was computed using the Kaplan-Meier plot and comparisons between 

groups were analyzed using the log-rank test. 
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4. RESULTS 

4.1 Evaluation of ARGs expression in the tumor microenvironment of murine lung 

cancer model 

First, in order to study ARG1 positive cells in the progression of selected LLC lung 

cancer model, flow cytometry method and genetically engineered B6.129S4-

Arg1tm1Lky/J mice called YARG were used. These mice express a yellow fluorescent 

protein (YFP), downstream of the endogenous stop codon of the Arg1 gene, facilitating 

to track the cells with ARG1 expression in the tumor microenvironment. LLC tumor 

cells were inoculated subcutaneously and established tumors were measured in order 

to perform isolation at the different advancement stages. Tumors were isolated when 

they reached approximately 5, 10 or 15 mm in diameter and samples were analyzed by 

flow cytometry. In tumors of wild-type (WT) C57BL/6 mice there was no YFP signal, and 

cut off was set based on these histograms as the control. Gating used to identify ARG1+ 

cells is shown in Figure 10.  
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Figure 10. Dot-plot graphs (left) and histograms (right) showing representative examples of 

gating for Yellow Fluorescence Protein (YFP) positive cells in control C56BL/6 and B6.129S4-

Arg1tm1Lky/J (YARG) mice with LLC tumor at the different size. Gate is set on CD45+ immune cells 

positive for YFP that reflects ARG1 expression in YARG mice. 

LLC is a type of tumor model which is highly infiltrated with immune cells (expressing 

CD45+ marker) that consists of 74.8 ± 7.1%, 48.1 ± 2.7%, 53.6 ± 5.9% (mean ± standard 

deviation, SD) of the whole tumor microenvironment at the tumor size 5 mm, 10 mm 

and 15 mm in diameter, respectively (Figure 11). The gating strategy of tumor samples 

is presented in Figure 11.  
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Figure 11. Percentage of CD45+ immune cells in B6.129S4-Arg1tm1Lky/J (YARG) mice with LLC 

tumor at the different size 5 mm, 10 mm and 15 mm (A) and gating strategy used for flow 

cytometric analysis of tumor immune cells (CD45+), macrophages (F4/80+, CD11b+), M-MDSC 

(Ly6C+, CD11b+) and G-MDSC (Ly6G+, CD11b+) (B). 

Within this mentioned percentages of CD45+ immune cells, 10.9 ± 3.2%, 28.3± 8.1% 

and 28.4 ± 5.0% represent YFP+ ARG1 expressing cells, respectively (Figure 12). 

Furthermore, in order to reveal for which specific population of cells ARG1 expression 

is characteristic, detailed immunophenotyping of tumor microenvironment was 

performed using a wide panel of antibodies directed against markers that differentiate 

various subsets of cells. ARG1 expression was found in TAMs, M-MDSCs and G-MDSCs. 
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In case of TAMs, identified as CD11b+ and F4/80+ cells, ARG1 positivity and expression 

level were increasing proportionally to tumor growth. It was reflected as an increase in 

the percentage of ARG1 positive cells (0.7 ± 0.4%, 16.5 ± 5.1%, 27.2 ± 8.9% and 37.9 ± 

5.7% for control C57BL/6,  5 mm,  10 mm and  15 mm tumors in  YARG  mice,  

respectively) as well as mean fluorescence intensity (MFI) of YFP within this population 

(1159 ± 278, 2016 ± 336, 3834 ± 1401 and 4843 ± 1059, respectively). In CD11b+ and 

Ly6C+ cells referred as M-MDSC, ARG1 expression was the most pronounced at 10 mm 

size-point (MFI = 846 ± 193 vs 510 ± 52 and 624 ± 81 at 5 mm and 15 mm, 

respectively), whereas percentages of ARG1 positive cells were equally increased at 10 

mm (9.4 ± 3.7%) and 15 mm (9.5 ± 2.3%) as compared to 5 mm tumors (3.8 ± 2.0%). 

Considering G-MDSC identified as CD11b+ and Ly6G+ cells, some ARG1-positive cells 

were found at all stages, however overall ARG1 expression in this population (MFI = 

948 ± 248, 756 ± 219 and 747 ± 127 at 5 mm, 10 mm and 15 mm tumors size-point in 

YARG mice, respectively) was not higher than in control group of mice (MFI = 941 ± 

261). Altogether, in this experiment cells of the myeloid origin that express ARG1 

enzyme and that can contribute to overall immunosuppression in the tumor 

microenvironment have been identified (Figure 12).  
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Figure 12. The percentages (right) of YFP+ cells representing ARG1+ cells and mean fluorescence 

intensity (MFI, left) of YFP shown within populations of (A) immune cells (CD45+), (B) 
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macrophages (F4/80+, CD11b+), (C) M-MDSC (Ly6C+, CD11b+), (D) G-MDSC (Ly6G+, CD11b+) 

infiltrating the tumors at different development stages. C57BL/6 or B6.129S4-Arg1tm1Lky/J 

(YARG) mice were inoculated subcutaneously with 1x106 of LLC tumor cells and tumors were 

harvested when reached approximately 5, 10 or 15 mm in diameter. Tumor samples were 

digested, stained with antibodies and analyzed by flow cytometry. YARG mice groups consisted 

of n=6 mice per each size-point, whereas C57BL/6 mice group contained 5 mice. Data show 

means ± SD. 

4.2 Evaluation of in vivo antigen-specific immune response in the progression of lung 

carcinoma model in normal mice 

Next, it was questioned whether the increasing number of ARG1 expressing myeloid 

cells in the tumor microenvironment of LLC murine model might correlate with the 

proliferative potential of antigen-specific OT-I T-cells in the tumor-draining lymph 

node. To address this issue the proliferation was studied in C57BL/6 mice with tumors 

at the different progression stages. Tumors were inoculated subcutaneously at the 

distant time-points (on days 14, 7 and 0 of the experiment) in order to generate initial, 

intermediate and advanced tumors, respectively (Figure 13). Tumor measurements 

performed 20.5 days after inoculation confirmed distinct tumor volumes between 

groups (155 ± 43 mm3, 849 ± 190 mm3 and 2920 ± 269 mm3 for initial, intermediate 

and advanced tumors, respectively). Flow cytometric analysis of tumor-draining lymph 

node revealed that proliferation of adoptively transferred OT-I T-cells was impaired in 

mice with advanced tumors (63.58 ± 21.43% vs 89.53 ± 5.49%, p < 0.0001 and 83.57 ± 

5.15%, p = 0.0017 in initial and intermediate tumors, respectively, one-way ANOVA 

with Tukey multiple comparison tests). Additionally, in comparison with initial and 

intermediate tumors groups, these mice had also decreased CD3ζ expression - a critical 

component that transmits an activation signal in T lymphocytes (p = 0.0087 and p < 

0.0001, respectively, one-way ANOVA with Tukey multiple comparison tests). 

Importantly, these mice had also the lowest ι-arginine and the highest ι-ornithine 

plasma concentrations indicating high ARG activity (Figure 14). Collectively, these 

results suggest that the impaired proliferation of OT-I T-cells is dependent on ARG 

activity in the tumor microenvironment. 
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Figure 13. The relation between increasing LLC tumor volume and the antigen-specific 

proliferation of OT-I T-cells and CD3ζ expression in mice. 0.5x106 of LLC tumor cells were 

inoculated subcutaneously into C57BL/6 mice on days 0, 7 and 14 of the experiment in order to 

generate advanced, intermediate and initial tumors, respectively (A). Isolated, CTV stained, OT-

I CD8+ lymphocytes were transferred intravenously on day 17. Antigen-specific proliferation 

was triggered with ovalbumin (OVA) protein injected subcutaneously in the tumor area on day 

18. The proliferation of OT-I (B). Mean fluorescence intensity (MFI) of CD3ζ on OT-I T cells from 

tumor-draining lymph node evaluated by flow cytometry (C). Representative examples of OT-I 

proliferation histograms (D). Tumor volume and proliferation are shown as a cumulative graph 

from 2 independent experiments, whereas CD3ζ expression graph represents data from a single 

experiment. Data are presented as means ± SD. One-way ANOVA with Tukey post-hoc test was 

used to compare groups. **p≤0.01, ***p≤0.001. 
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Figure 14. ι-arginine (A) and ι-ornithine (B) concentrations in plasma samples assessed by mass 

spectrometry. Each data point represents a mouse from 1 out of 2 experiments described in 

Figure 13.  The positive control (Pos ctrl) group represents mice with no tumor but with 

ovalbumin (OVA) injected subcutaneously. Data are presented as means ± SD. One-way ANOVA 

with Tukey post-hoc test was used to compare groups. **p≤0.01, ***p≤0.001. 

4.3 Evaluation of in vivo antigen-specific immune response in the progression of lung 

carcinoma model in ARG1 knock-out (KO) mice  

4.3.1 Studies using ARG1 Myeloid KO mice 

To further investigate the dependence between ARG1 expression and the local 

immune response in LLC tumor-bearing mice the transgenic mice models imitating 

ARG1 deficiency were utilized. To verify the hypothesis that the unfavourable effect is 

caused by ARG1 produced by myeloid cells in the tumor microenvironment, mice with 

ARG1 KO in myeloid lineage were exploited. The first observation was that tumor 

volume in these mice is reduced in comparison with control C57BL/6 mice (p = 0.0052, 

unpaired two-tailed t-test; Figure 15). 
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Figure 15. Comparison of LLC tumor growth between control C57BL/6 and ARG1 Myeloid KO 

mice (C57BL/6-Arg1tm1Pmu/J  B6.129P2-Lyz2tm1(cre)Ifo/J). Both groups of mice received 0.5x106 of 

LLC tumor cells injected subcutaneously on day 0 and tumor volume was measured. Summary 

of linear tumor growth (A) and individual mice display of tumor volume on day 17 (B). Each 

experimental group consisted of 11 mice. Data show means ± SD. An unpaired two-tailed t-test 

was used to compare groups. **p≤0.01. 

