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ABSTRACT  
   

Regulatory T cells (Tregs) suppress adaptive immunity and inflammation. In 

cancer, Tregs hinder therapeutic responses due to suppression of anti-tumor activity in 

the tumor microenvironment. Although these cells play a role in suppressing anti-tumor 

responses, development of therapeutics that target Tregs is limited by their low 

abundance, heterogeneity, and lack of specific cell surface markers. To study Treg 

mechanisms of suppression, a human T cell line, MoT, was identified and characterized 

as a model of human Foxp3+ Tregs. MoT cells express surface markers consistent with 

PBMC-derived Tregs and inhibit proliferation of CD4+ responder PBMCs in a ratio-

dependent manner. Transwell membrane separation prevented suppression of stimulated 

CD4+ PBMC proliferation by MoT cells, suggesting cell-cell contact is required for 

suppressive activity. Suppression was found to be independent of soluble cytokines and 

known immune checkpoint pathways, providing evidence that a Foxp3+ Treg population 

suppresses immune responses by an unknown cell contact-dependent mechanism. To 

investigate potential cell surface molecules that mediate suppression, monoclonal 

antibodies (mAbs) were generated to a known immunosuppressive protein, Galectin-1, 

and to MoT cell surface proteins. MAbs were identified that bind and functionally block 

suppressive activity. Another mechanism of immune suppression involves the PD-1/PD-

L1 pathway, which is exploited by tumor cells to resist T cell killing and escape immune 

clearance. Since PD-L1 has emerged as an effective therapeutic target, anti-PD-L1 CAR 

T cells were generated and demonstrated to kill PD-L1-positive tumor cells. These results 

expand upon the current knowledge of Treg function and CAR T cell therapy and may 

lead to enhanced anti-tumor immunity to improve patient responses. 
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CHAPTER 1 

INTRODUCTION 

T cell Immunology 

The immune system functions as the primary defense against infection. Cells of 

the immune system have high diversity to be able to respond to foreign agents, yet each 

response is highly specific for a single antigen1. The immune system has evolved to 

defend against pathogens while maintaining self-tolerance and homeostasis2. It consists 

of innate and adaptive cells that are responsible for discriminating between “self” and 

“non-self,” thereby protecting the body from attacking host cells1. Innate cells, such as 

neutrophils, dendritic cells and macrophages, are the first to respond to infection, 

producing antimicrobial compounds while informing the adaptive system to respond to 

the infection3. Adaptive cells consist of T and B cells and become activated in response to 

cytokines produced by innate immune cells4. The goal of the adaptive immune system is 

to fully eliminate infection and provide control of future infections from the same 

pathogen4. This is known as immune memory.  

Lymphocytes, B and T cells, provide adaptive immunity and are derived from 

common lymphoid progenitor cells in the bone marrow. B cells mature in the bone 

marrow and recognize antigens in their native forms as conformational epitopes5. Naïve 

T cells originate in the thymus, a primary lymphoid organ where central and peripheral 

tolerance mechanisms are established. The thymus is critical for T cell development and 

maturation and its absence or malfunction can lead to increased risk of infection, 

autoimmunity or immune system dysfunction6,7. It has been shown that thymectomy of 

mice at day three post birth results in the development of organ-specific autoimmune 
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disease8. While certain T cells are important in defending the host from pathogens, other 

T cells play a regulatory role and are critical in protecting the host from autoimmune 

disease. 

 

T cell development 

Common lymphoid progenitor cells that commit to the T cell lineage become T 

cell precursors and migrate from the bone marrow to the thymus. The thymus is the main 

site of T cell maturation. T cell precursors that have newly migrated to the thymus do not 

express a T cell receptor (TCR), CD8 or CD4 molecules, and are classified as double 

negative (DN) thymocytes9–11. Immature thymocytes undergo TCR gene rearrangement 

to rearrange TCR ab or gd genes.  Like immunoglobulin heavy chain variable regions, 

TCR b chain variable regions rearrange before a chain variable regions12. T cells express 

either ab or gd TCRs. The strength of TCR signals during selection commits to either ab 

or gd T cell lineage11. Strong TCR gd signals a small number of these types of T cells to 

exit the thymus without classical positive and negative selection, while functional TCR 

ab cells continue to become double positive (DP) CD4+CD8+ cells13,14. TCR ab DP T 

cells undergo positive selection to select for cells that recognize self-major 

histocompatibility complex (MHC) by interacting with MHC class I and II molecules 

with self-peptides10. Weak or no signaling results in cell death while cells that recognize 

self MHC survive15. DP cells then test for MHC class I or II recognition by 

downregulating each co-receptor and testing for signal16. Strong MHC II signals select 

for CD4+ while weak MHC II and strong MHC I commits to CD8+ lineage10,15,16.  
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After positive selection, single positive (SP) T cells move to the next step in 

development. The goal of negative selection is to eliminate autoreactive T cells9,17. Self-

peptides are presented to SP T cells and the strength of recognition determines their fate. 

Self-reactive T cells with moderate recognition of MHC:peptide undergo apoptosis17. 

Strong recognition of self-peptide-MHC complexes result in natural regulatory T cell 

(nTreg) development18,19. nTregs are critical for maintaining self-tolerance and 

reestablishing homeostasis post infection20. T cells that survive negative selection exit the 

thymus as mature CD4+ or CD8+ T cells. The outcome of T cell development and 

maturation leads to self-tolerant T cells that are restricted by recognition of self-MHC. 

 

Effector T cells 

Mature, naïve T cells exit the thymus to circulate from blood to lymph nodes in 

search of their cognate antigen. In secondary lymphoid organs (lymph nodes, spleen, 

mucosal lymphoid tissues), T cell activation occurs when a naïve T cell encounters its 

specific antigen displayed by antigen-presenting cells (APCs). Effector T cells are 

functionally activated cells that execute immune function and induce systemic immune 

responses20. Effector T cells are classified as either CD8+ cytotoxic cells that can perform 

direct cell killing of infected cells, or CD4+ helper cells that activate other immune cells. 

Differences in cytokine profiles further classifies the types of CD4+ T cells. In 

response to antigen stimulation, production of different cytokines skews T cell 

differentiation into distinct Th lineages20. Th1 cells produce pro-inflammatory cytokines 

(IFN-g, TNF-a, IL-2, IL-12) and are important for protection against intracellular 

pathogens and tumor formation20,21. IL-12 is secreted by APCs which induces IFN-g 
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production by NK cells and naive T cells, enhancing Th1 differentiation22. Th2 cells 

respond to extracellular pathogens by production of IL-4, -5, -10, -13 cytokines, 

induction of IgG1 and IgE class-switching, and recruitment eosinophils20. Th2 cells play 

a crucial role in an allergic response21. Th17 cells are a distinct lineage but share common 

functions of both Th1 inflammatory and Th2 inhibitory responses and are important in 

anti-parasitic and anti-fungal immunity. The distinct function of CD4+ Th cell subsets is 

dictated by their cytokine secretion. 

 T cell activation requires two signals: antigen-specific and costimulatory23. 

Activation is first induced by TCR/CD3 binding to target peptide:MHC complexes. 

Proteins must first be processed into peptides before being presented to T cells by APCs. 

In addition to TCR-peptide-MHC interactions, co-stimulation is crucial for effective T 

cell activation24. Co-receptors CD28 and LFA-1 are cross-linked at the site of cell-cell 

contact, known as the immunological synapse, which amplifies TCR signals24,25. Once 

activated CD8+ T cells find and kill a target cell after which they can disengage and move 

on to attack additional targets bearing the same peptide antigen25. Upon activation, naïve 

CD4+ T cells differentiate into distinct effector subtypes based on specific cytokine 

signaling22. 

CD4+ effector cells activate microbicidal macrophages and induce B cell antibody 

secretion26. CD4+ cells activate infected macrophages by production of IFN-g and through 

membrane-bound proteins; this induces potent antimicrobial activity to kill intracellular 

pathogens and ingested bacteria27. Macrophage activation is tightly regulated by CD4+ T 

cells to reduce localized tissue damage27. In secondary lymphoid organs, CD4+ helper 

cells provide signals to promote B cell differentiation into plasma cells (Ab-secreting) or 
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memory B cells, and facilitate antibody isotype class switching23,28,29. CD4+ T cells play a 

major role in autoimmunity, both as effector and suppressor cells, compared to CD8+ T 

cells and B cells8, thus are a significant cell type in adaptive immunity. 

 

Immuno-oncology 

Cancer is a disease in which the accumulation of genetic alterations leads to 

mutated cells dividing uncontrollably and spreading into tissues of different origin. 

Mutations can accumulate due to defects in DNA repair mechanisms, silencing of tumor-

suppressor genes, and activation of oncogenes leading to genomic instability30. In the 

U.S., cancer is currently the second leading cause of death after heart disease and is 

rapidly increasing in incidence31. The majority of adult cancers are incurable unless 

diagnosed early30. Most remain terminal diseases, even with the emergence of new 

therapeutics that increase overall prognosis. 

 

Tumorigenesis and hallmarks  

The hallmarks of cancer, described by Hanahan and Weinberg, constitute a 

framework to understand the development of neoplastic disease and the complexity of 

cancer32. Tumorigenesis or oncogenesis is the process in which normal cells develop 

changes at the cellular, genetic, and epigenetic levels which leads to abnormal cell 

division to become cancer cells. The hallmarks provide conceptual organization of how 

this occurs to help understand cancer biology, although the process is much more 

complex. There are eight hallmarks of cancer: sustained proliferative signaling, evasion 

of growth suppressors, resistance of cell death, enabling replicative immortality, 
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induction of angiogenesis, activation of invasion and metastasis, reprogramming energy 

metabolism, and avoiding immune destruction32. The first six were originally proposed in 

2000, and the last two emerged in 201132. In addition, two enabling characteristics 

facilitate the development of these hallmarks: genomic instability and tumor-promoting 

inflammation32. 

 As one of the most fundamental characteristics of cancer, tumors sustain 

proliferation while normal tissues control cell growth to ensure homeostasis. Cancer cells 

enable proliferative signals by overexpression of growth factors and associated cell 

surface receptors that lead to activation of growth stimulatory pathways32. Overexpressed 

receptors include epidermal growth factor receptor (EGF-R), platelet-derived growth 

factor receptor (PDGF-R), vascular endothelial growth factor receptor (VEGF-R) and 

receptor tyrosine kinases (RTK)32,33. Tumors also circumvent negative signals that limit 

cell proliferation, which depend on the inactivation or loss of tumor suppressor genes32.  

Cancer cells evolve strategies to resist cell death mechanisms, including apoptotic 

programmed cell death30. Apoptosis is initiated in response to cellular stress signals. 

Normal cells can sense abnormal conditions in the environment that influence the cell to 

die34. Tumors have a reduced ability to sense damage through loss-of-function mutations, 

such as those identified in the tumor suppressor p53 and Rb (retinoblastoma protein)35,36. 

Tumors also increase in anti-apoptotic regulators to avoid cell death (Bcl-2 

proteins)32,34,37. In addition, cancer cells enable replicative immortality by overcoming 

barriers to unlimited proliferation such as senescence and apoptosis. One example is by 

overexpression of telomerases that extend telomeric DNA32 avoiding telomere shortening 

which triggers senescence and cell death38.  
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Tumor cells, like normal tissue, require vascularization to gain nutrients and 

oxygen and remove metabolic waste. Tumors generate neo-vasculature through 

angiogenesis, or the formation of blood vessels. The increase in pro-angiogenic factors, 

called the angiogenic switch, is regulated by expression of cell surface receptors that 

induce angiogenesis, including VEGF-R and RTKs32,39. Newly formed tumor vessels are 

highly disorganized and functionally abnormal40. Tumor neo-vasculature has distinctive 

capillary sprouting, excessive and enlarged vessel branching, increased blood flow and 

leakiness32,40. 

The majority of cancers move out of the primary tissue to adjacent tissues 

(invasion) and travel to distant sites (metastasis) where malignant cells continue to grow. 

The ability to invade and metastasize is a complex process that is incompletely 

understood41. Carcinomas derived from epithelial tissues alter their shape and cell-cell 

and cell-ECM adhesion molecules to aid in migration32. The sequential steps of this 

process are described as the invasion-metastasis cascade. First, continued growth of the 

primary tumor depends on increased vascularization within the surrounding host tissue, 

where cells locally invade42. Some cells begin to detach and enter nearby blood vessels or 

lymphatic channels where they enter circulation. Cells that survive circulation adhere to 

capillary cells of distant tissues, move out of the vessel by extravasation, and form small 

nodules where they continue to grow into larger tumors and develop a vascular network 

(colonization)32,43. Circulating tumor cells and tumor DNA isolated from liquid biopsies 

provide new clinical methods of early detection and diagnosis, identification of predictive 

biomarkers, and aid in monitoring treatment response44,45. Metastatic tumors are 
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classified as advanced stage and are highly heterogeneous. Over 90% of patient deaths 

from solid tumors are due to metastases that are refractory to conventional therapuetics43. 

Research within the last decade suggests two emerging hallmarks contribute to 

oncogenesis: reprogramming energy metabolism and evading immune destruction. The 

ability to reprogram cellular metabolism is crucial to fuel continued cell growth46. Tumor 

cells limit energy metabolism predominately to glycolysis and upregulate glucose 

transporters (GLUT1) to increase glucose uptake32,46. Reliance on glycolysis has been 

linked to activation of oncogenes and mutation of tumor suppressors, and is heightened 

under hypoxic conditions found within the tumor microenvironment46. Hypoxia, or 

reduced oxygen availability, stimulates a metabolic switch to promote increased glucose 

consumption and energy production46. Hypoxia and oncoproteins can increase glycolysis 

through upregulating HIF-1 transcription factors32,37.  

Tumors can also evade immunosurveillance by disabling mechanisms of the 

antitumor immune response. Cancer cells can recruit suppressor immune cells such as 

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

suppress antitumor cells including B and T cells, NK cells and macrophages32,47. Tumor-

mediated immunosuppression is discussed further in the following sections. 

 

Antitumor T cell immunity 

T cells play a significant role in the antitumor immune response. T cells are first 

activated in tumor-draining lymph nodes by recognition of tumor-derived neoantigens 

presented by dendritic cells (DCs) on MHC molecules48. This results in priming and 

activation of tumor-specific cytotoxic T cells (CTLs). CTLs then traffic through blood 
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vessels to the tumor microenvironment where they recognize cancer cells that express 

neoantigens through TCR-MHC interactions. These tumor-infiltrating lymphocytes 

(TILs) can then perform direct killing of cancer cells which subsequently exposes more 

tumor-associated antigens that can be recognized by the immune system48 (Figure 1). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The cycle of generating antitumor immunity. The goal of generating an 
effective antitumor immune response is to activate, redirect, and amplify T cell responses. 
The cycle can be represented in seven steps, beginning with the release of tumor cell 
antigens and ending in tumor cell killing. Each of the steps are described above. Reprinted 
from Immunity, 39, Chen DS, Mellman I. Oncology meets immunology: The cancer-
immunity cycle, 1-10, 2013, with permission from Elsevier. 
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The immune system is the initial mechanism of defense against cancer. Tumor 

immune surveillance is the ability of the immune system to recognize tumor-specific 

antigens (TSA) or tumor-associated antigens (TAA) to induce an antitumor response. 

Tumor antigens may arise from oncogenic viruses, aberrant epigenetic regulation of gene 

expression, cellular differentiation antigens, or neoantigens that arise from mutations49. 

The immune system can recognize these changes as “foreign” instead of “self,” despite 

the fact that these tumors arose from self-tissues.  

The balance between tumor growth and the ability of the immune system to 

recognize cancer cells has been described by the cancer immunoediting hypothesis50. 

This hypothesis first describes an elimination phase, where cancer cells are eliminated by 

the immune system. This is followed by an equilibrium phase where the immune system 

exerts selective pressure on the tumor cells giving rise to mutated cells that leads to the 

escape phase, resulting in uncontrolled cell growth50,51. As a result, tumors become non-

immunogenic and can avoid immune recognition and clearance.  

 There are challenges to eliciting an effective, robust antitumor immune response. 

Since cancer arises from one’s own cells, tumor antigens may be seen as self-antigens 

rather than foreign52. One example is overexpression of a growth factor receptor on tumor 

cells.  While there may not be any mutations in the growth factor receptor resulting in 

neoantigens, peptides from the growth factor receptor may be presented by MHC 

molecules to T cells, surpassing a tolerance threshold that could result in a T cell 

response. Thus, tumor antigens that are recognized as self will initiate increased Treg 

responses instead of effector antitumor responses and inhibit infiltrating T cells from 

migrating the tumor site48.  
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Even when antitumor T cells successfully traffic to the tumor microenvironment, 

they encounter additional obstacles that can diminish antitumor activity. Once T cells 

traffic to the tumor, the vascular endothelium creates an active barrier53. Tumor-reactive 

T cells must transmigrate through the barrier to elicit antitumor responses. Establishment 

of this barrier that augments tumor immune privilege may be mediated by angiogenic 

molecules (FGF or VEGF) that inhibit TNF-a induced T cell adhesion54. Endothelins 

expressed by the tumor endothelium also block T cell adhesion55. In addition to hindering 

adhesion, tumor endothelial cells can also express a number of immunosuppressive 

molecules to prevent T cell infiltration. These include Fas ligand, TNF-related apoptosis-

inducing ligand (TRAIL), PD-L1, TIM-3, IL-10 and TGF-b 56–59. When T cells make it 

through this barrier, they encounter suppressive mechanisms elicited by the tumor, 

described in the next section. 

Tumors are robust, complex systems that can adapt to the surrounding 

environment. Cancer cells continuously interact with surrounding nonmalignant cells and 

adapt to changes within the tumor microenvironment30. Examples of this are selective 

pressures such as hypoxia and low vascularization that drive phenotypic heterogeneity so 

the tumor can adapt and persist. 

 

Tumor-mediated suppression of the immune system 

Tumors can be successfully eliminated by the host when recognized. However, 

tumor progression is not always prevented due to mechanisms of immunosuppression 

elicited by tumors, leading to immune evasion and limited therapeutic response. Tumor 

cells employ a number of cellular immunosuppressive strategies to evade host clearance 
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including reduced immunogenicity through antigen loss, downregulation of MHC, 

expression of immune checkpoints and induction of antitumor T cell anergy and 

exhaustion42,52. 

As previously discussed, the immunoediting hypothesis describes immune 

evasion by loss of antigens, giving rise to variants that are more aggressive and poorly 

differentiated. Examples are “cold tumors” that are non-inflammatory, can downregulate 

MHC, alter peptide processing, and decrease mutational load. All of these characteristics 

lead to immune escape and induction of an immunosuppressive microenvironment. 