 

Then, the antigen-specific proliferation of OT-I T-cells was studied in mice with 

advanced tumors showing that ARG1 KO in myeloid lineage protects mice against 

worsening the proliferation at late tumor progression stages. Furthermore, these 

results were supported by no changes like ι-arginine down-regulation and ι-ornithine 

up-regulation in plasma, in contrast to control C57BL/6 mice with advanced tumors, 

suggesting the lack of activity of ARG1 in myeloid cells in the tumor microenvironment 

of ARG KO mice (Figure 16). Collectively, these data suggest that high ARG1 activity in 

mice with advanced tumors might negatively affect the development of antigen-

specific immune response in local secondary lymphoid organs. 
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Figure 16. Evaluation of OT-I T-cells proliferation as well as ι-arginine and ι-ornithine 

concentration in control C57BL/6 and ARG1 Myeloid KO mice (C57BL/6-Arg1tm1Pmu/J 
 B6.129P2-

Lyz2tm1(cre)Ifo/J). Mice received 0.5x106 of LLC tumor cells injected subcutaneously on days 0 and 

14 of the experiment in order to generate advanced and initial tumors, respectively. Adoptive 

cells transfer of isolated, CTV stained, OT-I CD8+ lymphocytes was performed on day 17 by 

intravenous route. Antigen-specific proliferation was triggered with ovalbumin (OVA) protein 

injected subcutaneously in the tumor area on day 18. Proliferation of OT-I T-cells in tumor-

draining lymph node (inguinal) was evaluated on day 21 by flow cytometry (A). ι-arginine and ι-

ornithine concentrations in plasma samples were assessed by mass spectrometry (B). Data are 

presented as means ± SD. An unpaired two-tailed t-test was used to compare groups. *p<0.05, 

**p≤0.01, ***p≤0.001. 
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4.3.2 Studies using ARG1 Total KO mice 

Next, the effects of total ARG1 KO on the LLC tumor growth and probable 

modifications in the tumor microenvironment were investigated. For that purpose, a 

mouse model of tamoxifen-inducible ARG1 deficiency in all types of cells was 

generated. The scheme of the performed experiment is presented in Figure 17. In 

concordance with genotyping results (data not shown), the expected ARG1 KO 

phenotype was confirmed since transgenic mice (abbreviated as ARGfloxROSA) treated 

with tamoxifen showed significant accumulation of plasma ι-arginine (458,3 µM ± 

141,8 µM) in comparison with ARGfloxROSA control mice treated with tamoxifen 

diluent which is a peanut oil (45,86 µM ± 11,39 µM, p < 0.0001, one-way ANOVA with 

Tukey multiple comparison test; Figure 17).  

 

Figure 17. Timeline of the in vivo experiment exploiting control C57BL/6 and C57BL/6-

Arg1tm1Pmu/J  B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J (abbreviated as ARGfloxROSA) mice (A) and 

measurement of ι-arginine concentration in plasma samples by mass spectrometry (B). 0.5x106 

LLC tumor cells were inoculated subcutaneously in induced by tamoxifen (75 mg/kg of a mouse) 

ARG1 Total KO mice and WT controls C57BL/6. In control groups, peanut oil (tamoxifen diluent) 

was administered orally from day 7 until day 12 accordingly. Isolated, CTV stained, OT-I CD8+ 

lymphocytes were transferred intravenously on day 17. Antigen-specific proliferation was 

triggered with ovalbumin (OVA) protein injected subcutaneously in the tumor area on day 18.  

Each experimental group consisted of n = 6-7 mice. Data show means ± SD. One-way ANOVA 

with Tukey post-hoc test was used to compare groups. *p<0.05, **p≤0.01, ***p≤0.001. 
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Mice were inoculated with LLC tumor cells on day 0, whereas tamoxifen oral 

administration was performed from day 7 until day 12 and in the meantime, tumor 

growth was monitored. As the result, LLC tumors progression was delayed in ARG1 

Total KO mice in comparison with the same transgenic mice injected only with peanut 

oil (p = 0.0001, measurements from day 21, one-way ANOVA with Tukey multiple 

comparison test; Figure 18). Also, tumor mass weight isolated during harvest was 

significantly different between these two groups (2.25 ± 0.23 and 1.51 ± 0.27 in 

ARGfloxROSA mice treated with peanut oil and tamoxifen, respectively; p = 0.0056 

one-way ANOVA with Tukey multiple comparison tests). Taking into account that 

tamoxifen itself is an antitumor drug used for breast cancer treatment, it was 

important verification that this agent given to control C57BL/6 mice did not show 

antitumor efficacy in the lung cancer model. To further delineate the 

immunoregulatory mechanisms of ARG1 KO, tumor samples were extracted to 

perform flow cytometric analysis of TILs. It revealed that inhibited progression of LLC 

tumors in ARG Total KO mice was associated with both a higher percentage and 

number of CD3+ TILs. Moreover, CTV-labelled adoptively transferred OT-I T-cells were 

found in tumors of ARG1 total KO mice at the increased percentage in comparison with 

control mice suggesting that lack of ARG1 expression facilitates the T-cell tumor 

penetration (Figure 19).  
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Figure 18. Measurements of tumor growth (A), volume (B) and weight (C) in experiment 

exploiting control C57BL/6 and C57BL/6-Arg1tm1Pmu/J  B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J 

(abbreviated as ARGfloxROSA) mice treated with peanut oil or tamoxifen. Each experimental 

group consisted of n = 6-7 mice. Data show means ± SD. One-way ANOVA with Tukey post-hoc 

test was used to compare groups. *p<0.05, **p≤0.01, ***p≤0.001. 
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Figure 19. Analysis of percentage (A), absolute number (B) of CD3+ tumor-infiltrating 

lymphocytes (TILs) and CTV+ adoptively transferred OT-I T-cells in inguinal tumor-draining 

lymph node (C) using flow cytometry. Each experimental group consisted of n = 6-7 mice. Data 

show means ± SD. One-way ANOVA with Tukey post-hoc test was used to compare groups. 

*p<0.05, **p≤0.01. 

4.4 Assessment of ARG1 expression in murine tumor cell lines 

In the course of the project, it was important to find a murine tumor model cell line 

with sufficiently high endogenous ARG1 expression, therefore several cell lines 

available within the laboratory including A20, LLC, E0771, PANC02, ID8, 4T1, B16F10 

were compared. As initially verified by flow cytometry (Figure 20) and additionally 

confirmed by immunoblotting (Figure 21) none of them had prominent ARG1 

expression level.  

 

Figure 20. Measurement of the basal endogenous expression level of ARG1 in various murine 

tumor cell lines: A20, LLC, E0771, PANC02, ID8, 4T1, B16F10 evaluated by flow cytometry. 
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Mean fluorescence intensity (MFI) of signal from tumor cell line samples stained with anti-

ARG1 antibody in comparison to Fluorescence Minus One (FMO) controls. 

 

Figure 21. Measurement of the basal endogenous expression level of ARG1 in various murine 

tumor cell lines: A20, LLC, E0771, PANC02, ID8, 4T1, B16F10 evaluated by Western blotting (A). 

β-actin served as an equal protein loading control (B). 

Hence, it was crucial to generate the tumor model cell lines with ARG1 overexpression 

using the lentiviral transduction method. The scheme of the experiment is presented 

in Figure 22. Transductions were successful as the generated LLC cell line 

overexpressed ARG1 enzyme, which was verified in an enzymatic assay in which it was 

actively converting ι-arginine into urea (Figure 22).  

 

Figure 22. Scheme of the lentiviral transduction performed on LLC WT cells in order to generate 

cell line overexpressing ARG1 (A) and analysis of ARGs activity in control LLC WT, LLC-pLVX and 

LLC-pLVX-ARG1 cell lines after transductions measured by enzymatic assay shown as urea 

production (B). 100 ng of recombinant ARG1 and double-distilled water were used as positive 

and negative controls, respectively. Data show means ± SD. 
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4.5 Evaluation of ARG1 overexpression on tumor growth in vivo 

In vivo, ARG1 overexpression by LLC tumor cells resulted in accelerated progression of 

tumor growth in immunocompetent C57BL/6 mice in comparison with control WT and 

-pLVX groups (p < 0.0001 and p = 0.0006, respectively comparing measurements 

performed on day 18; one-way ANOVA with Tukey multiple comparison tests). To 

address whether this effect was dependent on lymphocytes, the same experiment was 

performed in immunodeficient B6(Cg)-Rag2tm1.1Cgn/J RAG2 KO mice. These mice have 

impaired T and B-cell development due to arrest at the pro-B and the pro-T-cell stage, 

respectively. Results of the experiment were not reproduced in RAG2 KO mice that 

lack mature T and B cells suggesting the mechanism dependent on lymphocytes' 

presence (Figure 23). 

 

Figure 23. Comparison of tumor growth in control immunocompetent C57BL/6 and 

immunodeficient B6(Cg)-Rag2tm1.1Cgn/J (RAG2 KO) mice inoculated with ARG1-overexpressing 

lung carcinoma cell line (LLC-pLVX-ARG1) and control cell lines (LLC WT, LLC-pLVX). Each 

experimental group consisted of n = 7-8 mice. Data show means ± SD. 

To broaden the studies similar experiment was repeated with the use of B16F10 tumor 

cell line overexpressing ARG1 as well as matching control cell lines: B16F10 WT and 

B16F10-pLVX. In accordance with LLC model very consistent results were obtained in 

B16F10 model in both immunocompetent C57BL/6 and immunodeficient RAG2 KO 
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(B6(Cg)-Rag2tm1.1Cgn/J) mice. Additionally, blood samples were collected and ι-arginine 

concentration was measured in separated plasma. Results indicate the tremendous 

down-regulation of ARG substrate in mice inoculated with B16F10-pLVX-ARG1 cell line 

in comparison to both control ones (Figure 24). 

 

Figure 24. Comparison of tumor growth (A) and ι-arginine plasma concentration (B) in control 

C57BL/6 and B6(Cg)-Rag2tm1.1Cgn/J (RAG2 KO) mice inoculated with ARG1-overexpressing 

melanoma cell line (B16F10-pLVX-ARG1) and control cell lines (B16F10 WT, B16F10-pLVX). The 

experimental group consisted of n = 4-8 mice. Data show means ± SD. One-way ANOVA with 

Tukey post-hoc test was used to compare groups. **p≤0.01, ***p≤0.001. 
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4.6 Evaluation of ARGs effect on the in vitro T-cells proliferation and CD3 expression 

To gain deeper insights into the mechanisms beyond the immunomodulatory effects of 

ARGs on T-cells in the tumor microenvironment in vivo, a series of experiments ex vivo 

utilizing splenic antigen-specific OT-I T-cells activated with OVA peptide were 

performed. Isolated OT-I CD8+ T-cells were stained with CFSE dye allowing to track 

each cell division and increasing concentrations of recombinant mouse ARG1 or ARG2 

were added. In both cases, T-cells divisions were totally abrogated at 4 μg/ml 

concentration of ARG1 and ARG2, with visible changes in proliferation pattern also at 

the lower ARGs concentrations. In comparison with the positive control, ARG1 

concentration of 1 μg/ml and ARG2 concentration of 2 μg/ml diminished the 

proliferative potential of antigen-specific OT-I CD8+ T-cells (Figure 25). 

 

Figure 25. Evaluation of proliferation potential of OT-I T-cells in increasing concentrations of 

recombinant mouse ARG1 and ARG2. Splenocytes were isolated from OT-I mouse, next were 
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stained with CFSE dye and cultured in vitro. To trigger antigen-specific proliferation cells were 

stimulated with 10 nM of OVA257-264 peptide. Samples were assessed by flow cytometry 3 days 

later using antibodies detecting T-cells. 

Also, a series of experiments utilizing normal splenic CD4+ and CD8+ T-cells activated 

with anti-CD3/CD28-coupled beads were carried out. Isolated T-cells were stained with 

CTV dye and increasing concentrations of recombinant human ARG1 were added. In 

both cases, CD4+ and CD8+ T-cells divisions were completely abolished at 250 μg/ml 

concentration of ARG1. This indicates that the activity of used human ARG1 was much 

higher than the activity of applied mouse ARG1 enzyme. Partial impairment of full 

proliferation profile was observed at the lower ARG1 concentrations – 150 μg/ml and 

200 μg/ml in the case of CD4+ and CD8+ T-cells, respectively. The observed reduction of 

proliferation corresponded to diminished CD3ε and CD3ζ chains expression that was 

also dose-dependent (Figure 26). 

 

Figure 26. Analysis of the effect of recombinant human ARG1 on proliferation (left) and CD3 

expression (right) in murine CD4+ and CD8+ T -cells. CD4+ and CD8+ T cells were negatively 

isolated from the spleens of C57BL/6 mice. Cells were stained with cell trace violet (CTV) and 

incubated with anti-CD3/CD28 beads to trigger activation. Recombinant human ARG1 was 

added to some groups at concentrations ranging from 100 to 500 ng/ml. Proliferation in 

presence of various concentrations of recombinant human ARG1 was analyzed by flow 

cytometry (A). Expression of CD3ε and CD3ζ chains presented as mean fluorescence intensity 

(MFI) measured in CD8+ T cells by flow cytometry (B). Data show means ± SD.  
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Another important point of the study was to determine how rapid are the changes in 

expression of CD3 complex chains upon ARG1 increment. A high concentration of 

recombinant human ARG1 (1 µg/ml) was implemented to CD4+ and CD8+ T-cells 

cultures and the expression profile was measured in time ranging from 2 to 72 hours. 

At a 6 hour time-point, there was a slight up-regulation in expression of CD3ε implying 

that activation signaling was triggered by the anti-CD3/CD28-coupled beads (Figure 

27). Nevertheless, a high concentration of ARG1 caused escalating down-regulation of 

both CD3ε and CD3ζ expression. The alterations of the CD3 chains expression in time 

are very similar in both CD4+ and CD8+ T-cells reaching the lowest values of at 

maximum 72 hour time-point (CD3ε: 29% ± 2% and 33% ± 1%; CD3ζ: 33% ± 5% and 

33% ± 0% for CD4+ and CD8+ T-cells, respectively). Examples of representative overlay 

histograms showing CD3ε and CD3ζ expression on CD4+ T-cells at selected time points 

are presented in Figure 28. Collectively, these results indicate that ARG1 acts on T-cells 

by attenuating the expression of crucial signaling molecules that play an essential role 

in the initiation of T-cell activation. 



95 
 

 

Figure 27. Time-course analysis of CD3ε and CD3ζ expression on CD4+ (A) and CD8+ (B) T-cells in 

presence of high recombinant human ARG1 concentration (1 µg/ml). The expression is 

presented as a percentage of positive control with no ARG1 added that was set as 100%. Data 

show means ± SD.  
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Figure 28. Representative examples of overlay histograms representing CD3ε (A) and CD3ζ (B) 

expression on CD4+ T-cells in presence of high recombinant human ARG1 concentration (1 

µg/ml; red) and untreated cells (positive control; blue) at selected time points. Each sample is 

shown in a technical duplicate. 

4.7 Evaluation of lack of ι-arginine on the in vitro T-cells proliferation and CD3 

expression 

In the next step, it was verified whether T-cells ability to proliferate is dependent on               

ι-arginine concentration in the microenvironment. Thus, to provide the evidence, CD4+ 

T-cells were cultured in a medium with various ι-arginine concentrations (none 0 µM, 

low 15 µM, physiologic 150 µM and high 1500 µM) and results fully supported the 

dependence assumption. Worsening of proliferation was observed in lack of ι-arginine 

in medium (0 µM) and low concentration 15 µM however physiologic concentration 

such as 150 µM was sufficient to recover the complete proliferation profile (Figure 29). 

Regarding the CD3ε and CD3ζ expression, in both cases, significant improvement of 

expression was noticed in 150 µM ι-arginine concentration as compared to 0 µM ι-

arginine (Figure 30). 
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Figure 29. Comparison of CD4+ T-cells proliferation cultured in medium with no (0 µM), low (15 

µM), physiologic (150 µM) and high (1500 µM) ι-arginine concentrations. CD4+ were negatively 

isolated from the spleens of healthy C57BL/6 mice. Cells were stained with cell trace violet 

(CTV) and incubated with anti-CD3/CD28 beads to trigger activation and analyzed by flow 

cytometry.  

 

Figure 30. Comparison of CD3ε and CD3ζ expression on CD4+ T-cells cultured in medium with no         

(0 µM), low (15 µM), physiologic (150 µM) and high (1500 µM) ι-arginine concentrations. CD4+ 

T-cells were negatively isolated from the spleens of healthy C57BL/6 mice. Cells were stained 

with cell trace violet (CTV), incubated with anti-CD3/CD28 beads to trigger activation and 

analyzed by flow cytometry. Data show means ± SD. One-way ANOVA with Tukey post-hoc test 

was used to compare groups. *p<0.05 **p≤0.01. 
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Importantly, supplementation of extracellular ι-citrulline fully rescued the proliferative 

potential of T-cells cultured in a medium with no ι-arginine showing that T-cells have 

active ASS-1 and ASL enzymes and are able to rebuild required for proliferation ι-

arginine from extracellular ι-citrulline (Figure 31).  

 

Figure 31. Analysis of CD4+ T-cells proliferation in medium lacking ι-arginine supplemented 

with ι-citrulline. Murine CD4+ T-cells were negatively isolated from the spleens of healthy 

C57BL/6 mice. Cells were stained with cell trace violet (CTV), incubated with anti-CD3/CD28 

beads to trigger activation and analyzed by flow cytometry.  

Since the exaggerated activity of ARG1 enzyme might cause both: fast depletion of the 

reaction substrate supplies along with an excessive accumulation of reaction products, 

it was questioned which of those events has a more profound impact on the T-cells 

proliferation. To accomplish that task CD4+ T-cells were incubated with diversified 

concentrations of urea or ι-ornithine or both reaction products at once. None of the 

supplemented ARG1 reaction products at any concentration influenced the 

proliferation indicating that their accumulation has no impact (Figure 32). 
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Figure 32. Evaluation of the effect of ARG1 metabolites in various ι-arginine concentrations on 

the proliferation of murine CD4+ T-cells. CD4+ T-cells were negatively isolated from the spleens 

of healthy C57BL/6 mice. Cells were stained with cell trace violet (CTV) and activated with anti-

CD3/CD28 beads. T-cells were cultured in medium with low (15 µM), physiologic (150 µM) and 

high (1500 µM)  ι-arginine concentrations. ARG1 enzyme products such as urea and ι-ornithine 

or both were added to selected wells at the concentrations 15 µM or 150 µM and samples were 

analyzed by flow cytometry.  

4.8 Assessment of the treatment with ARG inhibitors on the in vitro T-cells 

proliferation and CD3 expression 

Several compounds exhibiting inhibition activity against ARGs have been developed so 

far. This study aimed at a comparison of three small-molecule ARG inhibitors: 

reference compound ABH (2(S)-amino-6-boronohexanoic acid), newer and improved 

compound OAT-1617 and the most recently developed compound OAT-1746. Based on 

previous optimization experiments concentration of 250 μg/ml of ARG1 was selected 

as a fully inhibiting concentration for in vitro experiments evaluating the potential of 

ARGs inhibitor. Experiments were focused on blocking the activity of ARG1 and finding 
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the lowest concentration of inhibitor needed to recover the full proliferation profile 

and CD3 expression inhibited by a recombinant enzyme. 

4.8.1 Studies evaluating ABH  

ABH demonstrated very poor activity, as the required effective concentration to 

restore full proliferation was 10 µM in the case of human CD4+ T-cells. On the other 

hand, a concentration of 5 µM allowed to achieve proliferation with one less division 

peak in comparison with the positive control (CD4+ T-cells activated with beads but no 

ARG1 added). Apart from proliferation, the essential readout of inhibitor potential was 

the recovery of CD3 expression. In both cases, CD3ε and CD3ζ concentration of 10 µM 

ABH was the lowest to retrieve a statistically significant level (Figure 33). 

 

Figure 33. Evaluation of the effect of various concentrations of ABH on the proliferation (A) as 

well as on CD3ε and CD3ζ expression (B) of human CD4+ T-cells in presence of ARG1. CD4+ T-

cells were negatively isolated from the blood of healthy donors. Cells were stained with cell 

trace violet (CTV) and incubated with anti-CD3/CD28 beads to trigger activation. Recombinant 
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human ARG1 was added to some groups at a concentration of 250 ng/ml while ABH was added 

at a wide concentrations range and samples were analyzed by flow cytometry after 5 days of 

incubation. Data show means ± SD. One-way ANOVA with Tukey post-hoc test was used to 

compare groups. *p<0.05, ***p≤0.001. 

4.8.2 Studies evaluating OAT-1617 

As opposed to ABH, novel inhibitor OAT-1617 demonstrated much higher activity with 

an effective concentration of 100 nM in the case of human CD4+ T-cells. Even a lower 

concentration such as 50 nM was enough to regain high levels of CD3ε and CD3ζ 

expression down-regulated by ARG1 (Figure 34).                                                                                                                                                                                                                                      

 

Figure 34. Evaluation of the effect of various concentrations of OAT-1617 on the proliferation 

(A) as well as on CD3ε and CD3ζ expression (B) of human CD4+ T-cells in presence of ARG1. T-

cells were negatively isolated from the blood of healthy donors. Cells were stained with cell 

trace violet (CTV) and incubated with anti-CD3/CD28 beads to trigger activation. Recombinant 

human ARG1 was added to some groups at a concentration of 250 ng/ml while OAT-1617 was 

added at a wide concentrations range and samples were analyzed by flow cytometry after 5 
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days of incubation. Data show means ± SD. One-way ANOVA with Tukey post-hoc test was used 

to compare groups. *p<0.05, **p≤0.01, ***p≤0.001. 

4.8.3 Studies evaluating OAT-1746 

A wide range of concentrations of OAT-1746 varying from 300 nM to 25 nM was tested 

to evaluate its inhibitory effects using both types of T-cells: CD4+ and CD8+. In the case 

of CD4+ T-cells concentration of 100 nM was sufficient to recover full proliferation 

profile, whereas CD8+ T-cells required a higher concentration of 200 nM. It was 

probably linked to the faster proliferative rate of CD8+ T-cells, which are able to 

undergo more divisions than CD4+ T-cells at the same time. Importantly, even in 

presence of the lowest concentration of 25 nM of OAT-1746 some divisions were 

observed (Figure 35).  

 

Figure 35. Evaluation of the effect of various concentrations of OAT-1746 on the proliferation 

of human CD4+ and CD8+ T-cells in presence of ARG1. T-cells were negatively isolated from the 

blood of healthy donors. Cells were stained with cell trace violet (CTV) and incubated with anti-

CD3/CD28 beads to trigger activation. Recombinant human ARG1 was added to some groups 
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at a concentration of 250 ng/ml while OAT-1746 was added at a wide concentrations range 

and samples were analyzed by flow cytometry after 5 days of incubation. 

Both effective doses of OAT-1746 (100 nM for CD4+ and 200 nM for CD8+ T-cells, 

respectively) were successfully employed to restore CD3ε expression profoundly 

down-regulated by ARG1 (Figure 36). What was repeatedly seen selected 

concentration of 250 μg/ml of recombinant human ARG1 imposed a more robust 

down-regulation effect on the CD3ε expression in comparison with CD3ζ expression.  