Initially, tumors may have immunogenic properties that elicit an antitumor 

response, but due to immune editing they ultimately inhibit or tolerize these effector cells 

in the tumor microenvironment42. T cells require co-stimulation for activation, so 

abnormal activation (i.e. without co-stimulation) of tumor-reactive T cells can lead to 

anergy and exhaustion. Tumor cells can express self-MHC but may not express the 

necessary costimulatory signals, and accessory cells that express costimulatory molecules 

may not be present. When TCR ligation occurs without co-stimulation, this can induce 

unresponsive, anergic T cells42,60. Immature APCs can also cross-present tumor antigens 

without co-stimulation, resulting in T cell tolerance and anergy. Anergic T cells become 

nonresponsive, losing the ability to proliferate or produce IL-242.  

 T cell exhaustion can also be induced by overexpression of inhibitory ligands on 

tumor cells such as programmed cell death ligand-1 (PD-L1). Immune checkpoints are 

inhibitory receptors that are upregulated on immune cells to prevent overactivation61. 

When activated, these checkpoint pathways induce inhibitory signals, resulting in T cell 
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exhaustion. While critical to prevent autoimmunity, tumors exploit these pathways by 

overexpression of immune checkpoints to reduce T cell function and avoid clearance61. 

 

Cancer Immunotherapies 

Cancer therapies include surgical resection of the tumor, chemotherapy, radiation 

therapy and immunotherapies. Chemotherapy is a current form of cancer treatment that is 

still widely used. Classical chemotherapy poisons DNA replication mechanisms. Since 

tumor cells grow faster than normal cells, chemotherapy kills cells that divide rapidly. 

However, non-malignant cells such as neutrophils, hair follicles and cells lining the gut 

are also adversely affected. 

 Resistance to chemotherapy poses a significant obstacle for long-term survival. 

Therapeutic failure can be intrinsic due to genetic mutations that exist before treatment or 

acquired through alterations induced by drug treatment62. Cellular resistance emerges to 

traditional chemotherapy and targeted therapeutics, including kinase inhibitors and 

hormone therapies63. Resistance to traditional chemotherapy can be attributed to 

physiological factors, including tumor inaccessibility, drug metabolism, and inadequate 

delivery63,64. 

Cell or tissue-specific factors can also contribute to resistance. Common 

mechanisms include changes in drug export, altered DNA damage responses, and 

dysregulation of cell death pathways. One mechanism is the overexpression of ABC 

transporters that act as drug efflux pumps to lower intracellular drug concentration62. The 

majority of chemotherapies act by inducing DNA damage to trigger apoptosis. Since 

DNA damage signaling in cancer is impaired, cell arrest and apoptosis may not be 
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induced, favoring tumor growth and resistance62. Activation of oncogenes and 

inactivation of tumor suppressor genes contributes to drug resistance. For example, gain-

of-function mutations in phosphatidylinositol 3-kinase (PI3K) leads to activation of Akt 

and mTOR signaling, which increases anti-apoptotic proteins62. Loss-of-function in 

tumor suppressor PTEN, a negative regulator of Akt, also increases Akt signaling63. Anti-

neoplastic drugs such as Temsirolimus, an mTOR inhibitor used for targeted treatment of 

renal cell carcinoma (RCC), improves recurrence rates but is not curative65. 

Resistance can arise to targeted chemotherapies. Receptor tyrosine kinases 

(RTKs) are an important therapeutic target as they regulate intracellular signaling and 

contribute to the development and dysregulation of proliferation in cancer66–68. Tyrosine 

kinase inhibitors (TKIs) target pathways by blocking the receptor or its activating ligand 

(growth factors)62. Tumors that are resistant to cytotoxic chemotherapies, most notably 

metastatic RCC, may respond to TKIs68. An FDA-approved TKI, sunitinib, specifically 

inhibits VEGFR and PDGFR, and has been shown to reduce tumor growth and 

angiogenesis in metastatic RCC69. However, resistance arises to these targeted inhibitors. 

This may be mediated by mutations in the receptor or downregulation of the receptor 

which can lead to loss of growth factor dependence62,70. Mutations in downstream 

signaling molecules of RTKs, including Ras/Raf, also contribute to TKI resistance as the 

cell becomes insensitive to receptor inhibition71. 

In contrast to chemotherapy, cancer immunotherapies work to activate the 

patient’s own immune system by targeting tumor-specific or tumor-associated antigens. 

Immunotherapies circumvent the issue of off-target effects by utilizing a specific target 

expressed by the patient’s tumor. The goal of immunotherapies is to re-activate the host’s 
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immune system to recognize and respond to cancer. In the following section, several 

examples of newer cancer immunotherapies are highlighted. 

 

Immune checkpoint inhibitors 

Immune checkpoint pathways are negative regulators of the immune system. 

Development of immunomodulators that block these pathways, such as monoclonal 

antibodies (mAbs), promotes therapeutic antitumor immunity. The goal of immune 

checkpoint therapies (ICT) are to prevent the induction of inhibitory signals that 

negatively regulate T cell activation72. The result of blocking immune checkpoints is that 

T cells which recognize a tumor cell would remain active and not only recognize, but also 

kill the cell. Many of these therapies are FDA-approved for the treatment of numerous 

tumor types including lung, kidney, bladder, prostate, melanoma, and lymphoma49. ICT 

has shown dramatic, durable clinical benefits in patients, transforming the field of cancer 

immunotherapy and replacing traditional toxic chemotherapies as frontline treatment 

options. 

An immune checkpoint, CTLA-4, is a negative regulator of T cell proliferation 

and activation. CTLA-4 expression on T cells is correlated with immune suppression and 

prevention of autoimmunity. The mechanism of CTLA-4 mediated suppression of T cells 

is as follows. CD28 on T cells normally provides a co-stimulatory signal, along with 

TCR/CD3 primary signaling for effector T cells. Since CLTA-4 has a greater binding 

affinity for CD80/86 than CD28, binding of CTLA-4 to CD80/86 acts as a negative 

regulator of T cell activation73. Thus, it was hypothesized that blocking CTLA-4 ligation 

to CD80/86 may allow T cells to remain activated because they would not receive a 
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negative signal. This would have the effect of enhancing T cell antitumor activity and 

inducing tumor regression73,74. Ipilimumab is an FDA-approved recombinant human 

mAb that blocks CTLA-4 binding to CD80/86 and has shown to enhance T cell 

activation, reduce tumor growth, and increase overall survival73. 

 

 
Figure 2. PD-1/PD-L1 immune checkpoint blockade therapy. Engagement of PD-1 on 
T cells with its ligand PD-L1 inhibits T cell activation and proliferation, leading to 
apoptosis. PD-1/PD-L1 blockade therapy using monoclonal antibodies to inhibit the 
interaction promotes T cell activation, thereby restoring antitumor activity. (Created using 
Biorender.com) 
 

 
The PD-1/PD-L1 axis is also a validated target for immune checkpoint therapy 

(Figure 2). The role of programmed death-receptor 1 (PD-1) is to limit the inflammatory 

activity in peripheral tissue that is elicited by effector T cells, to therefore limit 

autoimmunity74. When PD-1 is expressed on activated T cells and binds to its ligand, PD-

L1 on APCs, it induces a negative signal that shuts off T cell activation and 

proliferation75,76. Tumors exploit this pathway as a mechanism of resistance to T cell 

killing by overexpressing PD-L177. Activation of this pathway in the tumor 
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microenvironment inhibits infiltrating antitumor T cell responses, and provided the 

rationale for development of PD-1/PD-L1 blockade therapies74,78. Two antibodies against 

PD-1 (nivolumab, pembrolizumab) and three against PD-L1 (atezolizumab, avelumab, 

durvalumab) have been developed and approved by the FDA for clinical use77.  

Another potential immune checkpoint therapy is blocking LAG-3 on T cells. Like 

CTLA-4 and PD-1/PD-L1, LAG-3 inhibitory receptor is being investigated as an ICT, 

with several antagonists being evaluated79. Targeting LAG-3 expressed on TILs and 

Tregs is also being explored as a checkpoint inhibitor therapy. LAG-3 has been 

associated with T cell inhibition and anergy74. Blockade of LAG-3 has been shown to 

restore cytotoxic activity of TILs and reduce inhibitory effects of Tregs80,81. As of 2022, 

there are 16 LAG-3 targeting therapies being tested in 97 clinical trials, many being 

tested phase I/II clinical trials to treat solid and hematologic malignancies79. Anti-LAG-3 

monoclonal antibodies (relatlimab, fianlimab, ieramilimab, favezelimab, etc.) are being 

tested in combination with anti-PD-1/PD-L1 inhibitors in patients with refractory, 

advanced malignancies 

(NCT03470922, NCT01042379, NCT02460224, NCT05064059)79. In March 2022, the 

FDA approved nivolumab and relatlimab, a combination of anti-PD-1 and anti-LAG-3 

monoclonal antibodies for the treatment of unresectable or metastatic melanoma. 

Another immunotherapy target, CCR4, is expressed on Tregs, tumor cells and on 

non-Treg CD4+  T cells with Th2 phenotype, but to a lesser extent82. Expression of CCR4 

is correlated with decreased survival compared to patients that are CCR4-negative83. 

Anti-CCR4 (mogamulizumab) is a humanized monoclonal antibody that elicits enhanced 

antibody-dependent cellular cytotoxic (ADCC) activity on CCR4-positive tumors and 
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tumor-infiltrating Tregs82,83. More potent ADCC is attributed to the removal of fucose 

from the Fc region84. Phase II clinical trials (NCT01192984; NCT0088892) have shown 

that anti-CCR4 significantly reduces Tregs and exhibits promising response rates and 

antitumor effects83,84. 

 

Cellular-based immunotherapies 

Adoptive T cell therapies (ACTs) are an emerging field of cancer immunotherapy 

that involve genetic modification of patient-derived autologous T cells that can be 

reinfused for therapeutic effect48. Chimeric antigen receptor T cells (CAR T cells) are one 

of the most developed and successful cellular immunotherapies, showing promising 

clinical outcomes in treating hematologic malignancies. Generation of CAR T cells 

involves ex vivo engineering of a patient’s T cells with a lentiviral construct that encodes 

a single chain variable fragment (scFv) of an antibody that is specific for a tumor cell 

surface antigen48. By targeting antigens expressed on the cell surface, T cell specificity is 

redirected to recognize and perform direct cell killing of cancer cells in an MHC-

independent manner. Since CAR T cells can recognize intact cell surface antigens, these 

cells are not restricted by MHC or peptide processing, therefore bypassing central 

tolerance. The first FDA-approved CAR T cell therapy targets CD19 on B cell 

malignancies and was first approved for the treatment of acute lymphoblastic leukemia 

(ALL). There are currently six FDA-approved CAR T cells targeting either CD19 or 

BCMA, and additional targets are currently being investigated in clinical studies85. 

T cells can also be redirected by transfer of antigen-specific T cell receptors. Like 

CAR T cells, T cells can be engineered to express TCRs that recognize tumor-specific 
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peptides. Tumor-specific TCRs can be isolated from T cells in cancer patients or from in 

vitro stimulation of T cells with tumor peptides86. A phase I/II clinical trial is 

investigating autologous T cells engineered to express neoantigen-reactive TCRs for the 

treatment of relapsed/refractory solid tumors (NCT05194735). The main disadvantage of 

this approach is that recognition is MHC-restricted. Thus, tumor escape mechanisms, 

including downregulation of MHC and altered peptide processing, pose major 

obstacles86. 

Another ACT involves the identification of neoantigens that are cancer-specific. 

Neoantigen-reactive T cell (NRT) immunotherapy targets these neoantigens, resulting in 

fewer off-target effects, as these cells are highly tumor-specific87. NRT therapy involves 

isolating tumor cells and CD8+ T cells from patients and identifying neoantigens by 

sequencing. Neoantigen-reactive T cells are generated by co-culturing CD8+ T cells with 

APC-expressing neoantigens; these antitumor CTLs are then expanded and re-infused 

into the patient87. A phase I/II trial combines NRTs with a PD-1 inhibitor for the 

treatment of advanced solid tumors that are refractory to available treatments 

(NCT03171220). NRTs are being tested in clinical trials but currently lack large-scale 

evidence of safety and efficacy. 

Overall, ACTs are initially effective but many patients eventually relapse due to 

antigen escape variants and potentially poor persistence of the therapeutic T cells in 

vivo88. This may be due to culturing conditions, reduced transgene expression, T cell 

exhaustion, poor effector function or induction of humoral immune response86. Another 

challenge of ACTs is the overproduction of proinflammatory cytokines resulting in 

cytokine release syndrome (CRS), resulting in high-grade fevers and hypotension89,90. 
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These side effects are usually manageable by suppressing certain cytokines such as IL-

686. Although adverse effects have been associated with ACTs, these therapies have 

shown remarkable therapeutic success for advanced tumors that are refractory to first-line 

therapy. 

 

Regulatory T cells 

 Regulatory T cells (Tregs) are a subpopulation of CD4+ T cells that suppress 

inflammatory immune responses and maintain homeostasis. Human Tregs are described 

as CD4+CD25high CD127lowFoxp3+ cells. Foxp3 is known as the master regulator of Treg 

transcription as it controls gene expression required for Treg development and function18. 

Tregs are defined as expressing high levels of CD25, the high-affinity IL-2 receptor a-

chain, and low levels or absence of CD127, the IL-7a receptor91. CD127 is inversely 

correlated with Foxp3 and suppressive function92. Tregs are phenotypically and 

functionally diverse cells that constitute a low percentage (<1-5%) of CD4+ T cells. 

Within this small population, high heterogeneity exists as there is not a single Treg-

specific marker to differentiate them from other CD4+ T cells93.  

Tregs can originate in the thymus (thymic-derived or natural Tregs, nTregs) or 

can be induced in the periphery after leaving the thymus (peripherally-induced, iTreg). 

Both subsets are able to suppress inflammatory effector T cells. nTregs recognize tissue-

specific antigens; thus, depletion results in organ-specific autoimmunity94. Tregs can be 

generated in vivo and in vitro from naïve conventional CD4+Foxp3- T cells95.  In vitro, 

TCR-activated Tregs exhibit non-antigen specific suppressive function95. This has been 

demonstrated for polyclonal and antigen-specific Tregs95,96. In the periphery, polyclonal 
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Treg proliferation depends on MHC class II signals and co-stimulation but does not 

require recognition of cognate antigens for development, function or persistence of this 

population94,97.  

Immunological self-tolerance is a crucial mechanism by the immune system to 

avoid unwanted responses against itself. Lymphocytes that recognize self-antigens are 

called self-reactive T and B cells. Central tolerance is the process in which immature 

cells are eliminated during development in the bone marrow (B cells) or in the thymus (T 

cells), before reaching maturation98. However, self-reactive T and B cells can escape this 

selection process and be present in the periphery99. Mature lymphocytes that do not 

respond to self-antigens and the elimination of self-reactive cells in other lymphoid 

organs and tissues is called peripheral tolerance99.  

Tregs play a critical role in self-tolerance mechanisms. Tregs recognize 

autoreactive immune cells and help to eliminate them and/or induce anergy to sustain 

self-tolerance, thereby preventing autoimmunity. During an infection, Treg suppressive 

activity may be neutralized to promote clearance.50 Conversely, Tregs are needed to 

suppress persistent inflammation after an infection is cleared. Dysregulation of Treg 

function plays a critical role in cancer, graft rejection and autoimmune diseases99. 

Therefore, Tregs are an important but under-studied therapeutic target. 

 

Treg-associated markers 

A major obstacle in the study of Tregs is their lack of a defined cell surface 

marker that can definitively distinguish them from other T cells. Tregs express high 

levels of CD25, and this marker is used to identify human Tregs in peripheral blood with 



  22 

high suppressive function91. However, in humans, CD25 is also expressed 

heterogeneously on other activated, non-suppressive T cells91,100. This further supports 

the need for identification of Treg-specific markers. 

Foxp3 is an intranuclear protein expressed in Tregs. It is critical for immune self-

tolerance since dysfunction of Foxp3, such as a mutation in FOXP3, leads to fatal 

autoimmunity18. It is a known marker for Tregs, which allows for better phenotypic 

identification than measuring CD25 alone. In mice, Foxp3 and CD25 markers are 

constitutively expressed in murine Tregs. A Treg-deficient mouse model, scurfy mice, 

lack functional Foxp3101,102. Expression of Foxp3 makes it a potential therapeutic target, 

but since Foxp3 is an intranuclear protein, it has been difficult to target. 

In contrast to murine Tregs, expression of Foxp3 in human Tregs is not as clear-

cut. Foxp3 is important for Treg development and function, but is not exclusive to Tregs 

and can also be expressed in other human T cell subsets that do not exhibit suppression 

function98. Moreover, peripherally-induced Tregs may not express Foxp347. Another 

drawback is that Foxp3 is exclusively located in the nucleus, which requires 

permeabilization of the cells in order to measure its expression92. Permeabilized cells die 

due to disruption of membrane integrity and therefore cannot be used in downstream 

functional applications92. Thus, Foxp3 is not an adequate marker for discriminating 

human Tregs from other non-suppressive T cells. 

 Helios, a transcription factor in the Ikaros family, is preferentially expressed by 

Tregs. Ikaros family transcription factors are important in hematopoietic cell 

development. Helios was found to be restricted to the T cell lineage and more specifically 

in Foxp3+ Tregs103. Since Helios plays a role in lineage commitment and development, it 
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is exclusively expressed in natural, thymic-derived Tregs and not in peripherally-induced 

Tregs47,103. Therefore, Helios expression can be measured to distinguish nTregs from 

iTregs. Some populations of tumor-associated Tregs express Helios. The majority of 

Tregs isolated from blood of patients with RCC and ovarian cancers expressed Helios, 

suggesting thymic origin47. 

 

Co-inhibitory receptors  

Cytotoxic T lymphocyte associated-antigen 4 (CTLA-4) is constitutively 

expressed on Tregs95 and contributes to suppressive function and effector T cell anergy. 

The function of CTLA-4 is not to deliver an inhibitory signal to Tregs themselves, but to 

competitively bind to CD80/86 co-stimulatory molecules on antigen presenting cells 

which has the effect of sequestering CD80/86 ligands from the cell surface of APCs104. In 

this manner, Tregs utilize CTLA-4 as a mechanism of suppression by inhibiting DC 

activation of effector T cells at the immunological synapse91. CTLA-4 can also disrupt 

CD28 localization and inhibit TCR signaling104. A study by Wing et. al, found CTLA-4-

deficient Tregs have impaired suppressive function, promoting tumor immunity and 

development of autoimmune disease105. 

Glucocorticoid-induced TNF receptor (GITR or TNFRSF18) is highly expressed 

on Treg cell surface but is also upregulated on effector T cells upon activation106. 

Ligation of GITR-L with TCR stimulation induces Treg proliferation107. Studies have 

shown that cross-linking GITR with a mAb agonist, as opposed to blocking, can attenuate 

Treg-mediated suppression and co-stimulate effector T cells, resulting in an increase in 

antitumor immunity107. However, another study using soluble GITR-L did not abrogate 
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suppressive activity of Tregs106. Therefore, the GITR-GITR-L pathway is still under 

investigation and regulatory function may not be dependent on GITR. 