 

Figure 36. Evaluation of the effect of a wide range of OAT-1746 concentrations on the CD3ε 

expression of human CD4+ and CD8+ T-cells in presence of ARG1. T-cells were negatively 

isolated from the blood of healthy donors. Cells were stained with cell trace violet (CTV) and 

incubated with anti-CD3/CD28 beads to trigger activation. Recombinant human ARG1 was 

added to some groups at a concentration of 250 ng/ml while OAT-1746 was added at a wide 

concentrations range and samples were analyzed by flow cytometry after 5 days of incubation. 

Representative histograms are shown and graphs represent Mean Fluorescence Intensity (MFI). 

Data show means ± SD. One-way ANOVA with Tukey post-hoc test was used to compare 

groups. ***p≤0.001. 
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In this experiment concentration of 250 μg/ml caused a statistically significant drop in 

CD3ζ expression in CD8+ T-cells. However, it was visible but not statistically significant 

in the case of CD4+ T-cells (p = 0.0554, one-way ANOVA with Tukey post-hoc test). On 

the other hand, a wide range of OAT-1746 concentrations including even low 

concentration such as 50 nM was enough to preserve the high CD3ζ expression in CD4+ 

T-cells comparable with the positive control (T-cells stimulated with beads and no 

ARG1 and no OAT-1746 added). Interestingly, OAT-1746 concentration of 25 nM was 

substantial to retain the relatively high expression level of the CD3ζ chain in CD4+ T-

cells, however this change was not statistically significant (Figure 37). 

 

Figure 37. Evaluation of the effect of a wide range of OAT-1746 concentrations on the CD3ζ 

expression of human CD4+ and CD8+ T-cells in presence of ARG1. T-cells were negatively 

isolated from the blood of healthy donors. Cells were stained with cell trace violet (CTV) and 

incubated with anti-CD3/CD28 beads to trigger activation. Recombinant human ARG1 was 

added to some groups at a concentration of 250 ng/ml while OAT-1746 was added at a wide 

concentrations range and samples were analyzed by flow cytometry after 5 days of incubation. 

Representative histograms are shown and graphs represent Mean Fluorescence Intensity (MFI). 

Data show means ± SD. One-way ANOVA with Tukey post-hoc test was used to compare 

groups. *p<0.05. 
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Furthermore, OAT-1746 essentially supported the proper production level of TNF-α 

and   INF-γ cytokines by human CD4+ T-cells, that was comparable with positive 

control. Considering TNF-α positive cells only OAT-1746 concentration of 300 nM 

retained the statistically significant result. What is more, remaining lower 

concentrations generated visible but not statistically significant up-regulation in the 

percentage of TNF-α positive cells. Despite not statistically significant difference 

between positive control and cells treated with ARG1 all tested concentrations of OAT-

1746 resulted in an evidently increased percentage of IFN-γ in human CD4+ T-cells 

(Figure 38).  

 

Figure 38. Evaluation of the effect of a wide range of OAT-1746 concentrations on the 

percentage of TNF-α+ and IFN-γ+ human CD4+ T-cells in presence of ARG1. T-cells were 

negatively isolated from the blood of healthy donors. Cells were stained with cell trace violet 

(CTV) and incubated with anti-CD3/CD28 beads to trigger activation. Recombinant human 

ARG1 was added to some groups at a concentration of 250 ng/ml while OAT-1746 was added 

at concentrations ranging from 25 to 300 nM and samples were analyzed by flow cytometry 

after 6 days of incubation. Cytokines were measured after addition for the last 4h of incubation 

Brefeldin A and Golgi Stop. Data show means ± SD. One-way ANOVA with Tukey post-hoc test 

was used to compare groups. *p<0.05. 
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4.9 Evaluation of the ARG inhibitors effectiveness in blocking the activity of tumor 

cells associated and secreted ARG1 and ARG2 

Above results show the ability of the mentioned ARG inhibitors to inhibit the free, 

easily accessible form of recombinant human ARG1 diluted in medium. Next, it 

becomes important to verify the potential of these compounds in inhibiting the 

enzymes that are produced within the cell. To achieve this goal tumor cell lines 

overexpressing ARG1 enzyme generated by lentiviral transduction system were used. 

Cell lines overexpressing ARG2 were generated before and provided by the laboratory 

of Vincenzo Cerundolo at the University of Oxford. As the controls, matching WT cell 

lines or transduced with empty vector pLVX were used. As the results, B16F10-pLVX-

ARG1 cell line had 45 times higher urea production than control one (4.14 ± 0,04% vs -

0.01 ± 0,04%), whereas B16F10-ARG2 cell line had 55 times higher ARG activity than 

WT control (9.82 ± 0.30% vs 0.18 ± 0.00%). Moreover, overexpression of ARG1 or ARG2 

enzymes was confirmed in modified ID8-ARG1 and THP-1-ARG2 cell lines in 

comparison with WT control cell lines (ID8 WT and THP-1 WT). All cell lines were 

incubated either with ABH or OAT-1617 or OAT-1746 ARG inhibitor and then 

supernatants as well as cell lysates were collected and analyzed for ARG activity in an 

enzymatic assay. In all cases, ABH used at 20 µM had no effect on tumor cell-

associated ARG1 or ARG2 which confirms its poor activity. Furthermore, OAT-1617 

showed blocking effect that was equal to 15%, 61%, 45% and 61% for B16F10-ARG1, 

B16F10-ARG2, ID8-ARG1 and THP-1-ARG2, respectively. Importantly, OAT-1746 

inhibitor exerted more considerable effect resulting in 24%, 74%, 59% and 80% activity 

blocking in mentioned cell lines (Figure 39).  
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Figure 39. Assessment of ABH, OAT-1617 and OAT-1746 inhibitors effectiveness in blocking the 

activity of tumor cells associated ARG1 and ARG2. ARG1-overexpressing tumor cells (B16F10-

ARG1 and ID8-ARG1) or plasmid control cells line (B16F10-pLVX) were modified by lentiviral 

transduction. 1x106 of tumor cells were seeded in 6-well plates. Cells were treated with 20 μM 

of ABH or OAT-1617 or OAT-1746 for 20 hours or were left untreated. Lysates of tumor cells 

were analyzed for ARGs activity measured as urea production using a 2-hour enzymatic assay 

with spectrophotometric readout. The percentage of ARG inhibition by the selected compound 

is shown in comparison with untreated samples with ARG1 overexpression. Data show means ± 

SD. 

Similarly, in tested tumor cell culture supernatants, ABH had none (as observed in 

B16F10-ARG2) or only a minor impact on inhibition of secreted ARG1 and ARG2 to the 

medium (10% and 12% inhibition in comparison with untreated B16F10-ARG1 and 
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THP-1-ARG2 cells, respectively). OAT-1617 showed improved efficacy but OAT-1746 

used at the same concentration caused even better inhibition of ARG activity 

(presented as urea production) in the supernatant of B16F10-ARG1 and THP-1-ARG2 

cell lines. Noteworthy, none of the inhibitor at 20 µM concentration induced the 

adverse condition of cells or dying after 20 hours of treatment (Figure 40). 

 

Figure 40. Assessment of ABH, OAT-1746 and OAT-1617 inhibitors effectiveness in blocking the 

activity of tumor cells secreted ARG1 and ARG2. ARG1-overexpressing tumor cells (B16F10-

ARG1) or plasmid control cells line (B16F10-pLVX) were modified by lentiviral transduction. 

1x106 of tumor cells were seeded in 6-well plates. Cells were treated with 20 μM of ABH or OAT-

1746 or OAT-1617 for 20 hours or were left untreated. Supernatants of tumor cells were first 

depleted from urea accrued during cell culture. Samples were analyzed for ARGs activity 

measured as urea production using a 2-hour enzymatic assay with spectrophotometric readout. 

The percentage of ARG inhibition by the selected compound is shown in comparison with 

untreated samples with ARG1 overexpression. Data show means ± SD.  

4.10 Evaluation of antitumor efficacy of ARG inhibitors in lung cancer model 

4.10.1 Monotherapy with OAT-1746 or ABH 

As the LLC tumor microenvironment is highly infiltrated with myeloid cells expressing 

ARG1 and OAT-1746 is able to inhibit the cell-associated enzyme, the therapeutic 

potential of this inhibitor was evaluated in vivo in LLC mouse model. Two weeks of 

treatment with 20 mg/kg of OAT-1746 did not result in tumor remission but 

significantly inhibited the tumor growth (p <0.0001, unpaired two-tailed t-test) as well 

as prolonged survival for 6 days in this very aggressive model (Figure 41). On the other 
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hand, treatment with 100 mg/kg of reference ARG inhibitor ABH did not affect the 

tumor growth at all (Figure 42). 

 

Figure 41. Evaluation of antitumor efficacy of therapy with OAT-1746 ARG inhibitor. C57BL/6 

mice were inoculated subcutaneously with 0.1x106 of LLC tumor cells. OAT-1746 was 

administered twice daily by an intraperitoneal route at the dose of 20 mg/kg for the first 14 

days, whereas the control group received PBS. The graphs show tumor growth dynamics over 

time (A), individual mice tumor volume display from measurements performed on day 18 (B) 

and survival (C). Each experimental group consisted of n = 7-8 mice. Data are presented as 

mean ± SD. An unpaired two-tailed t-test was used to compare groups. ***p≤0.001. 

 

Figure 42. Evaluation of antitumor efficacy of therapy with ABH ARG inhibitor. C57BL/6 mice 

were inoculated subcutaneously with 0.5x106 of LLC tumor cells. ABH was administered twice 

daily by oral route at the dose of 100 mg/kg for the first 14 days, whereas the control group 

received PBS. The graphs show tumor growth dynamics over time (A) and individual mice tumor 

volume display from measurements performed on day 18 (B). Each experimental group 

consisted of n = 7-8 mice. Data are presented as mean ± SD. An unpaired two-tailed t-test was 

used to compare groups. ns – not significant. 
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Next, it was questioned whether OAT-1746 would impede the accelerated progression 

of LLC overexpressing ARG1. Therapy with ARG inhibitor strongly inhibited the growth 

of LLC-pLVX-ARG1 tumor (p <0.0001, one-way ANOVA with Tukey post-hoc test), and 

what is important, inhibition was to a similar extent as in the case of control LLC WT 

tumor (Figure 43). These results implicate that OAT-1746 not only can block the 

activity of ARG in the tumor microenvironment but also that overexpressed by tumor 

cells.  

 

Figure 43. Comparison of tumor growth in C57BL/6 mice inoculated with 0.1x106 of LLC WT or 

LLC-pLVX-ARG1 cell line treated with OAT-1746 (20 mg/kg ) or PBS for the whole experiment. 

The graphs show tumor growth dynamics over time (A), individual mice tumor volume display 

from measurements performed on day 17 (B). Each experimental group consisted of n = 7-8 

mice. Data are presented as mean ± SD. One-way ANOVA with Tukey post-hoc test was used to 

compare groups. **p≤0.01, ***p≤0.001. 

4.10.2 Mechanism of action studies using OAT-1746 

To elucidate the mechanisms of therapeutic activity of OAT-1746 in above in vivo 

studies the proliferation of OT-I T-cells in a tumor-draining lymph node of mice with 

advanced LLC WT tumors was again verified. In OAT-1746 treated group proliferation 



111 
 

was improved as compared to mice with advanced tumors treated only with PBS (p = 

0.0273, unpaired two-tailed t-test, Figure 44).  

 

Figure 44. Study of the antigen-specific proliferation in vivo in C57BL/6 mice with advanced 

tumors treated with OAT-1746. 0.5x106 of LLC tumor cells were inoculated subcutaneously on 

days 0 and 14 of the experiment in order to generat advanced and initial tumors, respectively. 

Isolated, CTV stained, OT-I CD8+ lymphocytes were transferred intravenously on day 17. 

Antigen-specific proliferation was triggered by ovalbumin protein injected subcutaneously in 

the tumor area on day 18. In the selected group OAT-1746 was administered twice daily by an 

intraperitoneal route at the dose of 20 mg/kg on days 16-21, whereas the control group 

received PBS. The proliferation of OT-I T cells in tumor-draining lymph node (inguinal) was 

evaluated on day 21 by flow cytometry. Data are presented as means ± SD. An unpaired two-

tailed t-test was used to compare groups. *p<0.05. 

To further resolve the clue of antitumor efficacy transgenic mice B6.Cg-Foxp3tm2Tch/J 

were used. These mice co-express green fluorescence protein (GFP) and the T 

regulatory cell-specific transcription factor FoxP3. Mice were inoculated with LLC WT 

cells and were split into two groups treated either with OAT-1746 or PBS. The tumor 

growth rate was analogous to normal C57BL/6 with significant inhibition in OAT-1746 

treated mice (p <0.0001, unpaired two-tailed t-test). Subpopulations of T-cells were 

analyzed by flow cytometry showing that ARG inhibitor receiving group had a 

significantly decreased percentage of regulatory T cells in the tumor (gated as CD25+ 

FoxP3+ cells among all CD3+ CD4+ cells, p = 0.0306, unpaired two-tailed t-test). 

Furthermore, OAT-1746 treated group had increased percentage in non-T regulatory 

lymphocytes (gated as CD3+ FoxP3- cells among CD45+ CD11b- F40/80- cells, p = 0.0278, 
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unpaired one-tailed t-test, Figure 45). These data suggest that OAT-1746 acts by 

changing the proportions of specific T-cell populations in the tumor microenvironment, 

especially by switching the balance towards less immunosuppressive T-cell phenotype.  

 

Figure 45. Analysis of OAT-1746 immunomodulatory mechanisms on the immune cells in the 

tumor microenvironment of the lung cancer model. B6.Cg-Foxp3tm2Tch/J mice were inoculated 

with 1x106 of LLC tumor cells and were treated twice daily with OAT-1746 by an intraperitoneal 

route at the dose of 20 mg/kg for the whole experiment, whereas control groups received PBS. 

Tumor growth was measured with a digital caliper. Mice were sacrificed on day 18 and tumors 

were harvested, processed, stained with antibodies and analyzed by flow cytometry. Tumor 

growth (A). Percentage of T regulatory cells identified as FoxP3+ CD25+ (B). Percentage of 

lymphocytes but not T regulatory cells identified as CD3+ FoxP3- (C). Each experimental group 

consisted of n = 4-5 mice. Data are presented as mean ± SD. Unpaired one or two-tailed t-test 

was used to compare groups. *p<0.05, ***p≤0.001. 

4.10.3 Combination therapy with OAT-1746 and anti-PD-1 

Considering that OAT-1746 given as monotherapy does not fully cure the mice in LLC 

model, it was important to verify whether combination therapy with a checkpoint 

blockade would amplify its antitumor effect. Mice received OAT-1746 alone or in 

combination with anti-PD-1, whereas the control group was injected with isotype 

control antibodies and PBS. The scheme of the in vivo experiment is presented in 

Figure 46.  



113 
 

 

Figure 46. Timeline of the in vivo experiment evaluating antitumor efficacy of the combination 

of OAT-1746 with anti-PD-1 therapy in the mouse lung cancer model LLC in C57BL/6 mice. 

In comparison with anti-PD-1 treatment, monotherapy with OAT-1746 more effectively 

inhibited tumor progression (mean tumor volumes measured on day 22: 2090 ± 260 

mm3 vs 1599 ± 340 mm3). Importantly, the combination of anti-PD-1 with OAT-1746 

significantly reduced tumor growth (1079 ± 153 mm3) in comparison to single 

therapies confirming that combination therapies impose enhanced effects. Survival 

was equal 30 days for both OAT-1746 monotherapy and OAT-1746 combined with 

anti-PD-1 groups, being superior by 6 days in comparison with the control group that 

received PBS and isotype control antibody (Figure 47). 
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Figure 47. Evaluation of antitumor efficacy of OAT-1746 combined with anti-PD-1 therapy. 

C57BL/6 mice were inoculated with 0.1x106 of LLC tumor cells. OAT-1746 was administered 

twice daily by an intraperitoneal route at the dose of 20 mg/kg for the first 14 days (control 

groups received PBS) while anti-PD-1 or isotype control antibodies by an intraperitoneal route 

at the dose of 10 mg/kg on selected days: 6, 9, 12, 15, 18, 21. Tumor growth over time (A). 

Individual mice tumor volume display from measurements performed on day 22 (B). Percent 

survival (C). Each experimental group consisted of n = 8-9 mice. Data are presented as mean ± 

SD. One-way ANOVA with Tukey post-hoc test was used to compare groups. **p≤0.01, 

***p≤0.001. 

4.10.4 Combination therapy with OAT-1746, anti-PD-1 and DMXAA 

As dual therapy did not result in total tumor remission in LLC tumor model the search 

for the other immunotherapies to combine with ARG inhibitor was continued. DMXAA, 

which is a stimulator of interferon genes (STING) agonist, has been chosen to add to 

the dual therapy. Accordingly, in this experiment triple combination group received: 

ARG inhibitor for the first 14 subsequent days, anti-PD-1 on selected days and DMXAA 
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given by intratumoral injection on day 8. As the result, the antitumor activity of OAT-

1746 was even more potentiated in this combination (Figure 48, pink line). 

Noteworthy, dual therapies such as a combination of OAT-1746 with DMXAA or OAT-

1746 with anti-PD-1 achieved better outcomes than monotherapies but were less 

effective than therapy with three immunomodulatory agents. Finally, the triple 

combination treatment prolonged the survival of mice until 36 days (Figure 48). 

 

Figure 48. Evaluation of antitumor efficacy of OAT-1746 combined with anti-PD-1 and DMXAA 

therapies. C57BL/6 mice were inoculated with 0.1x106 of LLC tumor cells. OAT-1746 was 

administered twice daily by intraperitoneal route at the dose of 20 mg/kg for the first 14 days 

(control groups received PBS), anti-PD-1 or isotype control antibodies by an intraperitoneal 

route at the dose of 10 mg/kg on days: 6, 9, 12, 15, 18, 21 and DMXAA by intratumoral 

injection at 0.5 µg/mouse on day 8 (control groups received NaHCO3, which is DMXAA diluent). 

Scheme of the triple combination group showing received therapies (A). Tumor growth over 

time (B Individual mice tumor volume display from measurements performed on day 22 (C). 

Percent survival (D). Each experimental group consisted of n = 9-10 mice. Data are presented as 

mean ± SD. One-way ANOVA with Tukey post-hoc test was used to compare groups. *p<0.05, 

**p≤0.01, ***p≤0.001.  
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5. DISCUSSION 

5.1 ARG expression in the tumor microenvironment  

Tumor development is linked with alterations in ι-arginine metabolic pathways in the 

malignant lesion [89, 135]. In the present study, the pattern of accumulation of 

myeloid cells expressing ARG1 is shown in reference to the tumor progression stage in 

murine lung tumor model with further differentiation of TAMs, M-MDSC and G-MDSC. 

Last decade it became increasingly relevant for researchers to elucidate the function of 

these cells in the tumor microenvironment leading to conclusions that tumor cells 

harbor them for creating the immune-suppressive microenvironment. Many 

mechanisms responsible for this strategy have been identified, including depletion of 

amino acids, production of NO and reactive oxygen species, expression of PD-L1 

molecule, induction of T regulatory cells and impairment of NK cell-mediated 

cytotoxicity [247-249]. The comparison of peritoneal macrophages, TAMs and other 

cells in the advanced LLC subcutaneous model (day 19 after inoculation) revealed that 

only macrophages associated with tumor express high levels of ARG1, among others 

mentioned [250]. It was also shown that the induction of ARG1 in polarized M2 

macrophages is mediated by hypoxia-inducible factor 1α induced by tumor-derived 

lactic acid [250]. In myeloid cells, especially in alternatively activated macrophages M2, 

IL-4 induced ARG1 expression might be adversarially modulated by TNF [251]. 

Importantly, both types of macrophages such as tissue-resident and tumor-recruited 

contribute to the overall development of tumor in the lung [252]. Flow cytometric 

analysis of samples from YARG mice with colon adenocarcinoma revealed ARG1 

expression only in the tumor but not in other evaluated organs. ARG1+ cells 

predominantly expressed F4/80 marker being TAMs and minority expressed CD11c and 

MHC class II being activated dendritic cells. Moreover, tumor in vivo imaging allowed 

to clearly assess ARG1+ cells’ distribution across the tumor microenvironment [253]. 

Accumulation of MDSCs is a characteristic feature of a variety of tumors originating 

from distinct tissues [254]. Extracted on day 30 MOC1 tumors, that represent a tumor 

model of head and neck squamous cell carcinoma, were highly infiltrated with myeloid 

cells mostly expressing markers characteristic for G-MDSC (Ly6Ghigh, Ly6Cinter) and 
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displaying an up-regulated expression of ARG and iNOS, but not tryptophan-degrading 

indoleamine 2,3-dioxygenase (IDO) enzyme [255]. In cancer patients, the highest 

percentage of MDSCs (identified as CD14+ HLA-DR–/low) was reached in the tumor 

compared to tumor-draining lymph nodes and blood [256]. In this project mechanism 

of switching on the ARG1 expression in myeloid cells present in the tumor 

microenvironment was not studied. However, it is known that ARG1 expression in 

MDSCs is controlled by cyclic GMP, which is in turn regulated by phosphodiesterase 5 

activity. Thus, compounds modulating intracellular cGMP levels, including 

phosphodiesterase 5 inhibitors, might be useful for reducing MDSCs-mediated 

immunosuppression [257]. Also, STAT-3 dependent mechanisms are involved in 

switching on ARG1 expression in MDSCs, as a positive correlation of STAT-3 

phosphorylation and ARG1 activity was found. Further studies confirmed that 

inhibition of pSTAT3 diminished the expression of ARG1 and revealed that STAT3 binds 

to the promoter region of ARG1 in MDSCs [256]. A research group led by Augusto 

Ochoa studied the same murine tumor model LLC, and by using 

immunohistochemistry, they observed an accumulation of mature myeloid cells 

expressing ARG1, which is consistent with results presented in this study [87]. 

Comparison of murine tumor models revealed that cells expressing ARG1 are more 

abundantly present in poorly immunogenic murine tumor models, including LLC and 

B16F10, than in highly immunogenic models like CT-26 and 4T1 [258]. Importantly, 

myeloid cells with increased ARG expression were seen not only in the tumor but also 

in local lymph nodes where development of effective immune response should take 

place [124]. 