 Lymphocyte activation gene-3 (LAG-3) is expressed on both nTregs and iTregs 

and contributes to regulatory function, playing a critical role in T cell homeostasis. 

Although it is upregulated on activated CD4+ T cells, it is expressed at higher levels on 

Tregs compared to effector T cells108. LAG-3 is structurally similar to CD4 and binds to 

MHC class II with higher affinity108. LAG-3+ Tregs produce high levels of IL-10 and 

TGF-b, exhibiting an activated phenotype. Camisaschi et al., found LAG-3+ Tregs were 

selectively expanded at tumor sites, produced suppressive cytokines, and inhibited 

autologous responder T cells by direct cell-contact109. 

C-C chemokine receptor type 4 (CCR4) is a chemokine receptor expressed on 

Tregs that aids in peripheral migration. CCR4-deficient Tregs cannot migrate to certain 

sites of inflammation, specifically non-lymphoid tissues110. CCR4+ Tregs exert 

suppressive function, produce immunomodulatory cytokines, and exhibit an effector-

memory phenotype111. Tumor-infiltrating Tregs predominately express CCR4, providing 

a potential target for antitumor therapy.47 

Overall, these markers are expressed on Tregs but do not accurately distinguish 

the Treg population from other lymphocyte subsets and have other functional activities. 

Subpopulations of Tregs have been identified due to expression of markers that are 

associated with antigen specific suppression, migration, homing, and activation, thereby 

supporting high heterogeneity of Tregs91 and the need for the identification of Treg-

specific markers. 
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Mechanisms of Treg-mediated Immune Suppression 

Tregs suppress the activation, proliferation, cytokine production and overall 

effector function of T cells and other immune cells. Treg heterogeneity contributes to the 

many ways these cells exert suppressive activity. Tregs use different mechanisms to 

mediate suppression depending on the inflammatory environment. Mechanisms include 

turning off effector T cells by direct cell-contact, indirectly through APCs as described 

above, through metabolic disruption and through release of anti-inflammatory cytokines91 

(Figure 3). Suppression results in altered gene expression, inhibited growth and reduced 

proliferation of the target cells112.  

Indirect via CTLA-4 

One of the most well-understood Treg-suppressive mechanisms involves indirect 

suppression of effector T cells via APCs. Tregs can downregulate or prevent expression 

of CD80/CD86, which is mediated by CTLA-495. Thus, CTLA-4 impairs APC maturation 

by binding to CD80/86, which are major co-stimulatory molecules required for activation 

of T cells. T cells express co-stimulatory molecule CD28 that binds to CD80/86 

expressed on APCs to provide co-stimulation for activation. Since CTLA-4 has a higher 

affinity for these molecules than CD28, this competitive binding results in impaired 

activation. Tregs can also physically remove CD80/86 from the cell surface of APCs by 

trogocytosis113.  

IL-2 deprivation 

 Tregs constitutively express CD25, the high affinity IL-2 receptor a chain. Since 

Tregs express higher levels of IL-2R and generally do not produce IL-2, these cells are 

highly dependent on exogenous IL-2 for growth and proliferation. By expressing high 



  26 

levels of the high affinity IL-2 receptor, Tregs are able to consume this cytokine required 

for T cell activation and proliferation. The depletion of IL-2 so that it cannot stimulate 

effector T cells can result in apoptosis due to cytokine deprivation, occurring both in vivo 

and in vitro112. Tregs act as an “IL-2 sink” at the site of inflammation, resulting in T cell 

exhaustion, upregulation of PD-1, and susceptibility to PD-1/PD-L1 cell death114. 

Production of anti-inflammatory cytokines  

 Production of anti-inflammatory cytokines have been implicated in Treg 

suppressive function. Immunomodulatory cytokines such as IL-10, TGF-b, and IL-35 are 

secreted by Tregs to influence target cell function. These cytokines can directly inhibit 

synthesis of pro-inflammatory Th1 cytokines and elicit negative feedback in both APCs 

and effector T cells. Secretion of suppressor cytokines has been found to important for in 

vivo suppressive function but the role in vitro is more controversial and not well 

defined115. 

Granzyme/perforin killing  

 Tregs can perform direct killing of responder T cells by utilizing the cell contact-

dependent perforin/granzyme pathway. Tregs produce cytotoxic granules which induce 

cytolysis of target cells through a perforin-dependent manner115. Perforin is used to traffic 

granzymes intracellularly, where they cleave substrates to induce cell death116. CD8+ T 

cells and NK cells also use the granzyme/perforin pathway to kill target cells. Granzymes 

play a role in Treg antitumor immunity. Cao et al., found that tumors increased granzyme 

expression in Tregs, which induced NK cell and CD8+ T cell death, and resulted in 

reduced tumor clearance and suppressed antitumor immunity116. 
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Conversion of ATP to adenosine  

 Surface co-expression of CD39 and CD73 provides another suppressive 

mechanism utilized by Tregs. CD39 is an enzyme that catalytically inactivates ATP by 

conversion to AMP74. Tregs use CD39 to inactivate extracellular ATP, which is critical 

as extracellular ATP is important for rapidly proliferating T cells in proinflammatory 

immune processes117. CD39 removes extracellular ATP, converting to AMP, and CD73 

subsequently degrades nucleosides, which consequently generates the 

immunosuppressive metabolite, adenosine115,117. Adenosine generated by CD73 

nucleotidase can directly inhibit DC function and activated T cells, downmodulating 

immune function117. Binding of adenosine results in increased intracellular cAMP and 

leads to suppressed cytokine production and cell proliferation112. Studies have shown that 

loss of CD39 or addition of adenosine receptor antagonist can effect Treg suppression112. 

However, it has not been determined how an increase in cAMP results in downstream 

inhibition. 

Transforming growth factor-b (TGF-b) may also play a role in Treg-mediated T 

cell suppression, but this mechanism remains controversial. Tregs secrete TGF-b but 

suppress responder T cell proliferation independent of IL-10 and TGF-b in vitro. Others 

have proposed a role for cell surface-bound TGF-b, as in vitro suppression requires cell-

cell contact118. In vivo studies have shown suppression of T cells requires expression of 

TGF-b receptor on responder cells. Tregs bearing cell-surface TGF-b can interact directly 

with its receptor on effector T cells, resulting in inhibition of activation118. Although it is 

unclear if TGF-b production is required by Tregs, it is known that TGF-b production 

favors immunosuppression. 
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Tregs secrete or consume cytokines to downregulate effector function of cells in 

close proximity. Overall, suppression can be elicited in three categories: direct cell-to-cell 

contact, production of soluble inhibitory cytokines, and competition for cytokines 

required for cell growth112 (Figure 3). It is known that these mechanisms are not mutually 

exclusive. Multiple suppressive pathways may be elicited simultaneously depending on 

the site of inflammation. There are still many unknowns in Treg-mediated suppression. 

Mechanisms that have been characterized in vivo fail to be confirmed in vitro, and vice 

versa. 
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Figure 3. Mechanisms of Treg immune suppression. Four characterized mechanisms of 
Treg-mediated suppression include: A) production of inhibitory cytokines, B) cytolysis via 
granzyme/perforin pathways, C) metabolic disruption via IL-2 deprivation and generation 
of immunosuppressive metabolites, and D) targeting dendritic cells through modulating 
DC function. Vignali DAA, Collison LW, Workman CJ, How regulatory T cells work, 
Nature Reviews Immunology, 8, 523-532, 2008, Springer Nature. Reproduced with 
permission from Springer Nature. 
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Tregs in autoimmunity 

Tregs play a critical role in preventing unwanted inflammation that can lead to 

autoimmunity. In patients with autoimmune disease, Treg function is hindered or 

significantly reduced. Defects in Treg function have been described in most autoimmune 

diseases including type I diabetes (T1D), inflammatory bowel disease (IBD), psoriasis, 

multiple sclerosis (MS), and rheumatoid arthritis (RA)95. Patient-derived autoreactive T 

cells have a lower activation threshold but were not shown to be resistant to Treg 

suppression119. Thus, autoimmunity can be attributed, in part, to Treg dysfunction. Loss 

of function has been correlated with decreased Foxp3; however, genomic data of patients 

with MS, T1D, and RA did not reveal a genetic mutation in FOXP3119. 

 The role of reduced Treg function in autoimmunity provides therapeutic potential 

to enhance Treg suppressive activity. Multiple therapies are being investigated to expand 

Tregs and increase suppressive function. Clinical trials testing the use of low dose IL-2 to 

promote Treg expansion have shown an increase in Tregs in GVHD patients 

(NCT00529035)120 and improvement of hepatitis C-induced vasculitis 

(NCT00574652)121. Another therapeutic approach utilizes autoantigens to expand 

antigen-specific Tregs to induce tolerance114. Lastly, adoptive cell transfer of Tregs is 

being investigated as an effective therapy for autoimmunity and GVHD.  

An example of utilizing Treg cell transfer to treat autoimmunity is in amyotrophic 

lateral sclerosis (ALS), a neurodegenerative autoimmune disease that destroys 

motoneurons122. As the disease enters a rapidly progressing phase, Treg numbers are 

significantly reduced, potentially due to loss of Foxp3 expression122. A phase I trial for 

the treatment of ALS tested the safety and tolerability of autologous Tregs that were 
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expanded ex vivo and re-infused into patients (NCT03241784). Results of the trial 

showed infusions were safe and slowed disease progression rates in early and late stages 

of ALS123. Challenges of autologous cell transfer include isolation of large quantities of 

Tregs, survival of ex vivo expanded and transferred cells, loss of activation and 

suppressive activity, and lack of antigen specificity that may be required114. Future 

studies may require the use of non-autologous Tregs, since patients with autoimmune 

diseases have a very limited number of Tregs to isolate.  

 

Tregs in tumor immunity 

Treg immune suppression is a double-edged sword. While Tregs are crucial for 

immune tolerance and suppressing inflammation, these cells can impede 

immunosurveillance in the context of tumors107. Since a main function of Tregs is to 

suppress effector T cells, this consequently limits functional infiltrating antitumor 

immune responses. Tregs can recognize self-antigens through their TCR. Since tumor 

cells express self-antigen, Tregs are more easily activated than effector T cells110. 

Recognition of self-antigens increases Treg-mediated tolerance within the tumor 

microenvironment. However, both antigen-specific and polyclonal (TCR-activated) Tregs 

exert suppressive function in an antigen-independent manner124.  

Tregs are recruited to the tumor microenvironment through the production of 

chemokines, increased inflammatory cytokines and expression of self-antigens. Tumor 

cells and infiltrating macrophages both express CCL22, a chemoattractant that is 

recognized by CCR4125. Expression of CCL22 signals to CCR4-expressing Tregs to 

migrate to the site of inflammation by direct trafficking to specific tissues53. It has been 
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shown that blocking CCL22 can reduce Treg trafficking, suggesting a potential target for 

antitumor therapy126.  

Tregs that have accumulated in the tumor microenvironment or draining lymph 

nodes can recognize tumor-associated self-antigens, leading to Treg proliferation and 

expansion125. Tregs require ligand-specific activation through APCs at the tumor site but 

do not require recognition of antigen100,124. Production of TGF-b by tumor cells can also 

induce Foxp3+ Tregs in the periphery125. The recruitment, activation and expansion of 

Tregs dampens antitumor responses. 

Tregs suppress a variety of immune cells including T, B, NK and dendritic cells. 

Effector T cells are activated through the TCR that recognizes TAAs presented by MHC 

molecules on APCs, and require a co-stimulatory signal along with MHC-TCR 

interactions to be activated and expanded. As discussed, Tregs can inhibit effector T cell 

activation and diminish antitumor activity by a number of mechanisms. 

In cancer, Treg function is enhanced and these cells are recruited by the chronic 

inflammatory environment in tumors to suppress antitumor responses, favoring tumor 

progression. Treg-mediated immunosuppression promotes tumor escape of the immune 

system, which has been associated with unfavorable outcomes for patients53. Curiel et al., 

showed that adoptive transfer of human tumor Tregs into tumor-bearing mice resulted in 

accumulation of Tregs in tumor tissue, suppression of T cell immunity, and allowed 

increased tumor growth in vivo126. Moreover, Antony et.al, demonstrated that transfer of 

Treg-depleted CD4+CD25- T cells in mice induced tumor regression and long-term 

survival127. These studies demonstrate that Tregs are potent mediators of immune 

suppression and enhance tumor progression. 
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Figure 4. The balance between effector T cells (Teff) and Tregs in the tumor 
microenvironment influneces immune responses. High Treg:Teff ratios are typically 
present in solid tumors, leading to poor outcomes. Lower Treg:Teff ratios are associated 
with better prognosis. An increase in the number of Teff cells through therapuetic 
manipulation of Treg:Teff ratios results in increased apoptosis of tumor cells. Tregs (blue), 
effector T cells (red), tumor cells (brown). Reprinted from Current Opinion in 
Immunology, 33, Roychoudhuri R, Eil RL, Restifo NP, The interplay of effector and 
regulatory T cells in cancer, 101-111, 2015, with permission from Elsevier. 
 
 

Tregs are implicated in numerous cancers and especially in solid tumors. Low 

Treg to effector T cell ratios correlate with favorable prognosis in a number of human 

tumors including breast, ovarian, lung, renal, pancreatic and colorectal carcinomas50. 

Many tumors have been shown to have a considerable number of tumor-infiltrating Tregs 

and decreased CD8+ T cells110. Increased Tregs in the tumor microenvironment 

negatively correlates with patient survival and response to immunotherapy110. Therefore, 

the balance between antitumor T cells and Tregs in the tumor microenvironment 

influences the efficacy of immune responses and antitumor therapies (Figure 4). 

Targeting Treg function and activating antitumor T cells may enhance the efficacy of 
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cancer immunotherapies124. Blocking Tregs by attenuating their suppressive activity or 

reducing the overall number of Tregs, thus increasing the ratio of effector T cells, would 

allow for increased antitumor immunity and response to other therapies. 

There is a high clinical and scientific need to study Treg function to better 

understand and characterize mechanisms of Treg suppression of effector T cells. The 

exact mechanism of Treg-mediated immune suppression in tumors is unclear. The 

development of therapeutics that specifically target human Tregs is hindered by their low 

abundance in blood (<1%) and high heterogeneity (mixed populations). Isolation of Tregs 

is an obstacle as it relies on expression of a cell surface protein128. Since they lack a 

specific cell surface molecule that distinguishes these cells from other T cell subtypes, 

this makes these cells difficult to study and functionally characterize. Tregs also hinder 

the therapeutic efficacy of current immunotherapies. Identification of a Treg-specific cell 

surface molecule that mediates suppression would provide a key target for 

immunomodulation, in conjunction with current immunotherapies, and offer a cell-

specific method to differentiate this population. 

In Chapter 2, titled “Identification of a CD4+ T cell line with Treg-like activity,” a 

CD4+ T cell line (MoT cells) was characterized and found to be phenotypically similar to 

and exhibit cell contact-dependent suppressive activity like Tregs derived from peripheral 

blood. Suppression by PBMC-derived Tregs and MoT cells was found to be independent 

of soluble cytokines and known immune checkpoint pathways, providing evidence for an 

uncharacterized suppressive mechanism. 

 In Chapter 3, titled “Generation and characterization of a monoclonal antibody 

that binds to Galectin-1”, Galectin-1 (Gal-1) was investigated as a potential cell surface 
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suppressive molecule. Proteomic analysis of the cell surface-ome found Gal-1 to be 

expressed on both MoT cells and Tregs, while absent on Jurkat cells. It was hypothesized 

that cell surface-bound Gal-1 mediates MoT suppression of CD4+ T cells. To test this, 

monoclonal antibodies to Gal-1 were generated and characterized for binding and 

functional activity. 

 In Chapter 4, titled “Characterization of monoclonal antibodies (mAbs) that bind 

to MoT cells,” monoclonal antibodies were generated to the MoT cell surface and tested 

for binding and functional activity. Since MoT cells and Tregs mediate suppression by 

direct cell-contact, it was hypothesized that these cells express one or more molecules on 

the cell surface that mediates suppressive function. Monoclonal antibodies that bound to 

MoT cells and not Jurkat were expanded and tested for the ability to block suppressive 

function. 

In Chapter 5, titled “Construction and characterization of anti-PD-L1 chimeric 

antigen receptor T cells that selectively kill PD-L1-positive tumor cells,” an anti-PD-L1 

scFv CAR T cell lentiviral construct was designed and T cells were infected with 

lentivirus to express the scFv. These CAR T cells were expanded and tested for the 

ability to kill PD-L1+ human and murine kidney and lung tumor cells. CAR T cell killing 

was restricted to PD-L1+ cells and did not kill non-malignant cells. 

 Chapter 6, “Discussion,” summarizes the implications of the previous chapters, 

including characterizing and targeting Treg suppressive activity, developing ACTs and 

checkpoint blockade immunotherapies, and future direction of the research. 
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CHAPTER 2 

IDENTIFICATION OF A CD4+ T CELL LINE WITH TREG-LIKE ACTIVITY 

Originally published in Human Immunology, January 2022, Volume 83, Issue 4 

Thai H. Ho*, Kirsten Pfeffer*, Glen J. Weiss, Yvette Ruiz, Douglas F. Lake 

*co-first authors 

Abstract 

Regulatory T cells (Tregs) suppress adaptive immunity and inflammation. 

Although they play a role in suppressing anti-tumor responses, development of 

therapeutics that target Tregs is limited by their low abundance, heterogeneity, and lack 

of specific cell surface markers. We isolated human PBMC-derived CD4+ CD25high 

Foxp3+ Tregs and demonstrate they suppress stimulated CD4+ PBMCs in a cell contact-

dependent manner. Because it is not possible to functionally characterize cells after 

intracellular Foxp3 staining, we identified a human T cell line, MoT, as a model of 

human Foxp3+ Tregs. Unlike Jurkat T cells, MoT cells share common surface markers 

consistent with human PBMC-derived Tregs such as: CD4, CD25, GITR, LAG-3, PD-

L1, CCR4. PBMC-derived Tregs and MoT cells, but not Jurkat cells, inhibited 

proliferation of human CD4+ PBMCs in a ratio-dependent manner. Transwell membrane 

separation prevented suppression of stimulated CD4+ PBMC proliferation by MoT cells 

and Tregs, suggesting cell-cell contact is required for suppressive activity. Blocking 

antibodies against PD-L1, LAG-3, GITR, CCR4, HLA-DR, or CTLA-4 did not reverse 

the suppressive activity. We show that human PBMC-derived Tregs and MoT cells 

suppress stimulated CD4+ PBMCs in a cell contact-dependent manner, suggesting that a 
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Foxp3+ Treg population suppresses immune responses by an uncharacterized cell contact-

dependent mechanism. 

 

Introduction 

Regulatory T cells (Tregs) play a critical role in maintaining immune tolerance to 

self-antigens and eliminating autoreactive cells in T cell development (natural/thymic 

Treg), in peripheral tissue after infection 129,130, during inflammation, and in cancer 50,125. 