5.2 Plasma ι-arginine concentration in cancer  

In addition to progressive infiltration of LLC tumors with ARG+ myeloid cells, the results 

presented here show that mice with advanced tumors have significantly decreased 

plasma ι-arginine concentration indicating high ARG activity. It suggests that in late-

stage tumors, ARG expression by myeloid cells affects not only the local tumor 

microenvironment but also alters the systemic balance of ι-arginine metabolism. On 
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the other hand, ι-arginine is considered to be one of the amino acids the most 

prominently decreased in patients with cancer-related cachexia [259]. However, the 

condition of mice with advanced tumors was favorable and rather did not represent 

the cachectic stage. Plasma ι-arginine concentration in these mice reached 26.2 ± 9.3 

µM, whereas, in healthy mice, it oscillated around 147.8 ± 24.3 µM. In another study, ι-

arginine concentration in plasma collected from mice with intermediate pancreatic 

ductal adenocarcinoma varied between 50-234 µM with a mean of 130 µM, whereas in 

tumor interstitial fluid (TIF) it was only 2 µM. Consequently, ι-ornithine concentration 

in TIF was higher than that in plasma of the same tumor-bearing mice suggesting 

enormously robust ARG activity exactly in the tumor microenvironment [260]. 

Measurement of human plasma ι-arginine concentration indicated a significant drop in 

cancer patients versus sex- and age-matched control subjects that was irrespective of 

weight loss that usually occurs in pancreatic cancer [261]. In the group of cancer 

patients representing 13 different histologies, plasma ARG1 expression was highly 

upregulated whereas ι-arginine concentration was significantly downregulated again, 

indicating not only the local phenomenon limited to the tumor site but systemic effect 

[235]. Similar observations were seen in plasma of one hundred patients with 

esophageal cancer, however there was no difference between patients with and 

without distant organ metastasis [262]. To provide the evidence that tumor mass and 

its surrounding environment indeed contains the ARG producing cells, the ARG plasma 

levels in ovarian cancer patients’ cohort were compared at the diagnosis and after 

three chemotherapy cycles, and the significant drop in ARG activity has been reported 

after the treatment [263]. Studies of breast tumor samples obtained from patients 

during mastectomy found elevated ARG activity in 74% of tumors in comparison to 

adjacent normal tissues with corresponding histology. Moreover, contrary to normal 

tissues, the cationic isoform of ARG was found to be dominant in breast tumor samples 

[264]. Mice with breast carcinoma showed significantly reduced ι-arginine as well as 

NO plasma levels indicating that in comparison to NOS, ARG enzyme is responsible for 

greater depletion of substrate amino acid that is ι-arginine [265].  
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5.3 Correlation of plasma ι-arginine concentration with cancer stage  

The inverse correlation between advanced LLC tumor stage and reduced ι-arginine 

concentration in plasma was observed in the present study. Weekly tracking of 

changes in ι-arginine metabolism revealed significant alterations only at the advanced 

stages of metastatic murine breast cancer development [266]. Another study showed a 

positive correlation between breast cancer stage and elevated arginase activity in 

patients' serum, which is in accordance with this study [267]. It was also suggested 

that increasing ARG activity in patients with benign mastopathy might serve as the 

biomarker for transformation towards breast cancer [268]. After breast tumor removal 

surgery, a significant drop of ARG activity and expression was seen in patients’ blood 

[124, 268]. However, according to contrary reports, ι-arginine concentration was 

further decreased 24 hours after surgery, implying still the high activity of ARG [269]. 

These discrepancies might results from the distant time points of measurements after 

surgery - too short 24h versus several weeks [124, 268, 269]. Concerning pulmonary 

malignancies, profiling of plasma free amino acid including ι-arginine was proposed for 

detection of early lung cancer [270, 271].  

5.4 Effect of ARG activity and ARG inhibitors on T-cells proliferation and CD3 chains 

expression 

ARG has been identified as of cells proliferation inhibiting factor many decades ago. At 

that moment, researchers isolated the enzyme from the liver, where is abundantly 

expressed as a part of the urea cycle [272]. The specificity of an unknown then 

‘inhibitor’ has been verified by the addition of substrate ι-arginine and observed 

accumulation of ι-ornithine [272, 273]. Many years later, the inhibitory mechanisms of 

ARG have been well established. In terms of cancer immunotherapy, the most 

important issue raises the inhibition of T-cells as it impairs mounting the proper 

response against cancerous cells [81]. Experiments performed in this study show that 

human and murine recombinant ARG1 inhibits in vitro proliferation of both types of T-

cells: cytotoxic and helper in a dose-dependent manner. Similar results were obtained 

using mouse recombinant enzyme ARG2 cultured with antigen-specific CD8+ T-cells. 
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Importantly, the addition of one among several ARG inhibitors (ABH, OAT-1617, OAT-

1746) re-establish the normal T-cells proliferation. Other researchers discovered that 

ARG2 is the dominant isoform of this enzyme expressed in dendritic cells - the main 

population of APCs that play a crucial role in activating cytotoxic T-cells for the 

eradication of transformed cells. T-cells primed by dendritic cells with repressed 

expression of ARG2 displayed enhanced proliferative potential [274]. Furthermore, 

ARG1+ MDSCs isolated from human tumors inhibited autologous T-cell proliferation in 

a dose-dependent fashion, which indicates the same direction as the results presented 

in the present study [256]. Another study points at strong inhibition of CD4+ and CD8+ 

T-cells proliferation by increasing ratios of tumor isolated G-MDSC that was partially 

abolished in the presence of nor-NOHA ARG inhibitor [255]. The same inhibitor 

rescued the proliferation of T-cells exposed to ARG+ neuroblastoma tumor cells [122]. 

Nor-NOHA also prolonged the survival of infiltrating T lymphocytes in prostate 

carcinoma organ cultures [275]. It was successfully applied to reverse the inhibitory 

influence of MDSCs isolated from 4T1 tumor-bearing mice on T-cells proliferation rate 

[276]. Furthermore, IPI-145, a selective PI3Kδ/γ inhibitor, was shown to reduce the 

expression of ARG1 in tumor and splenic MDSCs, thereby reversing their suppressive 

capacity on T-cell proliferation [255]. During studies presented in this thesis, the 

negative correlation between increasing ARG1 concentration and the downregulation 

of CD3ζ and CD3ε chains expression on in vitro cultured T-cells was found. It has 

decisive functional implications as the expression of CD3 complex together with TCR, 

plays a pivotal role in antigen recognition that leads to T-cell activation as a 

consequence of cascade signaling. Moreover, in the presented project, the dynamics of 

the changes mentioned above of CD3 chains were studied in detail in isolated T-cells in 

the presence of a high concentration of ARG1. Tracking it in time from 2 to 72h 

revealed not very rapid but gradual downregulation pattern. Similarly, using Jurkat 

CD4+ T-cell line, Rodriguez et al. showed progressive CD3ζ expression decline in ι-

arginine free medium with the lowest point at 72h. The explanation was the induction 

of CD3ζ mRNA instability by post-transcriptional mechanisms [100]. Their further 

studies also confirmed the negative influence of a lack of ι-arginine on CD3ε chain [87]. 



121 
 

Also, ARG-expressing neutrophils isolated from sepsis patients were found to 

negatively modulate CD3ζ [277]. Down-regulation of CD3ζ has been linked with the 

accumulation of MDSCs not only related to cancer in both murine and human settings 

[94, 278]. Importantly, in the present study, it was shown that the unfavorable effects 

of ARG1 on the expression of CD3ε and CD3ζ chains in T-cells could be propitiously 

abolished by treatment with OAT-1746. Another ARG inhibitor - nor-NOHA was utilized 

to explain the inhibitory mechanism of mouse embryonic stem cells that caused the 

downregulation of TCR-associated CD3ζ chain expression through the activity of ARG1 

[227]. Very similar conclusions were drawn in the case of hematopoietic progenitor 

cells or polymorphonuclear leukocytes co-cultured with T-cells in the presence of nor-

NOHA [138, 279]. It was shown that nor-NOHA is able to upregulate the expression of 

both CD3ζ and CD3ε on T-cells co-cultured with tumor-associated myeloid cells [87]. 

The results obtained during this study indicate that in vivo proliferation of antigen-

specific OT-I T-cells and CD3ζ expression is diminished in late-stage tumors when the 

number of myeloid cells expressing ARG1 increases. Another group studied the in vivo 

proliferation of antigen-specific OT-II T-cells in the presence of dendritic cells 

overexpressing ARG2. In accordance with the results of this study, they observed 

down-regulated CD3ζ expression [274]. Furthermore, this study shows that impaired in 

vivo antigen-specific proliferation of OT-I T-cells in mice with advanced LLC tumors can 

be improved by OAT-1746. Nor-NOHA has been exploited to confirm that activation of 

antigen-specific T-cells (both OT-I and OT-II) depends on ARG activity in co-cultured in 

vitro myeloid cells derived from the tumor [87]. Already published results by our group 

from the Department of Immunology indicate the impairment of in vivo OT-I T-cells 

proliferation in the tumor-draining lymph node after local inoculation of ovarian 

tumor-derived extracellular vesicles containing ARG1. Furthermore, this negative 

effect was abrogated while mice were treated with OAT-1746 ARG inhibitor [121]. 

There is a possibility that the proliferative potential of isolated T-cells from the blood 

of healthy donors might vary very slightly between donors available at the blood 

station. This might results in fewer or more peaks of T-cells after the same period of 

incubation time. Therefore, ideally it would have been to compare all ARG inhibitors 
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using T-cells from one donor. However, this was not technically possible due to the 

limited availability of blood samples given by one donor. In each experiment, the 

proper controls were set to compare as reference for a selected donor to eliminate 

these discrepancies.  

In the present study, the negative impact of ARG1 on the production of cytokines by T-

cells such as IFN-γ and TNF-α was demonstrated. These cytokines secreted in the 

tumor microenvironment and secondary lymphoid organs are necessary to maintain 

the immune surveillance and mount the appropriate antitumor response [280, 281]. 

MDSCs depletion mediated by anti-Ly6G or anti-Gr1 antibodies in a murine model of 

lung cancer resulted in elevated intracellular expression of IFN-γ, perforin and 

granzyme by cytotoxic T-cells. In addition, total intratumoral cytokine expression such 

as IFN-γ, TNF-α and IL-12 was higher than in the group treated with isotype control 

antibodies [282]. In the present study, treatment of T-cells with OAT-1746 ARG 

inhibitor resulted in a reversal of T-cells percentage producing IFN-γ and TNF-α to the 

control level. In another study, an ARG inhibitor named compound 9 fully reversed the 

ex vivo activation and effector function of T-cells suppressed by recombinant ARG, 

causing the restoration of appropriately high concentrations of secreted IFN-γ, 

production of granzyme B and IL-2. Also, in the presence of compound 9, production of 

IFN-γ was re-established once murine splenocytes were co-cultured with peritoneal 

macrophages or MDSCs expressing ARG [283]. CB-1158 was shown to upregulate the 

secretion of IFN-γ and granzyme B by T-cells cultured in a medium conditioned by 

cancer patient ARG+ granulocytes [235]. Another study showed that in hepatitis C virus 

infection, MDSCs-associated ARG1 expression suppressed the production of IFN-γ by 

NK cells, and this effect was reversible by supplementation of ι-arginine. More 

profound studies revealed that diminished IFN-γ production resulted from insufficient 

activation of the mammalian target of rapamycin, which is central for cellular 

metabolism regulation [284]. Moreover, antigen-specific stimulation of T-cells from 

tumor-draining lymph node resulted in elevated secretion of IFN-γ after treatment 

with IPI-145, which acts by reducing ARG1 expression in tumor MDSCs [255]. 
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Based on several optimization experiments, 250 μg/ml concentration of recombinant 

human ARG1 was selected to use for all further in vitro proliferation studies. The initial 

readout to choose the concentration was total inhibition of proliferation of both CD4+ 

and CD8+ T-cells. ARG1 was very carefully titrated so that the highest concentration of 

the enzyme was selected to use in the search for the lowest concentration of the ARG 

inhibitor that unblocks inhibited divisions. With the progress of the project more 

readouts, than only proliferation of T-cells, were applied, including expression of CD3ε 

and CD3ζ chains as well as studies of cytokines production such as INF-γ and TNF-α. 

Unfortunately, in some experiments, an initially selected ARG1 concentration of 250 

μg/ml was not enough to obtain the statistically significant drop in expression of CD3ζ 

or production of INF-γ. Nonetheless, in each case, a decline was observed. Considering 

the concentration selection strategy from the point of finished experiments, it should 

be selected based on more readouts. 

5.6 The effect of supplementation of ι-citrulline on T-cells in ARG-depleted 

microenvironment 

The first rescue of ARG-mediated inhibition of proliferation by the addition of ι-

citrulline was described in 1960 [285]. Recycling of ι-arginine is possible from ι-

citrulline in a two-step enzymatic process via the intermediate named 

argininosuccinate that requires the subsequent activity of ASS and ASL enzymes [91]. 

In T-cells, ALS is expressed constitutively, whereas ASS expression varies based on the 

ι-arginine level being highly induced in the low ι-arginine concentration [286]. We and 

others [286] show that externally added ι-citrulline is sufficient to reconstitute the 

proliferation of CD4+ T-cells under ι-arginine restriction. Werner et al. studied further 

the mechanism beyond revealing that ι-citrulline transport in T-cells is mediated by L-

type amino acid transporter 1 [286]. 

5.7 Effect of ARG deficiency on tumor growth 

The present study provided evidence that mice with induced ARG1 KO in all types of 

cells develop smaller LLC tumors and that this event is mediated by enhanced response 

of TILs. Similarly, our results show that the genetic ablation of ARG1 only in myeloid 
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cells, which represent the main source of immunosuppressive enzyme in the tumor 

microenvironment, results in the development of smaller LLC tumors. Other very 

compelling findings were described by another research group also in LLC model: 

antibody-mediated depletion of MDSCs (by anti-Gr1 or anti-Ly6G antibodies) 

augmented the antitumor immune activity and lead to inhibition of tumor growth 

[282]. The increased frequency, as well as the activity of the CD8+ T and NK cell 

effectors in the tumor, were proved in comparison to controls [282]. Providing that 

ARG expression in depleted MDSCs was responsible for unfavorable effects on the 

immune system, these results fully support the findings of the present study. The 

expression of ARG1 in TAMs was confirmed to be crucial for faster tumor development 

as the weight of LLC tumors containing ARG1-deficient macrophages was considerably 

lower than those with WT macrophages [250]. Results of the present study showing 

that mice with KO of ARG1 in myeloid lineage develop smaller tumors that are very 

consistent with the results obtained by Steggerda et al. in the same LLC murine tumor 

model [235]. Another study shows that induction of ARG1 loss-of-function by shRNA 

interference repressed more invasive in vitro cellular behaviors of hepatocellular 

cancer cells [126]. Interestingly, mice with genetic deletion of ARG2 represented better 

response against growing B16F10 and MC38 tumors leading to considerably reduced 

tumors or even tumor-free mice [287]. Furthermore, ARG2-/- in mice with tumor 

yielded a higher percentage of TILs and further analysis revealed elevated CD8+ T-cells 

subpopulation [287]. These findings are consistent with the present study results 

showing an increased percentage of TILs in ARG total KO mice.  

5.8 Effect of ARG overexpression on tumor growth 

In the present study, the search for the murine tumor model in which tumor cells 

would display high ARG expression was undertaken. ARG expression was verified in 

seven tumor cells lines of various origin at the protein level using two independent 

methods. To our best knowledge, there is no mouse solid tumor model with such 

elevated expression. However, in humans, there are primary tumor cells in which ARG 

presence has been confirmed. This include lung cancer [283, 288], hepatocellular 

carcinoma [126], acute myeloid leukemia [119], neuroblastoma [122], prostate cancer 
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[289], breast cancer [290], thyroid carcinoma [133] and colorectal cancer [130]. One 

research group has investigated the ARG1 and ARG2 expression levels in lysates of 

murine LLC tumors and found that both enzymes were abundantly expressed in the 

tumor micromilieu as well as high enzymatic activity was confirmed [87]. Likewise, the 

present study results are consistent with their observations about ARG expression in 

LLC tumor microenvironment. Nonetheless, this tumor cell line itself contains very 

little amount of ARG (as verified by Western Blotting and FACS analysis) and exhibits 

no enzymatic activity. Therefore, to enhance the effect, it was decided to introduce 

the additional ARG1 enzyme into tumor cells. As a result, faster in vivo tumor growth in 

LLC and B16F10 models with ARG1 overexpression was observed. Similarly, in a 

previous study of ovarian carcinoma ID8, more intensified tumor development was 

observed once ARG1 was overexpressed [121]. ARG overexpression was shown to be 

the most prominent in the late stages of colorectal cancer, and it was associated with 

metastases to lymph nodes [130]. Genetic modification and elevation of ARG1 or ARG2 

activity promoted in vitro proliferation, invasion and migration of hepatocellular 

cancer cells and glioblastoma, respectively [126, 291]. In cancer patients, higher 

expression of ARG1 was linked with bigger size and more aggressive tumor progression 

[126]. In the co-culture system, overexpression of ARG by macrophages enhanced 

tumor cells divisions [292]. Similar results were obtained in colon adenocarcinoma MC-

38 that overexpressed ARG2 [287]. Importantly, results presented here show that 

more aggressive ARG1-overexpressing tumor growth was dependent on the presence 

of an intact host immune system as in immunodeficient RAG2 KO mice the effect of 

accelerated tumor growth was abrogated. In the literature, there is a report in which 

researchers used immunodeficient C57BL/6-Prkdcscid mice that lack functional B and T 

cells to evaluate the mechanism of action of ARG inhibitor nor-NOHA in LLC model. In 

accordance with the present study, it was suggested that the antitumor effect of ARG 

inhibitor is at least partially dependent on lymphocyte function [87].  
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5.9 Effect of ARGs inhibitor on tumor cells in vitro 

In the present study, the inhibition activity of three ARG inhibitors (ABH, OAT-1617 and 

OAT-1746) was compared using several tumor cell lines overexpressing ARG1 or ARG2. 

Based on these experiments, the most potent inhibition properties were attributed to 

OAT-1746. On the other hand, the effect of ARG inhibitors on the growth of tumor 

cells in vitro was not studied in this project. However, there are reports that focus on 

revealing the effect of ARG inhibitors on in vitro tumor growth in the literature. For 

instance, in vitro growth of murine renal cancer cell line CL-19 was inhibited by 

incubation with nor-NOHA. Effective ARG inhibition was substantiated by 

measurement of amino acids showing that ι-arginine concentration remained very 

high, whereas ι-ornithine emerged as low [293]. Nor-NOHA reduced in vitro tube 

formation and migration of glioblastoma cells U-251 MG ARG2-overexpressing cells 

[291]. Similarly, nor-NOHA antitumor activity was tested in vitro on HepG2 

hepatocellular carcinoma cells showing antiproliferative effects linked with inhibited 

migration and invasion, increased NO production and apoptosis induction [294]. NOHA 

usage significantly inhibited in vitro cell proliferation in high ARG expressing human 

breast cancer cell lines such as MDA-MB-468 [290], HCC1806 and HCC 70 [295]. 

Further mechanistic analysis revealed that cells died due to apoptosis induction, in 

detail by activation of caspase-3 and caspase-8 [295, 296]. Furthermore, the 

implementation of nor-NOHA to in vitro cultured chronic myeloid leukemia cells K562 

that express high levels of ARG2 proved to have an anti-leukemic effect under the 

hypoxic but not normoxic conditions [297]. An analogous study evaluated the in vitro 

growth of osteosarcoma cell lines SaOS-2 and OS-17, which express relatively high 

levels of ARG2 under hypoxic conditions. As a result, all tested compounds NOHA, BEC 

and putative, but nonspecific ARG inhibitor α-difluoromethylornithine (DFMO) 

prevented the hypoxia-induced proliferation of tumor cells [298]. Additionally, the role 

of ARG2 was determined in the hypoxia-induced proliferation of cervical cancer HeLa 

cells by modulation of ARG activity again with DFMO. The authors indicated that 

fluorinated ornithine analog - DFMO abolished the increase in the number of viable 

cancer cells and pointed that induction of ARG2 expression under hypoxic conditions is 
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linked with epidermal growth factor receptor signaling pathway [299]. ARG 

overexpressing macrophages treated with ι-norvaline displayed significantly 

downregulated ARG activity that halted the production of ι-ornithine and putrescine 

being the substrate for polyamines synthesis essential for cell growth. This, in turn, 

reduced the growth of co-cultured breast cancer cells ZR-75-1. Furthermore, inhibition 

of macrophage ARG activity by ʟ-norvaline augmented the macrophage nitrite 

production enhancing the NO-mediated antitumor cytotoxicity [292]. Activity and 

mechanism of action of ʟ-norvaline (that has been described as ARG inhibitor) 

containing compound MF13 were investigated in human 7 hepatocellular carcinoma 

(HCC) cell lines in vitro, showing antiproliferative effects that were caused by cell cycle 

arrest at S-phase and activated pathway of apoptosis [244]. 

5.10 In vivo antitumor efficacy of ARG inhibitors as monotherapy  

This study shows that dysregulated metabolism of ι-arginine by upregulated ARG1 

expression in TAMs and MDSCs present in the tumor microenvironment can be 

successfully modulated by the treatment with OAT-1746 ARGs inhibitor aiming at 

reducing the immunotherapy brakes and potentiating T-cell mediated antitumor 

immune response. Moreover, in secondary lymphoid organs, the activity of 

immunosuppressive ARG2 was proved to be at a considerable level. Therefore, the 

dual inhibition of both ARGs seems to be an important therapeutic issue [287]. So far, 

due to the lack of ARG inhibitors with satisfying properties, many researchers have 

used supplementation of ι-arginine as the imitation of ARG blockade. In contrast, 

others tried to add enormous amounts of poor inhibitors such as nor-NOHA, BEC or 

ABH to achieve the desired effect [82, 300]. In LLC model, treatment with nor-NOHA 

resulted in the generation of antitumor immunity, thus inhibiting tumor growth. The 

result was escalated once nor-NOHA was combined with supplementation of ι-

arginine, suggesting the fundamental role of this amino acid [87]. It was recently 

emphasized that supplementation of ι-arginine would be a promising strategy for 

boosting T-cell mediated antitumor immune response [301]. Importantly, treatment 

with nor-NOHA resulted in a reduction of the number and the size of lung metastases 

in the murine 4T1 breast cancer model [276]. In another study, ʟ-norvaline containing 
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compound, MF13 was administered intraperitoneally as monotherapy at 10 mg/kg in 

vivo in nude mice with hepatocellular carcinoma HepG2 or Bel-7402, and this 

treatment resulted in strong tumor growth inhibition [244]. MF13 used at 15 mg/kg 

dose also inhibited the growth of human melanoma and colon cancer in nude mice 

[302]. The recently developed compound by American company Calithera Biosciences, 

CB-1158, is a potent and orally-bioavailable small-molecule inhibitor of ARGs [303]. 