Tregs were first described as CD4+ cells that inhibited autoreactive T cells and expressed 

high levels of CD25 8. Although they play a role in autoimmunity and cancer 

immunosurveillance, the development of therapeutics that target human Tregs in vivo is 

limited by the low abundance, the heterogeneity of Tregs in human peripheral blood 

mononuclear cells (PBMCs), and the lack of specific cell surface markers that readily 

allow identification or enrichment of live cells so that functional studies can be 

performed. 

Characterization of Tregs that are thymic-derived or peripherally-induced is 

challenging due to mixed subpopulations upon isolation, lack of a classifiable cell surface 

marker, and differences in their specificity and secretion of cytokines/chemokines 128,131. 

Tregs produce immunosuppressive cytokines including IL-10 132, TGF-β 50, IL-35 133 and 

are found circulating in peripheral blood and in multiple tissue types 134. Tregs can be 

isolated from human peripheral blood and expanded in vitro with the addition of IL-2, 

TGF-β and/or the inhibition of mTOR and PI3K with single antigens, but mixed 

populations result 135–137. Tregs are characterized by CD4+CD25high expression; most, but 

not all, express Foxp3. In addition, cells that express intermediate levels of CD25 can 
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express low or high levels of Foxp3 128. Treg subpopulations are known to modulate 

TH1, TH2 and TH17 responses 134 via cell-to-cell contact mechanisms 105, and through 

the production of chemokines, cytokines, and metabolites 138. Peripherally induced CD4+ 

CD25high Foxp3+ Tregs appear to modulate peripheral immune tolerance by expressing 

high levels of cytokines IL-10, TGF-β, IFN-g, IL-5, and low levels of IL-2 139. Helios, a 

transcription factor, is expressed in all CD4+CD8-Foxp3+ thymocytes, but is restricted to a 

subpopulation of peripheral Foxp3+ T cells 103. Treg populations, like other immune cell 

populations, are highly heterogenous. 

 To address a clinical and basic science need to better characterize Tregs and to 

study the molecular interactions between Tregs and activated T cells, we purified, 

expanded and characterized CD4+ CD25high Foxp3+ Tregs from human donor PBMCs and 

then identified a human T-lymphoblastoid cell line (MoT) that was previously derived 

from spleen cells from a patient with a T-cell variant of hairy-cell leukemia that is CD4+ 

CD25high Foxp3+, and has Treg-like activity 140. Phenotypically, MoT cells and human 

Tregs share common surface markers such as: CD4, CD25, glucocorticoid induced TNF 

receptor (GITR), lymphocyte activation gene (LAG-3), programmed death receptor 

ligand 1 (PD-L1), and C-C Motif Chemokine Receptor 4 (CCR4). We demonstrate that 

CD4+ CD25high Foxp3+ MoT cells suppress CD3/CD28-stimulated CD4+ T cell 

proliferation in a manner similar to CD4+ CD25high Foxp3+ PBMC-derived Tregs. Tregs 

can suppress effector T cells in a cell-cell contact dependent manner 125 and perform cell-

contact dependent killing of target cells 141. Without the presence of APCs, cell-cell 

contact is required for suppression of CD4+ T cell proliferation by human CD4+ CD25high 

Foxp3+ Tregs. Cell-cell contact is essential for MoT-mediated suppression; transwell 
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membrane separation abrogates the suppressive activity of MoT cells. To further 

characterize MoT cells, we tested blocking antibodies against known immunomodulatory 

pathways: PD-L1, LAG-3, GITR, CCR4, HLA-DR, or CTLA-4. None of them inhibited 

the suppressive activity of MoT cells. Furthermore, neither MoT cells nor PBMC-derived 

CD4+ CD25high cells could be inhibited by standard antibodies suggesting that one or 

more uncharacterized cell surface suppressive molecules may exist. 

 

Materials and Methods 

Cell lines 

Tregs were isolated from whole PBMCs using EasySep Human 

CD4+CD127lowCD25+ Regulatory T Cell Isolation Kit (Catalog # 18063; Stemcell 

Technologies). Isolated Tregs were expanded up to four weeks. Tregs were stimulated 

every 7 days with the addition of soluble anti-CD3/CD28 at 1ug/ml and 2.5ug/ml, 

respectively, with the addition of 500 IU/ml rhuIL-2 every 2-3 days. PBMC-derived 

Tregs were used for staining and suppression assays 3-5 days after the 2nd or 3rd 

stimulations. MoT cells were a gift from the late David Golde and are also deposited in 

ATCC (ATCC CRL-8066; Manassas, VA, USA). They are a human T-lymphoblast cell 

line derived from spleen cells from a patient with a T-cell variant of hairy-cell leukemia 

140. Jurkat cells (ATCC TIB-152) are a human T-lymphocyte cell line from a patient with 

acute T cell leukemia.  MoT and Jurkat cells were maintained in DMEM (Gibco; Grand 

Island, NY, USA) supplemented with 5% heat-inactivated fetal bovine serum (Atlanta 

Biologicals; Norcross, GA, USA). Cell lines underwent short tandem repeat validation 

(Promega; Madison, WI, USA) to confirm their identities.  
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Flow cytometry 

MoT, Jurkat and PBMC-derived Tregs, at  5 x 105 cells per 12x75 mm flow tube 

were washed twice in PBS, blocked in flow cytometry staining buffer (5% FBS/PBS) for 

1 hour at room temperature then incubated individually in staining buffer with each 

antibody specific to the following markers:  Alexa Fluor 700-conjugated CD3 

(eBioscience clone UCHT1),  FITC-conjugated CD4 (eBioscience clone RPA-T4), PE-

conjugated CD25 (eBioscience clone BC96), PE-conjugated GITR (eBioscience clone 

eBioAITR), Alexa Fluor 700-conjugated LAG-3 (eBioscience clone 3DS223H), PE-

conjugated CTLA-4 (BD Biosciences clone BN13), PD-1 (Pembrolizumab), PD-L1 

(Atezolizumab), Alexa Fluor 647-conjugated CCR4 (BioLegend clone L291H4), PE-

conjugated TCR alpha/beta (eBioscience clone IP26), PE-conjugated TCR gamma/delta 

(eBioscience clone B1.1), Alexa Fluor 647-conjugated Foxp3 (BioLegend clone 259D), 

Alexa Fluor 647-conjugated Helios (BioLegend clone 22F6), Alexa Fluor 647-conjugated 

Granzyme A (BioLegend clone CB9) and FITC-conjugated Granzyme B (BioLegend 

clone GB11), each for 1 hour at room temperature protected from light. For Foxp3 

staining, cells were fixed and permeabilized with the Foxp3 Transcription Factor Buffer 

Staining Set (eBioscience) then subsequently stained to detect intracellular Foxp3. For 

Helios staining, cells were fixed and permeabilized with True-Nuclear Transcription 

Factor Buffer Set (BioLegend) then stained to detect intracellular Helios.  For Granzyme 

A and Granzyme B staining, cells were fixed and permeabilized with BD 

Cytofix/Cytoperm (BD Biosciences) to detect intracellular Granzyme A and Granzyme 

B.  Cells were washed three times in 5% FBS/PBS and analyzed on BD FACSCelesta 
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(BD Biosciences). Fluorescence was quantified and expressed as mean fluorescence 

intensity (MFI). 

 

Co-culture suppression assays 

After IRB approval at Arizona State University (protocol #0601000548), 

peripheral blood was collected from healthy donors. Ficoll-Paque Plus gradient 

separation of the buffy coat was performed from peripheral blood. CD4+ cells were 

purified using EasySep Human CD4+ T Cell Isolation Kit (Catalog # 17952; Stemcell 

Technologies). Cells were allowed to rest overnight in 10% FBS/DMEM at 37°C, 5% 

CO2. The following day, purified CD4+ T cells were counted, labeled with CFSE dye 

(Carboxyfluorescein succinimidyl ester, Catalog #10009853; Cayman Chemical) 

according to the manufacturer’s instructions, washed 3 times in 10% FBS/DMEM, 

counted and then plated in 10% FBS/DMEM at 2x105 cells per well in a 48-well plate 

pre-coated with anti-CD3 clone OKT3 antibody at 5.0 ug/mL per well. Co-stimulatory 

anti-CD28 (eBioscience clone CD28.6) at 2.5 ug/mL final concentration was added at the 

time of CFSE-labeled cell addition. PBMC-derived Tregs were plated in X-VIVO 15 

with 10% huAB serum at 2x105 cells per well (4x105 cells per well in some experiments).  

Two-fold serial dilutions of MoT, Jurkat cells or human PBMC-derived Tregs 

were added to CD3/CD28-stimulated CD4+ PBMC, starting at 1.5x105 MoT, Jurkat cells 

and PBMC-derived Tregs (figures show the ratio of stimulated CD4+ PBMC:Treg cells). 

Final volume per well was 1 mL. Cells were incubated together for 5 days at 37°C in 5% 

CO2. To prove that MoT cells did not consume all the nutrients, media was changed 

daily. On day 5 of culture, cells were collected into individual flow tubes, washed twice 
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in 5% FBS/PBS and placed on ice prior to analysis by flow cytometry (BD 

FACSCelesta). 

 

Antibody blocking experiments 

In experiments to determine if IL-2 consumption by MoT cells or PBMC-derived 

Tregs was involved in suppression, anti-IL-2R Mab (R&D Systems; clone 22722) was 

pre-incubated with MoT cells or PBMC-derived Tregs for 30 minutes, washed three 

times to remove excess antibody, then added to CD4+ PBMCs.  

In experiments to determine if anti-human IL-10R (R&D Systems; clone 37607), 

atezolizumab (anti-PD-L1), mogamulizumab (anti-CCR4), anti-LAG-3, anti-HLA-DR, 

anti-CTLA-4 or anti-GITR Mabs could attenuate the suppression of MoT cells or PBMC-

derived Tregs, thereby restoring CD4+ PBMC proliferation, the Mabs were pre-incubated 

with MoT cells for 30 minutes, then they were added to CD4+ PBMCs. Note: IL-10R 

Mab was tested for function by neutralization of IL-1b inhibition by IL-10 (R&D 

Systems). 

 

Results 

Characterization of CD4+ CD25high Foxp3+ Tregs from human PBMC in a co-culture 

suppression assay 

Previous studies have identified functionally distinct subsets of human Foxp3+ 

Tregs cells in healthy donors. We purified CD4+ CD25high CD127lo T cells from 6 

different human PBMC donors (age/gender: 25/M, 67/M, 68/F, 55/M, 52/F, 39/F) and 

expanded them with anti-CD3, anti-CD28, and 500 IU/ml recombinant human IL-2 



  43 

(rhIL-2). Tregs make up approximately 10% of the CD4+ T cell population125. Starting 

with 1x108 PBMCs, on average, we isolated 1x106 cells or 1% of the starting population. 

We expanded the isolated Treg population to 2x107 cells by the end of the 3rd 

stimulation. Representative Foxp3 staining demonstrates that the majority of the pre-

expansion cell population is Foxp3+, while some heterogeneity exists post expansion 

(Appendix B, Supplemental Figure 1). 

A hallmark of Tregs is their ability to functionally suppress activated T cell 

proliferation. To confirm that the CD4+ CD25high Foxp3+ T cells possess suppressive 

activity, we co-cultured these cells for 5 days with CFSE-labeled CD3/CD28-stimulated 

CD4+ cells purified from healthy donor PBMCs. Stimulated CD4+ PBMC proliferation 

was monitored over the 5 day time-course (Appendix B, Supplemental Figure 2). CD4+ 

CD25high Foxp3+ T cells inhibited proliferation of stimulated PBMCs in a PBMC:Treg 

ratio-dependent manner (Figure 5). Suppressive activity of CD4+ CD25high Foxp3+ Tregs 

was lost as they were diluted out of the co-culture. Only one proliferative peak of 

stimulated, CFSE-labeled cells at a 1:2 ratio of stimulated PBMC:Tregs was observed 

compared to 7 proliferative peaks (cell doublings) in the absence of Tregs. Two-fold 

dilutions of human Tregs in the co-culture at 1:1 and 1:1/2 stimulated T cells:Tregs 

resulted in 3 and 4 proliferative peaks of CD3/CD28-stimulated T cells, respectively. 
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Figure 5. Five-day CFSE-labeled cell proliferation assays demonstrate that CD4+ 

CD25high Foxp3+ PBMC-derived Tregs and MoT cells suppress CD3/CD28 stimulated 
CD4+ PBMCs in a cell ratio-dependent manner. (A) PBMC-derived Tregs (top row), 
MoT (middle row) and Jurkat cells (bottom row) were two-fold serially diluted keeping 
the same number of CD4+ PBMC. This stimulation induces cell division such that with 
every cell division, half the cell-associated CFSE dye is divided between the parent and 
daughter cells. The dividing cells shift left in the flow cytometry histogram. Each peak to 
the left of the initial peak (far right) represents one cell division. Although we observed 
variations in the number of cell divisions from independent human PBMC donors (N=6; 
age/gender: 25/M, 52/F, 55/M, 39/F, 67/M, 68/F), we consistently observed suppression of 
proliferation by PBMC-derived Tregs and MoT cells that is not seen by Jurkat. 
Representative data is shown from 6 different donors. (Individual donors are depicted in 
Appendix B, Supplemental Figure 3).   
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B) Average percent proliferation for all biological replicates (N=6) of stimulated, 
unstimulated CD4+ PBMC, and stimulated CD4+ PBMC co-cultured with PBMC-derived 
Tregs, MoT or Jurkat cells. Each donor is represented by a shape and the data is paired by 
donor. Statistical analysis run on the mean percent proliferation. Significance determined 
by one-way ANOVA; **, p<0.005; ***, p<0.0005; ****, p<0.0001; ns=not significant. 
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MoT cells suppress PBMC proliferation similar to CD4+ CD25high Foxp3+ T cells 

The majority of the PBMC-derived Treg populations from 6 different human 

donors were Foxp3+ (Appendix B, Supplemental Figure 1). Since the primary obstacle in 

functional characterization of human Tregs is that they need to be permeabilized to detect 

Foxp3 (or Helios) transcription factors to prove they are Tregs, we searched for, and 

identified a CD4+ CD25high Foxp3+ T cell line and tested it in the suppression assay 142. 

MoT cells (CD4+ CD25high Foxp3+) were compared with another CD4+ acute T cell 

leukemia cell line, Jurkat (CD4+ CD25- Foxp3-),143 for the ability to suppress PBMC 

proliferation similar to PBMC-derived CD4+ CD25high Foxp3+ T cells. To determine if 

MoT cells have suppressive activity, we co-cultured MoT or Jurkat cells with 

CD3/CD28-stimulated CD4+ cells purified from healthy donor PBMCs.  MoT cells, but 

not Jurkat cells, inhibited proliferation of stimulated CD4+ PBMCs (Figure 5). Like 

PBMC-derived Tregs, suppressive activity of MoT cells decreased as they were titrated 

out of the co-culture in a cell ratio-dependent manner. In contrast, Jurkat cells have no 

suppressive activity even at the highest ratio of 1:1. Preliminary experiments indicated 

that MoT cells as a monoclonal cell line are more suppressive than heterogenous PBMC-

derived Tregs. Therefore, twice as many PBMC-derived Tregs (1:2) were required to 

obtain similar suppressive activity as the MoT cell line (1:1), keeping the number of 

CD4+ PBMC consistent. 

 

MoT cells express known Treg cell surface markers 

MoT cells were derived from a patient with a T-cell variant of hairy-cell leukemia 

140. As shown in Figure 6, MoT cells express surface markers consistent with human 
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Tregs such as CD4, CD25, GITR, LAG-3, programmed death receptor ligand 1 (PD-L1), 

and C-C Motif Chemokine Receptor 4 (CCR4). MoT cells express Foxp3 and weakly 

express Helios, a transcription factor expressed in thymic-derived Tregs, that 

differentiates them from peripherally-induced Tregs 103. They do not express PD-1 or 

CTLA-4, and despite being CD4+, they do not express CD3 or a T cell receptor (TCR). 

They also do not express granzymes A and B (Appendix B, Supplemental Figure 4). 
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Figure 6.  MoT, but not Jurkat cells, demonstrate a CD4+ CD25high Foxp3+ Treg-like 
phenotype. MoT were assessed for cell surface and intracellular markers by flow 
cytometry and compared to Jurkat and PBMC-derived Tregs: CD4, CD25, Foxp3, Helios, 
GITR, CTLA-4, PD-1 PD-L1, LAG-3, and CCR4. For each histogram, mean fluorescence 
intensity of isotype controls is in gray on the left and specific Mab staining is shown on the 
right (blue histogram). MFI values are indicated on the graph.  
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Since MoT cells express the IL-2 receptor (CD25), we were concerned that they 

may act as an IL-2 sink and sequester the IL-2 produced by CD3/CD28 stimulated CD4+ 

PBMCs, thereby leading to suppression of CD3/CD28 stimulated CD4+ proliferation. 

Therefore, we pre-incubated an IL-2 receptor blocking antibody (anti-human-IL-2R 

alpha; R&D Systems MAB223 clone 22722) with PBMC-derived Tregs or MoT cells 

prior to adding them to the stimulated CD4+ PBMC. PBMC-derived Tregs and MoT cells 

were washed three times in PBS to ensure removal of excess receptor blocking antibody 

that would affect CD4+ PBMC proliferation. Figure 7A panel a shows 6 cell divisions in 

CD3/CD28 stimulated CD4+ cells. When PBMC-derived Tregs or MoT cells were co-

cultured with CD3/CD28 stimulated CD4+ PBMCs, PBMC-derived Tregs and MoT cells 

suppressed cell division to two peaks (panels 7b and 7e). When IL-2 receptor was 

blocked on PBMC-derived Tregs or MoT cells (panels 7c and 7f), they remained 

predominately suppressive. Comparing panels, 7a (6 peaks) and f (3 peaks) indicate that 

MoT cells are not sequestering IL-2 from CD3/CD28-stimulated CD4+ PBMC. If MoT 

cells were sequestering IL-2, blocking of the IL-2 receptor would lead to complete 

restoration of 6 cell divisions in CD3/CD28 stimulated CD4+ cell, as IL-2 would be 

available for PBMC to proliferate. This experiment suggests that MoT suppression is 

mainly independent of IL-2. To further convince ourselves that MoT cells were not 

stealing IL-2 from CD3/CD28-stimulated CD4+ PBMC, we performed a separate 

experiment showing that addition of exogenous, supraphysiological doses of up to 1000 

IU/ml of rhIL-2 to the CD3/CD28-stimulated CD4+ PBMC:MoT mixture does not 

reverse MoT suppression (Figure 8). Physiological concentration of IL-2 in human 

peripheral blood is between 9.4-15.9 pg/ml144. Addition of up to 1000 units of rhIL-2 
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equates to a 10,000-fold excess of IL-2. We performed these experiments with PBMC-

derived Tregs and found that neither blocking the endogenous IL-2 receptor (Figure 7) 

nor adding exogenous supraphysiological levels of rhIL-2 (Figure 8) reversed Treg-

mediated suppression of CD4+ PBMC. 
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Figure 7. (A) Blocking IL-2 receptor using anti-human-IL-2R alpha does not restore 
CD3/CD28-activated CD4+ PBMC proliferation. (a) shows 6 proliferative peaks of 
CD4+ PBMC activated by anti-CD3/CD28 stimulation. (b) PBMC-derived Tregs co-
incubated with anti-CD3/CD28 activated CD4+ PBMC (1:2). (c) shows 3 proliferative 
peaks when IL-2 receptor-blocked PBMC-derived Tregs are co-incubated with anti-
CD3/CD28 activated CD4+ PBMC. (d) Unstimulated CD4+ PBMC. (e) MoT cells co-
incubated with anti-CD3/CD28 activated CD4+ PBMC (1:1). (f) shows 3 proliferative 
peaks when IL-2 receptor-blocked MoT cells are co-incubated with anti-CD3/CD28 
activated CD4+ PBMC. Representative data is shown (N=3). 
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(B) Average percent proliferation for all replicates (N=3) of stimulated, unstimulated CD4+ 
PBMC, and stimulated CD4+ PBMC co-cultured with PBMC-derived Tregs or MoT cells. 
Each donor is represented by a shape. Statistical analysis run on the mean percent 
proliferation, paired by donor. Significance determined by one-way ANOVA; *, p<0.05; 
**, p<0.005; ns=not significant. 
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Figure 8. (A) Supraphysiological levels of exogenous rhIL-2 does not reverse MoT 
suppression of CD3/CD28-activated CD4+ PBMC proliferation. (a) shows ~7 
proliferative peaks of CD4+ PBMC activated by anti-CD3/CD28 stimulation to the left of 
the farthest right peak.  (b) CFSE-labeled CD4+ PBMC with no stimulation. (c) shows 
suppression of CD3/CD28 activated CD4+ PBMC proliferation when co-incubated with 
MoT cells (1:1). Panels d-f show suppression of stimulated CD4+ PBMC by MoT cells 
independent of increasing doses of rhIL-2 (100, 500 and 1000 IU/mL). (g) shows 
suppression of CD3/CD28 activated CD4+ PBMC proliferation when co-incubated with 
PBMC-derived Tregs (1:2). Panels h-i show suppression of stimulated CD4+ PBMC by 
PBMC-derived Tregs independent of increasing doses of rhIL-2. Representative data is 
shown (N=3). 
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(B) Average percent proliferation for all replicates (N=3) of stimulated, unstimulated CD4+ 
PBMC, and stimulated CD4+ PBMC co-cultured with PBMC-derived Tregs or MoT cells. 
Each donor is represented by a shape. Statistical analysis run on the mean percent 
proliferation, paired by donor. Significance determined by one-way ANOVA; **, p<0.005; 
****, p<0.0001. 
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Although both MoT and Jurkat have a similar doubling time, we wanted to ensure 

that MoT cells were not depleting the co-culture of nutrients.  An experiment was 

performed in which media in the co-culture was changed daily for 5 days (data not 

shown). No significant difference in suppression of CD4+ PBMC proliferation by MoT 

cells was observed between daily media change and no media change. 

 
Cell to cell contact is required for both PBMC-derived Tregs and MoT Treg suppressive 

activity  

To determine if suppressive cytokines or other soluble paracrine factors might be 

responsible for the inhibition of proliferation observed in the co-culture assay, we 

performed an experiment in which MoT cells were separated from CD3/CD28-stimulated 

T cells by a transwell membrane. Figure 9A shows 6 cell division peaks in CD3/CD28-

stimulated CD4+ PBMC, but when PBMC-derived Tregs or MoT cells were added, they 

suppressed the stimulated CD4+ PBMC (panels 9b and 9e). When PBMC-derived Tregs 

were separated from stimulated CD4+ PBMC by a Millipore 0.4 μm transwell membrane, 

they were unable to suppress as shown by at least 5 peaks of stimulated CD4+ PBMC in 

panel 9c. We observed similar cell contact-dependent suppression by MoT cells. In 

Figure 9 panel f, MoT cells were not suppressive when separated from stimulated CD4+ 

PBMC, similar to PBMC-derived Tregs. Although suppression is contact-dependent, we 

were still concerned that a soluble factor might be involved, so we performed a cytokine 

array to determine what suppressive cytokines were expressed and upregulated  by MoT 

cells and PBMC-derived Tregs when co-cultured with CD4+ PBMCs (Appendix B, 

Supplemental Figure 5). However, we did not observe an increase in suppressive 
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cytokines when MoT cells or PBMC-derived Tregs were co-cultured with responder 

cells. We observed expression of IL-10 but not TGF-b. Since IL-10 is highly expressed 

by both MoT cells and PBMC-derived Tregs, we blocked the IL-10 receptor on CD4+ 

PBMCs (anti-human-IL-10R alpha; R&D Systems MAB274 clone 37607). When IL-10R 

was blocked, suppression was not reversed (Figure 10). Our data demonstrates that cell-

to-cell contact, not a soluble factor, is required for MoT and PBMC-derived Treg 

suppressive activity since suppression does not occur when MoT cells or PBMC-derived 

Tregs are separated from CD3/CD28-stimulated CD4+ PBMCs by a transwell membrane  

or when IL-10 activity is blocked. 
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Figure 9. (A) Cell-cell contact is required to functionally suppress proliferation of 
CD4+ PBMC.  (a) Stimulated CD4+ PBMC. (b) Stimulated CD4+ PBMC + PBMC-derived 
Tregs (1:2). (c) Stimulated CD4+ PBMC + PBMC-derived Tregs separated by Millipore 
membrane. (d) Unstimulated CD4+ PBMC. (e) Stimulated CD4+ PBMC + MoT cells (1:1). 
(f) Stimulated CD4+ PBMC + MoT cells separated by Millipore membrane. Representative 
data is shown (N=3). 
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(B) Average percent proliferation for all replicates (N=3) of stimulated, unstimulated CD4+ 
PBMC, and stimulated CD4+ PBMC co-cultured with PBMC-derived Tregs or MoT cells. 
Each donor is represented by a shape. Statistical analysis run on the mean percent 
proliferation, paired by donor. Significance determined by one-way ANOVA. **, p<0.005; 
****, p<0.0001; ns=not significant. 
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Figure 10.  (A) Blocking IL-10 receptor using anti-human-IL-10R alpha does not 
restore CD3/CD28-activated CD4+ PBMC proliferation. (a) shows 7 proliferative peaks 
of CD4+ PBMC activated by anti-CD3/CD28 stimulation. (b) PBMC-derived Tregs co-
incubated with anti-CD3/CD28 activated CD4+ PBMC (1:2). (c) shows 3 proliferative 
peaks when IL-10 receptor-blocked anti-CD3/CD28 activated CD4+ PBMC are co-
incubated with PBMC-derived Tregs. (d) Unstimulated CD4+ PBMC. (e) MoT cells co-
incubated with anti-CD3/CD28 activated CD4+ PBMC (1:1). (f) shows 1 proliferative peak 
when IL-10 receptor-blocked anti-CD3/CD28 activated CD4+ PBMC are co-incubated 
with MoT cells. Note: IL-10R Mab was tested for function by neutralization of IL-
1b inhibition by IL-10 (R&D Systems). Representative data is shown (N=3). 
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(B) Average percent proliferation for all replicates (N=3) of stimulated, unstimulated CD4+ 
PBMC, and stimulated CD4+ PBMC co-cultured with PBMC-derived Tregs or MoT cells. 
Each donor is represented by a shape. Statistical analysis run on the mean percent 
proliferation, paired by donor. Significance determined by one-way ANOVA; *, p<0.05; 
**, p<0.005. 
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Immune checkpoint inhibitors do not attenuate MoT suppressive activity 

To determine if FDA approved and research grade immune checkpoint inhibitors 

attenuate the MoT Treg suppressive activity, we tested clinical grade anti-PD-L1 

(atezolizumab), clinical grade anti-CTLA-4 (ipilimumab), anti-CCR4 (mogamulizumab), 

anti-GITR agonist, anti-LAG-3, and anti-HLA DR monoclonal antibodies (Mabs) for the 

ability to reverse MoT suppression (Figure 11). Since MoT cells are strong suppressive 

cells, we used a ratio of 1:1/2 to provide a better opportunity for the blocking antibodies 

to reverse the suppression. CCR4 was previously reported to be present in Tregs 83. 

Although CTLA-4 is not expressed on MoT cells, ipilimumab was tested in case of 

expression on stimulated CD4+ PBMCs. Since Treg suppression is thought to be 

mediated via the TCR, MHC II was blocked. None of the Mabs including anti-GITR, 

anti-CCR4, anti-PD-L1, anti-CTLA-4 or anti-HLA DR reversed MoT cell-mediated 

suppression of CD4+ PBMC. The same blocking Mabs did not interfere with PBMC-

derived Treg-mediated suppression (Appendix B, Supplemental Figure 6). Additionally, a 

suppression assay was performed with an antibody blocking Fas-FasL interaction, and 

reversal of suppression was not observed (data not shown). These results suggest, but do 

not completely prove that the mechanism of MoT cell suppression is not mediated via the 

PD-1/PD-L1 axis, CCR4, GITR or Fas-FasL mechanisms. Despite expressing CD4, MoT 

cells do not express CD3 or a TCR (Appendix B, Supplemental Figure 4), further 

supporting that suppressive activity is independent of TCR-peptide-MHC interactions. 

Note: antibodies were incubated with CD4+ stimulated cells alone and did not inhibit 

proliferation (data not shown). 
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Figure 11. Anti-PD-1/PD-L1 axis, GITR, CCR4 and TCR-MHC interactions are not 
involved in suppression of CD4+ PBMC proliferation by MoT cells. (A) Anti-GITR, 
anti-CCR4 (mogamulizumab), anti-PD-L1 (atezolizumab), anti-HLA-class II, anti-LAG-3 
blocking, and ipilimumab was used as an anti-CTLA-4 blocking Mab. CD3/CD28-
stimulated CD4+ PBMC were co-incubated with MoT cells at a 1:1/2 ratio. Blocking 
antibodies were used at 10 μg/ml final concentration. Representative data is shown (N=3). 
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(B) Average percent proliferation for all replicates (N=3) of stimulated, unstimulated CD4+ 
PBMC, and stimulated CD4+ PBMC co-cultured with MoT cells. Each donor is represented 
by a shape.  Statistical analysis run on the mean percent proliferation, paired by donor. 
Significance determined by one-way ANOVA *, p<0.05; **, p<0.005; ***, p<0.0005; 
****, p<0.0001. 
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MoT cells induce apoptosis of CD4+ PBMCs 

To begin to determine a mechanism of suppression of CD3/CD28-activated CD4+ 

PBMC proliferation by MoT cells and PBMC-derived Tregs, we performed an annexin 

V/propidium iodide (PI) experiment and evaluated the results by flow cytometry (Figure 

12).  This experiment allows for visualization of early and late apoptosis, as well as dead 

cells. Progression through the apoptotic pathway was assessed over the course of the five-

day assay. In Figure 12A, viable CD4+ PBMCs are Annexin V/PI negative (lower left 

quadrant), Annexin V single positive cells (lower right quadrant) indicate cells 

undergoing early apoptosis, and Annexin V and PI double positive cells indicate cells in 

late apoptosis (upper right quadrant). The presence of these 3 distinct phenotypes within 

the CD4+ PBMC population suggests apoptosis is being induced in activated CD4+ 

PBMC when stimulated with anti-CD3/CD28.  

  Although stimulated responder cells undergo apoptosis, co-incubation with MoT 

cells and PBMC-derived Tregs hastens apoptosis over the course of the five-day assay. 

Figure 12 suggests that MoT cells not only inhibit CD4+ PBMC proliferation but also 

induce apoptosis. By 24 hours of co-culture with MoT cells, the mean CD4+ PBMC 

population (32.6%) is Annexin V (+), and by day 5 almost half of the mean total 

population is undergoing early (36%) or late apoptosis (11.1%) compared to stimulated 

cells alone (21.1% and 2.2%, respectively). This result suggests that MoT cells ultimately 

induce CD4+ PBMC cell death and clearly enter into an Annexin V-positive and PI-

negative state (early apoptosis) prior to cell death at an earlier timepoint in the co-

incubation compared to stimulated cells alone. A population of stimulated CD4+ PBMC 

also undergo apoptosis when co-incubated with PBMC-derived Tregs.  
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Figure 12. MoT cells induce apoptosis (lower right quadrant representing CD4+, 
Annexin V+ population) early in the co-incubation. CD4+ PBMC were labeled with 
CFSE prior to stimulation with anti-CD3 and anti-CD28. (A) Contour plots show Annexin 
V/PI staining of CFSE-gated CD4+ PBMC over the five-day assay. (a) Unstimulated CD4+ 
PBMC. (b) anti-CD3/CD28-stimulated CD4+ PBMC. (c) CD4+ PBMC co-incubated with 
PBMC-derived Tregs (1:2). (d) CD4+ PBMC co-incubated with MoT cells (1:1). 
Representative data is shown (N=3). 
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(B) Percent of cells in each quadrant per day for all samples (N=3) of stimulated, 
unstimulated CD4+ PBMC, and stimulated CD4+ PBMC co-cultured with PBMC-derived 
Tregs or MoT cells. Statistical analysis run on mean percent calculated for viable (Annexin 
V- PI-), early apoptotic (Annexin V+ PI-), and late apoptotic (Annexin V+ PI+) cells over 
the 5 day time-course. Significance determined by two-way ANOVA; *, p<0.05; ****, 
p<0.0001; ns=not significant. 
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Reverse transcriptase inhibitor AZT does not reverse the suppression of MoT cells 

ATCC indicates that MoT cells carry three copies of HTLV-II genome, one 

replication competent and two defective. To address the possibility that MoT cells 

suppress CD4+ CD3/CD28-simulated T cells by transferring and/or infecting activated 

CD4+ PBMCs with HTLV-II, the suppression assay was performed in the presence of 

azidothymidine (AZT). Even if HTLV-II virus entered CD4+ T cells, AZT inhibits 

reverse transcriptase and prevents viral RNA from being reverse transcribed into DNA 

and integrating into T cell genomes. Treatment of MoT cells with AZT, however, does 

not cure them of infection because reverse transcriptase has already integrated the pro-

viral DNA into the genome of MoT cells. It is possible, however, that an HTLV-II gene 

such as Tax could be driving the expression of either an HTLV-II protein or another 

cellular protein capable of mediating Treg-like activity (Appendix B, Supplemental 

Figure 7).  

 

Discussion   

The study of regulatory T cells is limited by the low prevalence of Tregs in 

peripheral blood, their heterogeneity upon isolation and characterization, and primarily 

by the lack of a cell surface molecule that would allow purification of Tregs for 

functional characterization alone and in the presence of other purified cell populations. 

Therapies that boost Treg function could inhibit pathologic immune cell function in 

autoimmune disease 145, decrease graft rejection in solid organ transplants 146, and 

decrease graft-vs-host disease in allogeneic bone marrow transplants 147. Conversely, 

suppression of Tregs may also enhance the anti-tumor response with immune checkpoint 
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therapies and has been shown to increase the anti-tumor activity of CD8+ CTL 148. 

However, no FDA approved therapies exist that specifically either enhance or suppress 

Treg activity, although a phase II clinical trial is recruiting to expand Tregs to treat type 1 

diabetes 149.  

These challenges hinder development of therapies that specifically target Tregs. 

We observed that the majority of PBMC-derived Tregs, expanded from human PBMC 

are CD4+ CD25high Foxp3+. Since it is not possible to sort and functionally characterize T 

cells that have been permeabilized for Foxp3 staining, we studied a CD4+ CD25high 

Foxp3+ MoT cell line in a co-culture suppression assay which demonstrates MoT cells, 

like PBMC-derived Tregs, inhibits proliferation of stimulated CD4+ PBMCs. 

Mechanisms of Treg-mediated suppression include the production of soluble suppressive 

factors and indirect suppression of CD4+ T cells via targeting APCs, while a subset of 

CD4+CD25high Tregs suppress CD4+CD25- responder cell activation via cell-cell contact 

142. In our in vitro suppression assays, we assessed MoT and Treg cell-contact dependent 

suppression. Separation of MoT cells and PBMC-derived Tregs from stimulated CD4+ 

PBMC by a transwell insert did reverse suppression; this strongly suggests a cell-to-cell 

contact mechanism of MoT suppression. As CD4+ CD25high Foxp3+ PBMC-derived Tregs 

or MoT cells were titrated out of the co-culture, CD4+ PBMCs regained the ability to 

proliferate as shown in Figure 5. Daily media changes ensured MoT cells and PBMC-

derived Tregs were not depleting the co-culture of nutrients (data not shown).   

Since MoT cells and PBMC-derived Tregs have an IL-2 receptor, we were 

initially concerned they were “sponging up” any IL-2 produced by activated CD4+ T 

cells, having the effect of suppressing their proliferation. To address this possibility, we 
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pre-incubated MoT cells and PBMC-derived Tregs with an IL-2 receptor blocking 

antibody prior to washing away excess blocking Mab and adding the IL-2 receptor-

blocked cells to activated CD4+ PBMC. If MoT cells and PBMC-derived Tregs were 

scavenging IL-2 produced from activated CD4+ T cells, blocking the IL-2 receptor would 

have restored the proliferative capacity of CD4+ T cells such that the number of cell 

divisions would look similar to activated CD4+ T cells alone. We did not observe this. 

MoT cells and PBMC-derived Tregs suppressed activated CD4+ PBMCs even in the 

presence of an IL-2 receptor blocking antibody. To further demonstrate that MoT and 

PBMC-derived Treg suppression is not dependent on a lack of IL-2 for CD4+ T cell 

proliferation, we added exogenous rhIL-2 to the suppression assay (Figure 8). In the 

absence of MoT cells or PBMC-derived Tregs, CD4+ T cells from the donor used in this 

experiment divided at least 7 times over 5 days. Addition of 100, 500, and 1000 IU/ml of 

rhIL-2 did not overcome MoT or PBMC-derived Treg suppression of CD4+ T cell 

division.   

Several limitations should be considered when evaluating our study. First, we did 

not identify a cell surface protein on MoT cells or PBMC-derived Tregs responsible for 

the suppressive Treg-like activity. Our data indicates that the suppressive properties of 

MoT cells and PBMC-derived Tregs do not appear to be due to soluble factors like 

cytokines. Despite our data showing a cell-to-cell contact dependence for Treg 

suppression, we evaluated a prominent suppressive cytokine, IL-10, secreted by both 

MoT cells and PBMC-derived Tregs. We did not observe reversal of suppression when 

IL-10 receptor was blocked, indicating that IL-10 is not responsible for suppression. 