However, the tremendous difference between CB-1158 and OAT-1746 is the 

permeability through cell membranes. CB-1158 does not penetrate, so it can act only 

on the extracellular ARGs, while OAT-1746 also reaches the intracellular compartments 

of the cells. CB-1158 at the dose of 100 mg/kg (oral administration, twice daily) 

partially inhibited the tumor growth in several syngeneic tumor models, including LLC, 

B16F10, CT-26 and 4T1 [235]. In comparison, OAT-1746 given precisely the same way 

at 50 mg/kg reduced the tumor growth in the first 3 above mentioned tumors [233]. In 

turn, in this study the dose of 20 mg/kg of OAT-1746 given intraperitoneally was 

effective in inhibiting LLC tumor growth. Transgenic mice with tagged FoxP3 allowed to 

resolve the mechanisms of antitumor activity of OAT-1746 - together with increase of 

CD3+ T-cells, the decrease of FoxP3+ CD25+ CD4+ T-cells was observed after treatment. 

Considering pharmacological inhibition of ARGs as similar to ARG deletion models, it 

has been recently shown that ARG2 KO mice have reduced frequencies of regulatory T-

cells in tumors [287]. Also increased frequency of TILs in ARG2-/- mice is consistent with 

results of mice treated with OAT-1746 presented in this study [287]. Previously studied 

mechanisms of antitumor activity of CB-1158 indicate that its action is dependent on 

the presence of immune cells such as CD8+ and NK cells, which was confirmed by 

experiments with depletion of this cells subpopulation [235]. Notably, the treatment of 

mice lacking ARG1 expression in the myeloid lineage with CB-1158 did not further 

diminish tumor growth, indicating specific on-target activity of CB-1158 [235]. Another 

ARG inhibitor named ‘compound 9’ prevented the lung tumors growth in Kras mutant 

mice by creating an immune favorable tumor microenvironment that is by 

upregulating the percentage of CD3+ and CD4+ T cells as well as the ratio of CD8+ to 

FoxP3+ cells [283]. Moreover, a very meaningful finding was identified in mice lacking 
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ARG2 expression – it improved the effector function of antigen-specific CD8+ T-cells 

measured as in vivo killing [287]. The antigen-specific killing ability of effector CD8+ T 

cells is critical for protective immunity against developing cancer. In another study, in 

vitro cytotoxic activity of OT-I T-cells against target tumor cells was diminished in the 

presence of ARG1-positive G-MDSCs. Furthermore, effector functions of antigen-

specific T-cells were partially restored by the addition of nor-NOHA [255]. This might 

further explain the mechanism of antitumor efficacy of OAT-1746 beyond only 

increasing the frequencies of TILs.   

5.11 In vivo antitumor efficacy of ARG inhibitors in combinatorial therapies   

The experiments performed in this project demonstrated that in vivo ARG inhibition by 

OAT-1746 abrogated local immunosuppression mediated by ARG1 in myeloid cells and, 

in combination, enhanced response to therapy with an anti-PD-1 monoclonal antibody. 

However, a recent study suggested that anti-PD-1 therapy should not be synergized 

with pharmacological inhibition of ARG1 as PD-1 blockade decreases the number of 

ARG1-positive TAMs favoring the ARG1-negative phenotype [253]. Nonetheless, ARG 

inhibitor CB-1158, while combined with anti-PD-L1 therapy in highly immunogenic 

model CT-26, resulted in 60% of complete responses and limited the number of lung 

metastases [235]. The same inhibitor used in poorly immunogenic tumor model 

B16F10 strongly potentiated the effect of adoptive T-cell therapy. On the other hand, 

in 4T1 model combination of CB-1158 with even two different checkpoint inhibitors 

anti-PD-1 and CTLA-4, only partially inhibited the tumor growth [235]. Moreover, it 

was shown that splenic CD11b+ GR1+ MDSCs isolated from mice with LLC tumors 

express PD-L1 that might be involved in creating an inhibitory microenvironment by 

suppressing T-cell activation through interaction with PD-1 immune checkpoint found 

on T-cells. Therefore, the combination of ARG inhibitor with anti-PD-1 or anti-PD-L1 

antibodies seems to be a reasonable direction [27]. Obviously, immunotherapy 

approaches and outcomes depend on the immune profiles of murine tumor models 

[304]. In vivo application of low-dose selective PI3Kδ/γ inhibitor that indirectly down-

regulates ARG1 expression in G-MDSC augmented the response to PD-L1 treatment in 
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head and neck squamous cell carcinomas [255]. The proposed mechanism beyond 

PI3Kδ/γ inhibitor effect included elevated number of CD8+ TILs, higher percentage of 

degranulated CD107a-positive CD8+ T-cells and upregulated expression of PD-1 and 4-

1BB co-stimulatory molecule on TILs [255]. The idea of pharmacological ARG inhibition 

is supported by recent results in which 80% of ARG2-/- mice rejected the MC-38 colon 

tumors in combination therapy with anti-PD-1 [287]. Milestone steps were undertaken 

to identify the biomarkers useful in selection of patients that would be likely to 

respond to checkpoint blockade therapy. Based on the results of the present study 

addition of ARG expression to the list would be additional clue that would be 

suggestive how widespread is the immunosuppression of the patient [305]. Murine 

studies using MC-38 tumors showed inhibited tumor growth upon four intraperitoneal 

injections of 100 μg ABH ARG inhibitor, however combination therapy with anti-PD-1 

antibodies did not enhanced the effect. On the other hand, survival was prolonged by 

10 days in the dual combination group as compared to monotherapy only with ABH 

inhibitor [253]. Another group studied the antitumor efficacy of combinatorial therapy 

of ARG inhibitor nor-NOHA in addition to DFMO, which targets ornithine decarboxylase 

- a key enzyme for polyamine synthesis. The results in lung cancer model LLC indicate 

that inhibition of tumor growth is at a similar level in both monotherapies and dual 

therapy. However, the combination therapy resulted in a reduction of the average 

volume of metastases [306]. In the murine model of urethane-induced lung 

carcinogenesis 6-gingerol, that was described to possess inhibitory activity towards 

ARG, reprogrammed macrophage polarization from tumor-promoting ARG positive M2 

to immune-stimulatory iNOS positive M1 phenotype and prevented the tumor 

development. 6-gingerol mildly suppressed the growth of LLC tumor in the allograft 

model, but the combination with nor-NOHA inhibitor escalated the antitumor effect 

[246]. In the present study, vascular disrupting agent DMXAA (STING agonist) was 

chosen to enhance in vivo effect of OAT-1746 in combination with anti-PD-1. In non-

small cell lung cancer (NSCLC) it was found that DMXAA activity not only has anti-

vascular activity but also impacts the TAMs by re-educating anti-inflammatory M2 type 

towards a pro-inflammatory M1 phenotype [307]. Based on literature search it 
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appears that no one has ever studied the antitumor effect of combination of DMXAA 

with ARG inhibition, so the results of this study are the first to show that, similarly to 

checkpoint blockade, DMXAA potentiates antitumor efficacy of ARG inhibitor.  

5.12 Concluding remarks   

The generation of the immunosuppressive environment by tumor is a very complex 

process that involves not only one but numerous mechanisms. Undoubtedly, based on 

the results presented in this doctoral thesis, local ARG expression represents one of 

them, which is powerful in suppressing T-cells mediated responses. So far, CB-1158 is 

the only ARG inhibitor that has entered the clinical studies. It is currently designated 

for testing under the identifier INCB001158 in several clinical trials concerning 

Immuno-oncology (NCT02903914, NCT03910530, NCT03314935) [72]. However, 

OncoArendi Therapeutics company that developed OAT-1746, claims to enter the first 

phase of clinical trials in cancer patients in 2020/2021 [308]. In summary, the results of 

this study demonstrate that quenching ARG-mediated ι-arginine depletion by the use 

of ARG inhibitors in cancer settings makes a pivotal contribution to boosting the 

antitumor potential of T-cells. However, being aware of the existing opposite strategy 

based on amino acid deprivation, the use of ARG inhibitors must be carefully matched 

with the type of tumors to be treated, with special attention to ι-arginine auxotrophic 

malignancies [143]. 

Very recently, an entirely new therapeutic approach that is definitely worth attention 

is a phase I first-in-humans clinical trial with identifier NCT03689192 concerning the 

vaccine with ARG1 peptides that are currently tested in 10 patients with a variety of 

solid metastatic tumors. The scientific background for its supposed efficacy is the 

activation of ARG1-specific T-cells, which have been identified in cancer patients, that 

are expected to eliminate the immunosuppressive ARG1-positive cells in the tumor 

microenvironment [72, 309]. A research group lead by Mads Hald Andersen has 

previously described the existence of T-cells specific for ARG1 being able to recognize 

and react with ARG1-expressing cells such as dendritic cells [310]. In another study, 

they identified peptides derived from ARG1 that generated disease stage-dependent 



132 
 

response by CD4+ T-cells isolated from patients with chronic myeloproliferative 

neoplasms [311]. A very recently published study points at ARG2 as a novel target for 

designing vaccines with immune-modulatory potential. The authors identified the 

effector T-cells specific for ARG2 that can recognize the target tumor cells and myeloid 

cells expressing ARG2. Furthermore, twice vaccination using ARG2 peptide vaccine (on 

day of inoculation and day 7) of mice with LLC tumors resulted in a significant 

reduction of tumor growth, identifying the next candidate for development in the 

cancer immunotherapy field [312].  
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6. CONCLUSIONS 

 The impaired antigen-specific local immune response is dependent on ARG 

activity as ARG expression in the tumor microenvironment increases, while ι-

arginine plasma concentration decreases with tumor progression 

 ARG1 deficiency delays, whereas ARG1 overexpression accelerates LLC tumor 

progression in a lymphocyte-dependent manner 

 Both recombinant ARG1 and ARG2 suppress T-cells cultured in vitro. However, 

ARG inhibitors restore the T-cells proliferation, CD3 expression and cytokines 

production  

 OAT-1746 better than OAT-1617 and ABH inhibits the activity of tumor-

associated and secreted ARG1 and ARG2, exhibiting the highest potential 

 ARG inhibition by OAT-1746 delays the LLC tumors progression by modulating  

T-cells response in the tumor microenvironment  

 ARG is a relevant target in cancer immunotherapy and inhibition of ARG 

represents a promising approach among other antitumor therapies 
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