Since PBMC-derived Tregs are a polyclonal population, compared to monoclonal, there 
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are likely multiple other soluble suppressive molecules. The suppression we observed 

does not require known pathways such as PD-L1 or CTLA-4 axes since neither 

atezolizumab nor ipilimumab reversed suppression mediated by MoT cells or PBMC-

derived Tregs on CD4+ T cells. Both atezolizumab and ipilimumab used in our study 

were from clinical grade stocks of antibodies used for the therapeutic treatment of 

patients. Since MoT cells are infected with HTLV-II, a suppressive molecule could be 

due to HTLV-II, but since PBMC-derived Tregs appear to mediate the same type of 

suppression, the suppressive molecule could also be lineage-specific and/or expressed at 

a certain stage of lymphocyte development. Alternatively, HTLV-II genes could be 

driving the expression of either an HTLV-II protein or another cellular protein capable of 

mediating Treg-like activity.     

Second, since MoT cells are allogeneic to all PBMC donors used in this study it is 

possible that some T cell receptor recognition by stimulated CD4+ PBMC of allo-MHC 

on MoT cells influenced their suppressive activity. However, we performed allogeneic 

suppression assays with PBMC-derived Tregs and observed the same suppressive effect 

as MoT-mediated suppression and autologous Treg suppression (data not shown, 

available upon request).  Therefore, suppressive capacity of MoT cells and PBMC-

derived Tregs overcomes any potential allogeneic stimulation. 

Third, CD3/CD28 stimulation is variable among human donors. Six different 

PBMC donors were used in this study. The proliferative capacity after CD3/CD28 

activation of each donor is slightly different. Some T cells double 8 times in 5 days while 

others double 5 or 6 times. Additionally, some donor PBMC are more easily suppressed 

by MoT cells, while some are less easily suppressed. However, activated CD4+ PBMCs 
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from 6 different PBMC donors were all suppressed by MoT cells (Appendix B, 

Supplemental Figure 2).  

Fourth, we did not detect TCR or CD3 expression on MoT cells. This suggests 

that the suppression observed is not a trogocytosis-mediated phenomenon 141. MHC II 

blockade had no impact on suppression, further supporting that the suppressive activity is 

independent of TCR-peptide-MHC interactions. One possibility is that MoT are of NK 

origin that kill allogeneic cells. We think this is unlikely because MoT cells do not 

express granzymes and suppression is not reversed by blocking Fas-FasL interaction. 

Although MoT cells are leukemia cells, they could still represent an uncharacterized sub-

population of suppressive/regulatory lymphocytes. We are currently interrogating 

PBMC-derived CD4+ CD25high Foxp3+ T cells to determine if there is a population of 

Foxp3+ cells that lacks TCR/CD3.  

Tregs can limit antitumor responses and the presence of Tregs in solid tumors can 

impact clinical prognosis. Although current cancer therapies such as cyclophosphamide, 

sunitinib, idelalisib 150, and sorafenib can modulate Treg suppressive activity, these 

therapies are not Treg specific and likely impact anti-tumor T cells. Thus, there is a 

growing clinical need to selectively target Tregs in tumors while preserving anti-tumor T 

cell activity and peripheral immune homeostasis.  

Immune checkpoint inhibitors such as anti-PD-L1, -CCR4, -LAG-3, -CTLA-4, or 

-GITR did not attenuate MoT Treg suppressive activity. Herein, we demonstrated that 

human PBMC-derived CD4+ CD25high Foxp3+ Tregs and MoT cells suppress CD3/CD28-

stimulated CD4+ PBMCs in a cell contact-dependent manner, suggesting that a CD4+ 

CD25high Foxp3+ Treg population in peripheral blood may play a role in suppressing 
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CD4+ T cell-mediated immune responses by an unknown cell contact-dependent 

mechanism. Although MoT cells and PBMC-derived Tregs induce apoptosis, they may 

do so by different mechanisms. Both are driving stimulated CD4+ PBMC toward 

apoptosis but it is unclear if induction of apoptosis is the major mechanism of 

suppression. Other mechanisms may involve T cell fratricide, autophagy, and other 

caspase-dependent cell death. Further studies are required to identify the cell surface 

marker(s) that suppresses CD4+ T cell proliferation. Transcriptional and epigenetic 

profiling of Treg and MoT should be performed in future studies to investigate the 

suitability of MoT cells as a model of Tregs. At this point, it is unclear if the mechanisms 

of suppression by MoT cells and PBMC-derived Tregs are the same. We are actively 

investigating potential cell surface molecules and pathways. Characterization of a novel 

suppressive marker on Tregs and related cell types could lead to functional cellular and 

molecular studies of Tregs with the goal of harnessing them for therapy. 

 

Summary Sentence: Human Foxp3+ Tregs and a Treg-like cell line suppress CD4+ 

PBMC proliferation by cell-to-cell contact, independent of known checkpoint inhibitors, 

suggesting an uncharacterized suppressive mechanism. 

 

Acknowledgments  

Support was provided by Gloria A. and Thomas J. Dutson Jr. Kidney Research 

Endowment, Novartis, and an ASU-Mayo Seed grant to THH and DFL. THH is 

supported by the Gerstner Family Career Development Award and the National Cancer 

Institute (R01CA224917). Opinions, interpretations, conclusions, and recommendations 



  73 

are those of the author and are not necessarily endorsed by the funding agencies. The 

funding agencies had no role in the study design. 

 

Author contributions 

THH, GJW and DFL designed and interpreted all experiments. 

YR and KP performed all experiments. 

 

Disclosures 

THH has received research funding from Novartis and has served on advisory boards for 

Exelixis, Genentech, EMD-Serono, Ipsen, Cardinal Health, Surface Therapeutics, and 

Pfizer. GJW is an employee of SOTIO and former employee of Unum Therapeutics-both 

outside of submitted work, reports personal fees from MiRanostics Consulting, Paradigm, 

Angiex, IBEX Medical Analytics, Spring Bank Pharmaceuticals, Pfizer, IDEA Pharma, 

GLG Council, Guidepoint Global, Ignyta, Circulogene, Genomic Health-all outside this 

submitted work; has received travel reimbursement from Cambridge HealthTech 

Institute, GlaxoSmith Kline, and Tesaro-outside of this submitted work; had ownership 

interest in MiRanostics Consulting, Unum Therapeutics, Exact Sciences, and 

Circulogene-outside the submitted work; and has a patent for methods and kits to predict 

prognostic and therapeutic outcome in small cell lung cancer issued, outside the 

submitted work. The other authors declare no conflicts of interest. 

 

Supplemental Data 

Supplemental data for Chapter 2 in Appendix B.   



  74 

CHAPTER 3 

GENERATION AND CHARACTERIZATION OF A MONOCLONAL ANTIBODY 

THAT BINDS TO GALECTIN-1 

Originally published in Protein Expression and Purification, May 2023, Volume 210 

Kirsten Pfeffer, Thai H. Ho, Francisca J. Grill, Yvette Ruiz, Douglas F. Lake 

Abstract 

Galectin-1 is a b-galactoside-binding lectin that has been implicated as a 

suppressive molecule in cancer and autoimmune diseases. Gal-1 has known 

immunomodulatory activity and was found to be expressed on regulatory T cells, leading 

to the potential for targeted immunotherapies. Anti-Gal-1 monoclonal antibodies were 

generated in this study using classical hybridoma techniques. MAb 6F3 was found to 

bind to Gal-1 by Western blot and ELISA. Flow cytometry was used to determine cell 

surface and intracellular binding of mAb 6F3 to Gal-1 in PBMC-derived Tregs and tumor 

cells, including Treg-like cell lines. These results suggest mAb 6F3 may be used to 

further study Gal-1 protein expression and function.  
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Introduction 

Galectin-1 (Gal-1) is a 14.5kDa protein encoded by LGALS1 gene belonging to a 

family of conserved lectins that bind to b-galactoside-containing glycoproteins. These 

lectins share conserved carbohydrate recognition domains (CRD) that are responsible for 

binding to b-galactoside151. Gal-1 functions as a homodimer, contains one CRD and can 

be found both intra- and extracellularly. Although it does not contain a canonical signal 

sequence, it is known to be secreted and bind to cell surfaces, but the exact mechanism is 

unknown152. Intra- and extracellular Gal-1 have distinct functions. Extracellular Gal-1 

predominately exists as a homodimer and functions by binding carbohydrate moieties 

containing b-galactoside, while the function of intracellular Gal-1 does not require 

carbohydrate binding151. Intracellular Gal-1 can be found in the cytosol and nucleus and 

plays a role in signal transduction and transcription to enhance cell proliferation153,154. 

Extracellular Gal-1 homodimers mediate cell-cell interactions by binding to cell surface 

receptors via b-galactosides which induces cross-linking due to bivalent binding 

activity155,156. These interactions with cell surface glycoproteins induce signaling 

pathways that modulate cell proliferation153. Extracellular Gal-1 has been shown to exert 

strong immunosuppressive activity, specifically targeting and inducing apoptosis of 

activated T cells157,158, making it a potential biological target for immunotherapy. 

The immunomodulatory activity of Gal-1 has been implicated in numerous 

cancers155,159,160 and autoimmune diseases158. Gal-1 expression and subsequent secretion 

has been found to be upregulated in tumors compared to normal cells, influencing tumor 

progression via immunosuppression, and by promoting cell adhesion, apoptosis and 

angiogenesis155,161. Increased expression of Gal-1 is found in highly invasive and poorly 
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differentiated tumors and correlated with poor patient prognosis151,155,161. The potential 

role of Gal-1 in immune suppression and cancer progression makes it a significant 

protein of interest. 

Evidence of the role of Gal-1 in tumorigenesis has led to an increased interest in 

investigating novel approaches to inhibit its function. Targeting strategies include using 

oligosaccharides, synthetic peptides, small molecules and monoclonal antibodies that 

specifically block the CRD and prevent Gal-1-glycan interactions153. Several Gal-1 

inhibitors are currently under development. OTX008 compound was derived from a 

peptide that was shown to inhibit Gal-1 and reduces tumor growth and angiogenesis in 

vivo153. An allosteric inhibitor is being evaluated that targets both Gal-1 and Gal-3162. 

Neutralizing mAbs targeting Gal-1 are also being investigated. An anti-Gal-1 neutralizing 

antibody was developed and shown to block Gal-1-induced apoptosis159,163. Another anti-

Gal-1 neutralizing mAb is currently being tested in tumor models for immunomodulatory 

activity164.  

We became interested in Gal-1 as it has been identified on human CD4+ CD25high 

FoxP3+ Tregs and may play a role in Treg cell expansion and suppressive activity162,165. 

Previously, we found that human CD4+ CD25high FoxP3+ regulatory T cells (Tregs) 

suppress CD4+ PBMCs by an uncharacterized cell contact-dependent mechanism166. 

However, Tregs are difficult to purify and expand due to high heterogeneity and lack of a 

Treg-specific cell surface molecule. To study Tregs, we identified a human Treg-like cell 

line that is phenotypically similar and suppresses activated CD4+ PBMCs166. However, 

the mechanisms of Treg-mediated immune suppression are not fully understood. In vitro, 

Tregs suppress via cell-cell contact and suppression is not reversed by blocking cytokines 
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or immune checkpoint pathways that are known to play a role in Treg suppression in 

vivo165,166. Proteomic analysis by our group found Gal-1 to be expressed on Tregs.  

To aid in the study of Gal-1 mediated suppression by Tregs and tumor cells, we 

developed a non-neutralizing, non-blocking monoclonal antibody against Gal-1. This 

antibody may be useful in research and/or diagnostic settings for the study of Gal-1–T 

cell interactions and immunosuppression. Herein, we describe the generation and 

characterization of a Gal-1 specific monoclonal antibody compatible with flow cytometry 

and intracellular staining. 

 

Materials and Methods 

Cell lines 

Tregs were isolated using EasySep Human CD4+CD127lowCD25+ Regulatory T 

Cell Isolation Kit from whole PBMCs. MoT cells were a gift from the late David Golde 

(ATCC CRL-8066; Manassas, VA, USA) and are a CD4+ human T-lymphoblast cell line 

derived from a patient with a T-cell variant of hairy-cell leukemia140. Jurkat cells (ATCC 

TIB-152) are a human T-lymphocyte cell line from a patient with acute T cell leukemia. 

MT-2 cells (RRID:CVCL_2631) are a T cell line established by co-incubation with 

HTLV-I-infected leukemic cells from a patient with adult T cell leukemia. MT-4 cells 

(RRID:CVCL_2632) are a T cell line derived from co-incubation with cells from a 

patient with adult T cell leukemia. H9 cells (HTB-176) are a human cutaneous T-

lymphocyte line isolated from a patient with lymphoma. MDA-MB-231 (ATCC HTB-26) 

is a human triple-negative breast adenocarcinoma (TNBC) cell line and MCF7 (ATCC 

HTB-22) is a human non-invasive breast cancer cell line167. All cell lines were 
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maintained in DMEM (Gibco; Grand Island, NY, USA) supplemented with 5% heat-

inactivated fetal bovine serum (Atlanta Biologicals; Norcross, GA, USA). Cell lines 

underwent short tandem repeat validation to confirm their identities (University of 

Arizona Genetics Core). 

 

Production and purification of recombinant Galectin-1 

Human Galectin-1 expression plasmid (Galectin-1 cDNA ORF Clone, Human, C-

His tag in pCMV3), was purchased from Sino Biological (Catalog #HG10290-CH) and 

transfected into FreeStyle 293F cells (Catalog #R79007; Thermo Fisher). Transfected 

293F cells were grown shaking at 37°C, 8% CO2 for seven days. Cell supernatants were 

harvested by centrifugation and recombinant Gal-1 (rGal-1) was purified by nickel 

column via C-terminal 10X histidine tag. Purified protein was concentrated and dialyzed 

in 1X phosphate-buffered saline (PBS) with an Amicon filter unit (Sigma), quantified 

using the Pierce BCA Protein Assay Kit (Thermo Fisher) and stored at -80°C. 10µg of 

protein was excised from a polyacrylamide gel after electrophoresis (SDS-PAGE) and 

subjected to in-gel tryptic digestion protocol for LC-MS/MS. Tryptic digest was 

submitted to the ASU proteomics core facility for analysis. Mass spectra were searched 

against a human proteome FASTA database from UniProt (Proteome ID: UP000005640) 

using Proteome Discoverer. 

 

Immunization and hybridoma production  

BALB/c mice were immunized by subcutaneous (SQ) injection with rGal-1 

(15µg) in Magic Mouse Adjuvant (Creative Diagnostics) under an IACUC-approved 
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protocol at Arizona State University. Serum was collected to monitor anti-Gal-1 antibody 

titers by indirect enzyme-linked immunosorbent assay (ELISA). Once sufficient antibody 

titers were reached, a final SQ boost was given, mice were sacrificed and splenocytes 

were fused with myeloma cells (P3X63Ag8.653; ATCC CRL-1580) by a previously 

described hybridoma generation technique168. Briefly, splenocytes were fused with 

myeloma cells at a ratio of 1:2 using 50% polyethylene glycol solution (Sigma-Aldrich). 

The fused cells were resuspended in hypoxanthine-aminopterin-thymidine (HAT) media 

(Sigma-Aldrich) to select for successfully fused clones and plated at 5 x 104 splenocytes 

per well in 96-well flat bottom plates. Plates were incubated for ten days at 37°C, 5% 

CO2. 

 

Detection and purification of anti-Gal-1 monoclonal antibodies 

Mouse antisera and hybridoma supernatants were screened by indirect ELISA for 

anti-Gal-1 IgG antibodies. Briefly, streptavidin at 10 µg/ml was coated onto a 96-well 

high-binding plate at 37°C for 1 hour, washed three times with 1X PBS + 0.05% Tween-

20 (PBST)  and blocked in 1% bovine serum albumin (BSA) in PBS for 1 h. Next, 

biotinylated rGal-1 was added to the plate at 1 µg/ml in 1% BSA/PBS and allowed to 

bind overnight at 4°C. To monitor antibody titers, mouse antisera was two-fold serially 

diluted starting at 1:2,000, added to the plate, and incubated for 1 h at room temperature. 

To test hybridoma supernatants, undiluted cell supernatant was added to the plate and 

incubated for 1 h at room temperature. To detect primary antibody bound to rGal-1, 

plates were washed with PBST three times and incubated with HRP-conjugated Goat 

Anti-Mouse IgG, Fcγ fragment specific antibody (Jackson ImmunoResearch) at 1:10,000 
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dilution for 1 h at room temperature. Plates were then washed with PBST four times and 

TMB substrate was added to develop for 15 minutes. The reaction was stopped with 0.16 

M sulfuric acid, and absorbance was measured at 450 nm. Positive wells were subcloned 

by limiting dilution and re-screened after ten days using the same procedure. Positive 

subclones were cultured in DMEM (Gibco; Grand Island, NY, USA) supplemented with 

10% heat-inactivated fetal bovine serum (Atlanta Biologicals; Norcross, GA, USA). 

Monoclonal antibodies were purified from hybridoma supernatants by Protein A 

chromatography (MabSelect; Cytiva). Multiple mAbs against rGal-1 were identified, but 

mAb 6F3 performed well in several assays. 

 

Western blotting 

rGal-1 was subjected to SDS-PAGE under non-reducing conditions using 15% 

polyacrylamide gels at 130 V for 1 h (Bio-Rad) and subsequently stained with Coomassie 

Blue dye. For Western blot analysis, proteins were transferred to PVDF membranes at 

90V for 1 h. Membranes were then blocked in 5% BSA/PBS overnight at 4°C. Next, anti-

Gal-1 6F3 at 5 µg/ml was added and incubated with the membrane for 1 h at room 

temperature, then washed three times in Tris-buffered saline + 0.1% Tween-20 (TBST). 

After washing, secondary antibody (peroxidase conjugated goat anti-mouse IgG, Fcγ 

fragment specific; Jackson ImmunoResearch) was added at 1:10,000 and incubated for 1 

h at room temperature.		Membranes were then washed four times with TBST followed by 

addition of KPL TrueBlue Peroxidase Substrate (Sera Care) and developed for 10 

minutes. 

 



  81 

Indirect ELISA 

To evaluate mAb 6F3 binding by ELISA, biotinylated rGal-1 was bound to 

streptavidin (SA-bound) as described above. Then, the plates were washed three times 

with PBST and blocked in 1% BSA/PBS for 1 h. To test binding, mAb 6F3 was added at 

16 µg/ml and diluted two-fold in 1% BSA/PBS for 1 h. The plates were washed three 

times with PBST and then incubated with HRP-conjugated Goat Anti-Mouse IgG, Fcγ 

fragment specific antibody (Jackson ImmunoResearch) at 1:10,000 dilution for 1 h at 

room temperature. Plates were then washed with PBST four times and developed for 15 

minutes with TMB substrate. The reaction was stopped with 0.16 M sulfuric acid, and 

absorbance was measured at 450 nm. 

 

Flow cytometry 

2 x 105 cells per 12x75 mm flow tube were washed twice in PBS and blocked in 

flow cytometry staining buffer (5% FBS/PBS) for 1 h at room temperature. Next, primary 

antibody anti-Gal-1 mAb 6F3 or anti-Gal-1 mAb control (Galectin-1 Monoclonal 

Antibody, clone 6C8.4-1; Invitrogen) was added at 2 µg/100 µl for 1 h at room 

temperature. Cells were washed two times in 5% FBS/PBS and secondary antibody was 

added (PE-conjugated Goat Anti-Mouse Ig; BD Pharmingen) at 1:50 for 1 h at room 

temperature. Next, cells were washed three times in 5% FBS/PBS and analyzed on 

CytoFlex LX flow cytometer (Beckman Coulter). For intracellular staining, cells were 

fixed and permeabilized with True-Nuclear Transcription Factor Buffer Set (BioLegend) 

then stained as described above to detect intracellular Gal-1. For Treg staining, 

biotinylated mAb 6F3 was used and detected with AlexaFluor 555-conjugated 
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streptavidin (Invitrogen). Fluorescence was quantified and expressed as difference in 

geometric mean fluorescence intensity (DMFI) between the primary antibody staining 

and secondary alone control.  

 

Results 

Production and purification of recombinant Galectin-1 

Recombinant human Gal-1 was produced using pCMV3 mammalian expression 

plasmid. After purification, rGal-1 was separated by SDS-PAGE and stained with 

Coomassie blue stain (Figure 13A). Bands were observed at the expected molecular 

weight of monomeric (~14.5kDa) and dimeric (~30kDa) Gal-1. Further analysis using 

mass spectrometry confirmed the identity of these bands as Gal-1, accession no. P09382 

(Figure 13B). 

 
Figure 13. (A) Coomassie blue stain of rGal-1. (B) Peptide mapping of rGal-1 by mass 
spectrometry. Tryptic digest of the expected bands (~14.5 and ~30 kDa) were analyzed 
by LC-MS and results show 58.52% coverage of Gal-1. High confidence peptides are 
highlighted in green. Amino acids with carbamidomethylation and oxidation sites are 
designated as C and O, respectively.  
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Anti-Gal-1 mAb binds specifically to recombinant Galectin-1 

Mice were immunized with rGal-1, followed by generation of hybridomas. Anti-

Gal-1 IgG antibodies were detected in spent hybridoma supernatants by ELISA 

(described above). Clone 6F3 was identified by screening supernatants for binding to 

rGal-1 and purified by Protein A affinity chromatography. Western blot analysis was 

performed to evaluate binding of purified mAb 6F3 to rGal-1 (Figure 14).  

 

 

 

 

 

 

 

 
Figure 14. Anti-Gal-1 mAb 6F3 binds to target recombinant Gal-1 on Western blot. 
rGal-1 was separated by SDS-PAGE (15%) and transferred to PVDF membrane. 
Membrane was probed with mAb 6F3, followed by detection with HRP-conjugated anti-
mouse IgG secondary antibody. TrueBlue Peroxidase Substrate was used to visualize 
bands. 
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Since immobilization of protein on plastic can sterically hinder the ability of 

antibody to bind antigen169, we tested the binding ability of mAb 6F3 to SA-bound 

biotinylated rGal-1 by ELISA (Figure 15). Control antigen (CTRL) was used as a 

negative control. HL antigen, derived from the Coccidioides fungus, was used as a 

control recombinant protein and was produced in 293F cells under the same conditions as 

rGal-1. This protein was chosen due to its similar molecular weight ~17kDa and because 

it contains a C-terminal his-tag. 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 15. MAb 6F3 binds to SA-bound rGal-1 by ELISA. Serial dilutions of mAb 6F3 
were incubated with rGal-1 immobilized by SA on ELISA plates. HRP-conjugated anti-
mouse IgG Fcγ fragment specific secondary antibody was used to detect the interaction. 
Mean and standard deviation are plotted from three independent experiments. 
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To further support that mAb 6F3 specifically binds to rGal-1, a competition 

ELISA was performed (Figure 16). MAb 6F3 was pre-incubated with rGal-1 at molar 

fold-excess of antigen starting at 200:1 and two-fold serially diluted. When rGal-1 was 

allowed to pre-incubate with mAb 6F3, we observed reduced binding to SA-bound rGal-

1 in a dose-dependent manner. Pre-incubation of mAb 6F3 with control antigen had no 

effect on binding. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. MAb 6F3 binding is specific for Gal-1. Competition ELISA was performed 
by pre-incubation of Ag:Ab at molar-fold excess. CTRL antigen was HL from the 
Coccidioides fungus. Ag:Ab was incubated before adding to SA-bound rGal-1-coated 
plate. Mean and standard deviation are plotted from three independent experiments. 
 

 Since Galectins -3 and -9 are also implicated in immune modulation, are known to 

be secreted, and interact with T cell surface proteins162,170,171, we tested mAb 6F3 for 

cross-reactivity. We found neither mAb 6F3 or the commercial mAb show cross-

reactivity by ELISA (Appendix C, Supplemental Figure 1). 
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Anti-Gal-1 mAb binding to cell surface and intracellular Gal-1 detected by flow 

cytometry 

Gal-1 has been found to be expressed on Tregs and may play a role in Treg-

mediated suppression of inflammatory T cells165. We previously characterized a Treg-like 

cell line, MoT cells, which expresses Treg-associated markers and suppresses CD4+ T 

cell proliferation, similarly to human Tregs isolated from peripheral blood166. Therefore, 

we wanted to evaluate mAb 6F3 binding to Gal-1 on PBMC-derived Tregs and MoT 

cells. We found that mAb 6F3 binds to Tregs and MoT cell surface but not to Jurkat cells, 

a non-suppressive T cell line (Figure 17A). In contrast, a commercially available anti-

Gal-1 mAb bound poorly to MoT cells and also demonstrated minor non-specific binding 

on Jurkat cells. We also evaluated other Treg-like cell lines: MT-2142, MT-4 and H9. 

MAb 6F3 detected intracellular Gal-1 in Tregs, MoT, MT-2, and MT-4 but not H9 cells. 

Since Gal-1 has been implicated in metastatic breast cancer154, we also evaluated mAb 

6F3 binding to MDA-MB-231 (highly aggressive) and MCF7 (non-metastatic) breast 

cancer cell lines. MAb 6F3 detected higher levels of intracellular Gal-1 in MDA-MB-231 

compared to MCF7. In contrast, we observed shifts of all cell lines relative to the 

secondary control when using the commercial mAb. We then wanted to evaluate the 

ability of mAb 6F3 to detect endogenous versus recombinant Gal-1 on the cell surface. 

Briefly, Jurkat cells (Gal-1-negative) were pre-incubated with rGal-1 at increasing 

concentrations to allow rGal-1 to bind to the cell surface. After incubation, the cells were 

washed to remove unbound rGal-1 and subsequently surface stained with mAb 6F3 as 

described. Commercially available Gal-1 mAb was used as a control. MAb 6F3 was able 
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to detect rGal-1 bound to Jurkat cells suggesting that Jurkat cells do not produce Gal-1 

but possess the b-galactoside carbohydrate (Figure 17B). 
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Figure 17. (A) Anti-Gal-1 mAb 6F3 binds to cell surface and intracellular Gal-1 by 
flow cytometry. (B) MAb 6F3 detects rGal-1 bound to cell surface. MAb 6F3 staining 
(blue histogram) and secondary alone (gray histogram) are shown. Cell surface and 
intracellular staining was performed for each cell type. For each histogram, DMFI values 
are indicated on the graph. 
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Discussion 

In this study, mAbs against Gal-1 were generated by fusion of B cells from mice 

immunized with rGal-1 to mouse myeloma line P3X63. Anti-Gal-1 IgG antibodies were 

detected in the resulting hybridoma supernatants. MAb 6F3 was isolated and found to 

bind to rGal-1 by Western blot (Figure 14). In Figures 15 and 16, we show mAb 6F3 is 

specific for rGal-1 by indirect and competition ELISA techniques. MAb 6F3 does not 

demonstrate cross-reactivity with other galectins (Appendix C, Supplemental Figure 1). 

MAb 6F3 was used to detect cell surface and intracellular Gal-1 in Tregs, T cell 

lines and breast cancer lines by flow cytometry analysis. Interestingly, mAb 6F3 detects 

Gal-1 on the cell surface of PBMC-derived Tregs and MoT cells but not on other Treg-

like or other T cell lines (Figure 17A). MAb 6F3 also detected higher levels of 

intracellular Gal-1 in MDA-MB-231 compared to MCF7. This finding supports Gal-1 

expression in highly invasive, metastatic breast cancer as has been reported155. In 

comparison, the commercial mAb showed positive intracellular staining of all cell lines, 

even in Gal-1 negative/low cells. Mab 6F3 detected low and high concentrations of rGal-

1 in a dose-dependent manner on the cell surface of a Gal-1-negative cell line (Figure 

17B). 

The generation of mAb 6F3 provides a new tool in studying Gal-1 function and 

interactions with other proteins. Gal-1 is known to interact with several binding partners 

including extracellular matrix proteins, cell surface glycoproteins, cytoplasmic and 

nuclear proteins. Flow cytometry showed that mAb 6F3 has the ability to bind to tumor 

cells and human Tregs. This is significant as Gal-1 is known to bind to the cell surface 

and interact with ECM proteins, integrins, and T cell glycoproteins172. MAb 6F3 can also 
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detect intracellular Gal-1 (Figure 17A), which can be used as a tool when studying 

interactions between Gal-1 and other intracellular proteins. Gal-1 has been shown to 

interact with and influence the function of nuclear proteins FoxP3154 and Genim4151,153 

and cytoplasmic protein Ras151,153. These proteins that have significant biological 

functions in cell growth signaling pathways, RNA splicing, and gene activation. 

Gal-1 promotes an immunosuppressive environment by increasing the number of 

Tregs162 and inducing T cell apoptosis, although the mechanism of Gal-1-mediated 

apoptosis is not well understood161,173. Development of an anti-Gal-1 mAb can be used to 

evaluate Gal-1 function, including Gal-1-mediated apoptosis of T cells. We tested mAb 

6F3 in a suppression assay to determine if it reversed Gal-1-mediated Treg suppression as 

previously suggested165 and found that it did not block suppressive activity (Appendix C, 

Supplemental Figure 2). This led to the conclusion that mAb 6F3 either does not block 

Gal-1 activity or Gal-1 is not mediating Treg cell contact-dependent suppression. A 

previously published163 neutralizing mAb was not available upon request for comparison. 

Herein, we demonstrate that mAb 6F3 may be used to evaluate Gal-1 expression in 

different tumor cell types and study its function in the context of cancer and other 

immune diseases. 
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CHAPTER 4 

CHARACTERIZATION OF MONOCLONAL ANTIBODIES THAT BIND TO MOT 

CELLS 

Abstract 

Regulatory T cells can suppress activated T cell proliferation by direct cell-

contact, although the exact mechanism is poorly understood. Identification of a Treg-

specific cell surface molecule that mediates suppression would offer a unique target for 

cancer immunotherapy to inhibit Treg immunosuppressive function or deplete Tregs in 

the tumor microenvironment. In this study, whole cell immunization using a Treg-like 

cell line (MoT cells) was performed to generate monoclonal antibodies that bound cell 

surface proteins in their native conformations. From the 105 hybridomas that bound to 

the MoT cell surface, 32 exhibited functional activity in a suppression assay. Most of the 

mAbs blocked MoT suppressive activity, but a few appeared to enhance MoT 

suppressive activity. Characterization of one anti-MoT mAb, 12E7, exhibited strong 

binding to MoT/Treg cell surface, was subsequently found to bind to CD44, and 

demonstrated the ability to reverse MoT-mediated suppression. 
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Introduction 

The primary target for cancer immunotherapies are membrane-bound and/or 

soluble proteins that modulate or affect immune cell function. Immune checkpoint 

molecules are expressed on the cell surface of activated immune cells to help maintain 

homeostasis. Activated T cells upregulate these inhibitory molecules to abrogate T cell 

responses and minimize tissue damage49,74. Tumor cells utilize these checkpoint 

pathways to prevent immune cells from effectively killing61. The goal of cancer 

immunotherapy is to target and block immune checkpoints, taking the brakes off the 

immune system to boost anti-tumor response174. 

Current FDA-approved immune checkpoint therapies utilize monoclonal 

antibodies that target cell surface proteins. Immune checkpoint-targeted mAbs can be 

agonistic to enhance co-stimulation or antagonistic to block inhibitory pathways72,74. 

Most mAbs approved for cancer therapy do not target the tumor directly but target 

infiltrating lymphocytes to increase endogenous antitumor T cell activity74. Compared to 

traditional therapies, checkpoint inhibitors have been shown to elicit durable antitumor 

responses and less off-target effects, with some patients achieving long-term 

remission49,77.  

Effective, long-term responses to immune checkpoint therapies are dampened by 

Treg immunosuppression. Tregs infiltrate the  tumor microenvironment, where these cells 

hinder the antitumor immune response74,113. The exact mechanism of Treg immune 

suppression is still being investigated, although Tregs are known to suppress by direct 

cell-cell contact115,166,175. Tregs can suppress effector T cells by producing anti-

inflammatory cytokines (IL-10, IL-35, TGF-b), sequestering growth factor IL-2, or 
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through modulating APC function112,115,176,177. Cell contact-dependent suppressive 

mechanisms are mediated through direct interactions between Tregs and target T cells 

which can include granzyme/perforin killing, cytolysis, delivery of immunosuppressive 

metabolites, and membrane-bound suppressive cytokines (TGF-b)112,116,117,178. The role of 

TGF-b remains controversial as it can play a role in vivo but is not required for in vitro 

suppression112,179. Identification of a mAb that can specifically target and block Treg 

suppressive function may be utilized as an additional immune checkpoint therapy, in 

conjunction to existing immune checkpoint inhibitors, to increase host antitumor 

responses. 

A method to study and identify functional cell surface molecules is to generate 

mAbs by whole cell immunization techniques180–182. Large, diverse mAb libraries that 

recognize cell surface proteins can be generated by immunizing mice with whole, intact 

target cells182. In contrast to genomic and proteomic techniques, this approach retains 

physiological conformation and post-translational modifications of cell surface 

proteins182. These mAbs can then be used in a variety of applications such as isolation of 

specific cell types and inhibition of a specific cell function. The first mAb to be FDA-

approved for the treatment of B cell non-Hodgkin lymphoma (NHL), rituximab, was 

generated by immunizing BALB/c mice with a human lymphoblastoid cell line and 

targets CD20 antigen expressed on B cells183,184. Whole cell immunization is a promising 

approach that can be utilized for discovery and characterization of Treg-specific 

suppressive molecule(s) that are expressed on the cell surface. 

An advantage of immunizing with whole, intact cells is that antibodies can 

recognize glycosylations and other post-translation modifications (PTMs) of cell surface 
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proteins produced in the cell of interest. Glycosylation is the post-translational addition of 

oligosaccharides to proteins mediated by specific enzymes185. Oligosaccharides are added 

to the extracellular portion of a membrane-bound glycoprotein. Glycosylation is an 

important protein modification as it promotes proper folding, ensures stability and can 

impact protein function186. It is estimated that 50-70% of all eukaryotic proteins are 

glycosylated187. Most glycosylated membrane proteins are N-glycosylated (asparagine-

linked), while some are O-glycosylated (carbohydrate attached to side chain of serine or 

threonine residues)188. Mammalian N-linked glycoproteins are typically membrane-bound 

or secreted. These cell surface glycoproteins mediate extracellular events including cell 

adhesion, cell-cell interactions and signaling188.  

Glycans influence T cell development, activation, differentiation and 

function174,188. Some glycoprotein immune functions include discrimination of self/non-

self, migration, homing, TCR activation and differentiation into effector cells186. Like 

effector T cells, Tregs also have glycosylated cell surface proteins. In general, T cell 

glycosylation patterns have been widely studied and distinct patterns have been shown 

between T cell subsets and different activation states186. Since Tregs are understudied, 

little is known about Treg-specific protein glycosylation. Expression of N-glycans on 

Tregs have been correlated with suppressive function and expression of 

immunosuppressive proteins186. It has been shown that N-glycosylation also contributes 

to Treg adherence and migration185. Studying the N-glycan profile of Tregs and how 

glycans influence protein activity may have clinical implications for targeting 

glycosylated proteins that contribute to immunosuppressive function.  
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Identification and characterization of a cell surface protein that mediates 

suppression is significant for the study of Tregs and targeting Tregs in clinical 

applications. Our studies demonstrated that suppression of CD4+ PBMC by human Tregs 

and MoT cells (Treg-like cell line) is mediated by direct cell-cell contact in vitro166. It 

was hypothesized that cell contact-dependent suppression is mediated by one or more 

suppressive molecules on MoT/Treg cell surface. To address this hypothesis, monoclonal 

antibodies against the suppressive cell line (MoT) were generated to identify a Treg 

protein that plays a role in suppression. 

 

Materials and Methods 

Cells and cell lines 

 Tregs were isolated using EasySep Human CD4+CD127lowCD25+ Regulatory T 

Cell Isolation Kit from whole PBMCs. MoT cells were a gift from the late David Golde 

(ATCC CRL-8066; Manassas, VA, USA) and are a CD4+ human T-lymphoblast cell line 

derived from a patient with a T- cell variant of hairy-cell leukemia189. Jurkat cells (ATCC 

TIB-152) are a human T-lymphocyte cell line from a patient with acute T cell leukemia 

which served as a CD4+, non-suppressive cell line. MT-2 cells (RRID:CVCL_2631) are a 

T cell line established by co-incubation with HTLV-I-infected leukemic cells from a 

patient with adult T cell leukemia. MT-4 cells (RRID:CVCL_2632) are a T cell line 

derived from co-incubation with cells from a patient with adult T cell leukemia. H9 cells 

(ATCC HTB-176) are a human cutaneous T-lymphocyte line isolated from a patient with 

T cell lymphoma. Daudi cells (ATCC CCL-213) are a B cell lymphoblast cell line 

derived from a patient with Burkitt’s Lymphoma. MDA-MB-231 (ATCC HTB-26) is a 
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human triple-negative breast adenocarcinoma (TNBC) cell line and MCF7 (ATCC HTB-

22) is a human non-invasive breast cancer cell line167. Renca (ATCC CRL-2947) is an 

epithelial kidney cell line derived from a male mouse with renal cortical adenocarcinoma. 

All cell lines were maintained in DMEM (Gibco; Grand Island, NY, USA) supplemented 

with 5% heat-inactivated fetal bovine serum (Atlanta Biologicals; Norcross, GA, USA). 

Cell lines underwent short tandem repeat validation to confirm their identities (University 

of Arizona Genetics Core). 

 

Whole cell immunization and hybridoma production 

MoT cells were washed in sterile PBS and resuspended at 5x106 cells/ml. 

BALB/c mice were immunized by intraperitoneal (IP) injection with whole MoT cells 

(1x106 cells) in sterile 1X PBS under an IACUC-approved protocol at Arizona State 

University. Serum was collected to monitor anti-MoT titers by surface staining MoT cells 

and analyzed by flow cytometry. Once sufficient titers were reached, a final IP boost was 

given (2x106 cells), mice were sacrificed and splenocytes were fused with myeloma cells 

(P3X63Ag8.653; ATCC CRL-1580) by a previously described hybridoma generation 

technique168. Fused cells were incubated for ten days at 37°C, 5% CO2. 
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Figure 18. Whole cell immunization, generation and screening of functional anti-MoT 
antibodies. (Created using Biorender.com) 
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Detection of binding and functional anti-MoT monoclonal antibodies 

Mouse antisera and hybridoma supernatants were screened by surface staining for 

anti-MoT antibodies. Briefly, 1x105 MoT or Jurkat cells (non-suppressive control cell 

line) per well were plated in 96-well U-bottom plates and blocked in 5% FBS/PBS for 1 h 

at room temperature. Next, antisera (4-fold serial diluted starting at 1:20,000) or 

undiluted hybridoma supernatants (50 µl/well) were added to cells and incubated for 1 h 

at room temperature. Cells were then washed 2X in 5% FBS/PBS. To detect primary 

antibody bound to MoT cell surface, cells were incubated with secondary antibody (PE-

conjugated Goat Anti-Mouse Ig; BD Pharmingen) for 1 h at room temperature. Cells 

were washed 3X and analyzed on CytoFlex LX flow cytometer (Beckman Coulter).  

To identify functional anti-MoT antibodies that reverse the suppressive property 

of MoT cells, hybridoma supernatants were tested in a 96-well suppression assay (Figure 

19). Briefly, CFSE-labeled CD4+ responder cells were plated with MoT cells at 1:1/16 

(responder to suppressor ratio) in 96-well flat-bottom plates and stimulated with anti-

CD3/CD28 antibodies. 100 µl of anti-MoT hybridoma supernatants were added and 

incubated for five days at 37°C, 5% CO2. After five days, cells were analyzed on 

CytoFlex LX flow cytometer. Binding and functional hybridomas were subcloned by 

limiting dilution and re-screened by surface staining after ten days. Positive subclones 

were cultured in DMEM supplemented with 10% FBS. Monoclonal antibodies were 

purified from hybridoma supernatants by Protein A (MabSelect) chromatography. 

Multiple mAbs were identified, but mAb 12E7 performed well in several assays. 

 

 



  101 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Five-day in vitro suppression assay measured by proliferation of CFSE-
labeled CD4+ PBMC responder cells. CD4+ PBMC are labeled with CFSE followed by 
stimulation with plate-bound anti-CD3 and soluble anti-CD28. As responder cells 
proliferate, the cells lose half of the membrane associated fluorescent dye, resulting in 5-7 
proliferative peaks. When suppressor cells are added (MoT cells or PBMC-derived Tregs), 
responder cell proliferation is reduced to 0-4 proliferative peaks. Each peak to the left of 
the main peak (right) represents one responder cell division. 
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Immunoprecipitation and mass spectrometry to identify antigen 

1x107 live MoT cells were incubated with anti-MoT mAb 12E7.A4 (200 µg) in 

0.1% FBS/PBS for 1 h at room temperature, end-over-end rotation. After incubation, 

cells were lysed in IP lysis buffer with protease inhibitor (87787; Pierce). Lysate was 

added to MabSelect resin (Cytiva) and incubated for 1 h at room temperature with end-

over-end rotation. The column was washed four times in 1X PBS, then eluted with 

100mM sodium citrate, pH = 3 and neutralized with 1M Tris, pH = 9. Elutions 1-5 were 

combined and concentrated by acetone precipitation. Briefly, 100% acetone was pre-

chilled to -20°C and 4x the elution volume of acetone was added dropwise, on ice. The 

mixture was vortexed and incubated at -20°C for 1 h. Precipitated protein was pelleted at 

15,000 x g for 10 minutes at 4°C. The pellet was resuspended in SDS-PAGE loading dye 

followed by SDS-PAGE. For mass spectrometry analysis, an SDS-PAGE gel slice 

corresponding to the location of a single band visualized by western blotting with mAb 

12E7 was excised and subjected to in-gel tryptic digestion protocol for LC-MS/MS. The 

tryptic digest was submitted to the ASU proteomics core facility for analysis. Mass 

spectra from the proteins in the gel slice were searched against a human proteome 

FASTA database from UniProt (Proteome ID: UP000005640) using Proteome 

Discoverer. 

 

Western blotting  

 Whole cell lysate (15 µg) or rCD44 (0.3 µg) (12211-H08H; Sino Biological) was 

subjected to SDS-PAGE using 10% polyacrylamide gels at 135 V for 1 h (Bio-Rad). For 

western blot analysis, proteins were transferred to PVDF membranes at 90V for 1.5 h. 
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After transfer, membranes were blocked in 1% BSA/TBST overnight at 4°C. Primary 

antibodies, Anti-MoT clone 12E7 at 5 µg/ml, anti-CD44 pAb (3578; Cell Signaling) anti-

CD44 mAb (clone IM7, biotin; STEMCELL Technologies) or anti-PD-L1 (clone E1L3N; 

Cell Signaling) at 1:1,000 were incubated with the membrane for 1 h at room 

temperature, then washed three times in TBST. Next, secondary antibody was added at 

1:10,000 (AP-conjugated) or 1:50,000 (HRP-conjugated) and incubated for 1 h at room 

temperature, then washed four times with TBST. Membranes were developed using 1-

Step NBT/BCIP Substrate Solution (Thermo Scientific) or SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Fisher) according to the manufacturer’s 

instructions and imaged on Azure 600 instrument (Azure Biosystems). 

 

Indirect ELISA  

 To evaluate mAb 12E7 binding by indirect ELISA, rCD44 @ 0.5 µg/ml was 

coated onto a 96-well high-binding plate at 4°C overnight. The plate was washed three 

times with PBST and blocked in 1% BSA/PBS for 1 h at room temperature. To test 

binding, anti-MoT mAbs or anti-CD44 mAb were added at 20 ng/ml and diluted two-fold 

in 1% BSA/PBS for 1 h. The plates were then washed three times and incubated with 

HRP-conjugated goat anti-mouse IgG Fcγ (Jackson ImmunoResearch) or HRP-

conjugated streptavidin (BD Biosciences) at 1:10,000 dilution for 1 h. After incubation, 

plates were washed four times and developed with TMB for 10 minutes. 0.16M sulfuric 

acid was added to stop the reaction and absorbance was measured at 450 nm. 
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De-glycosylation of cell lysate and whole cells 

To cleave N- and O-linked oligosaccharides from glycoproteins, cell lysate or live 

cells were treated with PNGase F amidase or O-Glycosidase. For cell lysate, 20 µg lysate 

was combined with 2 µl of 10X GlycoBuffer, and H2O. 2 µl of PNGase F (P0704S, New 

England Biolabs) or O-Glycosidase (P0733S, New England Biolabs) was added to cleave 

N- and O-linked glycans, respectively, under non-denaturing conditions. The reactions 

were incubated at 37°C overnight. For live cells, irradiated MoT cells (2000 RADS) were 

resuspended at 1x106 cells/ml in pre-warmed 1% BSA/PBS. Cells were plated at 2x105 

cells/well in 96-well flat bottom plate and 400 U/well of PNGase F was added (glycerol-

free P0705S, New England Biolabs). Cells were incubated for 2 h at 37°C, 5% CO2. Cells 

were washed and resuspended in complete media. For no enzyme controls, cell lysate or 

MoT cells were incubated under the same conditions without PNGase F or O-

glycosidase. 

 

Results 

Anti-MoT hybridomas were generated to MoT cell surface proteins by 

immunizing mice with live human MoT cells. By day 33, immunized mice generated 

high titer antibodies to MoT cell surface proteins, as monitored by surface staining 

(Figure 20). After one primary immunization and two boosts, splenocytes were isolated 

and fused to myeloma cells to generate hybridomas. A total of 1,152 parent hybridoma 

wells were analyzed by flow cytometry for binding to MoT cell surfaces using  Jurkat 

cells as non-suppressive control cell type. Positive binding mAbs were categorized into 

three groups based on a shift in mean fluorescence intensity (DMFI, MoT cell binding 
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fluorescence – Jurkat cell binding fluorescence): strong ≥ 100,000, moderate ≥ 30,000, 

and weak ≥ 10,000 MFI. Hybridoma wells that bound to MoT (+) and not to Jurkat (-) 

were selected for further evaluation. Wells that bound to Jurkat (>5,000 MFI) and/or did 

not bind to MoT (<10,000 MFI) were excluded. In total, 105 hybridoma parent wells 

were positive for binding to MoT cells: 33 strong, 54 moderate, and 18 weak (Appendix 

D, Supplemental Figure 1).  

 

Figure 20. Generation of high titer anti-MoT antibodies by whole cell immunization. 
Mouse antisera was tested for anti-MoT antibodies by surface staining on Day 0 and Day 
33. Antisera staining (blue histogram) and secondary alone (gray histogram) are shown. 
Sera dilution is indicated above each histogram. For each histogram, ΔMFI values are 
indicated on the graph. 
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Functional anti-MoT antibodies block or enhance suppressive activity 

To screen for functionally blocking anti-MoT antibodies that affect MoT-

mediated suppression, 96-well suppression assays were performed. The 105 hybridoma 

parent well supernatants that bound to MoT cell surface, MoT (+) Jurkat (-), were added 

to CD4+ PBMC:MoT co-cultures and incubated for five days. When compared to the 

suppressed control (MoT co-incubated with activated CD4+ cells = 3 proliferative peaks, 

57.8% CD4+ PBMC proliferation, the addition of hybridoma supernatants appeared to 

reverse suppressive activity demonstrated by responder cells to be restored (> 3 peaks, > 

71% proliferation). Conversely, the addition of some hybridoma supernatants resulted in 

reduced responder cell proliferation (≤ 2 peaks) when incubated with MoT cells 

compared to the control (Figure 21). 
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Figure 21. Binding and functional screening of anti-MoT hybridomas that bind to 
MoT cell surface. 105 supernatants were tested in an MoT suppression assay for functional 
activity. Parent wells that bound to MoT cells and reversed (blocked) or enhanced 
suppression are labeled as such. Binding of hybridoma supernatant staining MoT cells 
(blue histograms) and Jurkat cells (gray histograms) are shown. For each binding 
histogram, ΔMFI values are indicated on the graph. For each functional histogram, CD4+ 
CFSE peaks are shown with % proliferation. 
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Anti-MoT mAbs bind to MoT cell surface by flow cytometry 

Once a collection of candidate functional hybridomas was established, parent 

wells were subcloned by limiting dilution to isolate monoclonal antibodies. Functional 

hybridomas that demonstrated a reversal of suppression were chosen to further 

characterize based on their effect on responder cell proliferation in an MoT suppression 

assay (Figure 21). Subcloned mAbs were re-screened for binding to MoT cells and 

purified by Protein A chromatography (list of mAbs in Appendix D, Supplemental Table 

1). Figure 22 shows the binding of three anti-MoT mAbs. Interestingly, mAbs 1A11 and 

12E7 bind strongly to both MoT cells and PBMC-derived Tregs, while mAb 4G3 does 

not bind to Tregs. None of the mAbs bound to Jurkat cells.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. Anti-MoT mAbs bind to MoT cell surface by flow cytometry. MAb staining 
(blue histogram) and secondary alone (gray histogram) are shown. For each histogram, 
ΔMFI values are indicated on the graph. Designations of mAbs are shown above the 
columns of histograms. 



  110 

Anti-MoT mAb 12E7 may block a suppressive cell surface protein 

Since hybridoma parent wells were screened for the ability to reverse (or enhance) 

suppression, and parent wells are polyclonal, the mAbs were subcloned by limiting 

dilution and purified using protein A beads, then tested. Subcloned mAbs that bound to 

MoT cell surface were re-screened for functional activity in a suppression assay. When 

anti-MoT mAbs were added to the co-culture suppression assay, none affected 

proliferation of the responders, with the exception of mAb 12E7. Compared to the 

suppressive control (0 peaks, 14.1% proliferation), when mAb 12E7 was added, 

responder cell proliferation increased (2 peaks, 43.34% proliferation) (Figure 23). MAb 

12E7 was then tested in the suppression assay at increasing doses and was found to affect 

suppression, even at low concentrations (Figure 24). 

 
Figure 23. MAb 12E7 affects MoT-mediated suppression. MAbs were added at 20 
µg/ml to CD4+ PBMC:MoT co-culture wells for five days. Addition of mAb 12E7 shows 
2 proliferative peaks, 43.34% proliferation, compared to no mAb control of 0 peaks, 14.1% 
proliferation. 
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Figure 24. Addition of anti-MoT mAb 12E7 partially reverses MoT-mediated 
suppression of CD4+ PBMC. MAb 12E7 was added to the suppression assay at increasing 
concentrations, indicated above each graph. 
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Anti-MoT mAb 12E7 binds to CD44 antigen 

To begin to characterize the binding of mAb 12E7, western blot analysis was 

performed on Jurkat, MoT, CD4+ responder and human PBMC-derived Treg whole cell 

lysates. It was found that anti-MoT mAb 12E7 binds to an ~80 kDa protein in MoT cells, 

CD4+ responders, and PBMC-derived Tregs, that is not present in Jurkat (Figure 25).  

 
 

 
Figure 25. Anti-MoT mAb 12E7 binds to an 80 kDa protein present in MoT cells, 
CD4+ responder cells and Tregs that is not present in Jurkat. Whole cell lysate was 
separated by 10% SDS-PAGE and transferred to PVDF membrane. Membrane was probed 
with mAb 12E7, followed by detection with AP-conjugated anti-mouse IgG secondary Ab. 
NBT/BCIP substrate was used to visualize bands. 
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To identify the antigen for mAb 12E7, an immunoprecipitation (IP) was 

performed using intact MoT cells. IP successfully isolated the 80 kDa target protein from 

whole cells (Figure 26A). However, it was not at a high enough concentration in the 

elution to visualize by Coomassie gel staining for downstream mass spectrometry 

analysis. Therefore, elutions 1-5 were combined and acetone precipitated to concentrate 

the protein (Figure 26B). The concentrated elutions were run on SDS-PAGE and stained 

with Coomassie safe stain. Although the band was still not easily visible, proteins within 

70 – 100 kDa were excised and prepped for in-gel trypsin digestion followed by mass 

spectrometry analysis (Figure 26C).  

 

 
 
Figure 26. Immunoprecipitation of an 80 kDa protein from MoT cells using anti-MoT 
mAb 12E7. Western blot of IP elution profile is shown (A) pre- and (B) post-concentration 
of elutions by acetone precipitation. (C) Concentrated elutions were stained by Coomassie, 
70 -100 kDa size proteins were excised, subjected to in-gel tryptic digest and submitted for 
mass spectrometry analysis. SM = starting material, FT = flow through, W = washes, E = 
elutions. Membranes were probed with mAb 12E7 followed by detection with HRP-
conjugated anti-mouse IgG secondary Ab. Blots were developed with chemiluminescent 
substrate. 
  



  114 

CD44 antigen was identified by IP and mass spectrometry analysis (Figure 27). 

Possible targets that are ~70-85 kDa in size and known to be on the cell surface or 

secreted were investigated, including heat shock proteins (HSPs) and CD44 antigen 

(highlighted in green).  

 

Figure 27. Mass spectrometry hits of anti-MoT mAb 12E7 antigen 
immunoprecipitated from cell lysate. Proteins ~70-85 kDa in size (highlighted in red) 
and are known to be expressed on the cell surface and/or secreted (highlighted in green) 
were investigated. 

 

Western blot analysis of whole cell lysates found that mAb 12E7 and anti-CD44 

commercial pAb have a similar binding profile, supporting that mAb 12E7 recognizes 

CD44 (Figure 28). MAb 12E7 bound to the extracellular portion of rCD44 (Met 1-Pro 

220) by non-reducing Western blot, but not a western blot from a reducing SDS-PAGE, 

further characterizing that the binding region falls within the first 220 amino acids of 

CD44 (Figure 29). Binding of CD44 under non-reducing conditions suggests recognition 

of a conformational epitope as disulfide bonds are still intact. Control antigen (rGal-9) 

was used as a negative control. Gal-9 was chosen as a recombinant protein control 

because it is an immunosuppressive extracellular protein, contains a his-tag and was 
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produced in HEK293 cells. To further support that mAb 12E7 binds to rCD44, an indirect 

ELISA was performed (Appendix D, Supplemental Figure 2). Serial diluted mAb 12E7 

bound to plate-bound rCD44 and binding was comparable to a commercial anti-CD44 

mAb. Another anti-MoT mAb, clone 1A11, was used as a negative control and does not 

bind to rCD44 by ELISA or western blot. 

 

 

Figure 28. Binding profile of mAb 12E7 to whole cell lysates. Jurkat, MoT, MT-2, MT-
4 (human T cell leukemias), CD4+CD25- and Tregs (isolated from human PBMCs), H9 
(human T cell lymphoma), Daudi (human B cell lymphoma), 293F (human embryonic 
kidney cells), MCF7 and MDA-MB-231 (human breast adenocarcinomas), Renca (murine 
kidney adenocarcinoma). CD44 antigen is expressed in tumor and T cell lysates. Whole 
cell lysates were separated by SDS-PAGE (10%) and transferred to PVDF membrane. 
Membranes were probed with anti-MoT mAb 12E7 or anti-CD44 pAb, followed by 
detection with HRP-conjugated anti-mouse or rabbit IgG secondary antibody. Blots were 
developed with chemiluminescent substrate. 
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Figure 29. Anti-MoT mAb 12E7 binds to the extracellular domain of CD44 antigen. 
Whole cell lysates and rCD44 were separated by SDS-PAGE (10%) under non-reducing 
conditions and transferred to PVDF membrane. Membranes were probed with anti-CD44 
mAb (clone IM7; biotin) or anti-MoT mAb 12E7, followed by detection with HRP-
conjugated streptavidin or anti-mouse IgG secondary antibody. Blots were developed with 
chemiluminescent substrate. 
 

 

To determine if glycosylation plays a role in mAb 12E7 binding, MoT cell lysate 

was de-glycosylated with enzymes PNGase F and O-glycosidase to cleave N- and O-

glycans, respectively. De-glycosylated lysate was probed with mAb 12E7 to evaluate 

binding. The removal of N-linked glycans resulted in complete loss of mAb 12E7 binding 

(Figure 30). This suggests that N-glycans may be involved in mAb 12E7 binding epitope. 

Anti-PD-L1 was used as a control for de-glycosylation of a cell surface glycoprotein. 

Glycosylated PD-L1 shows a range of bands (45-65 kDa) while non-glycosylated PD-L1 

is detected at 33 kDa.  
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Figure 30. MAb 12E7 loses binding when MoT lysate is de-glycosylated with PNGase 
F enzyme. MoT cell lysate was incubated with PNGase F and O-glycosidase overnight at 
37°C. De-glycosylated lysates were separated by SDS-PAGE (10%) and transferred to 
PVDF membrane. Membranes were probed with anti-MoT mAb 12E7, anti-CD44 pAb, or 
anti-PD-L1 mAb (clone E1L3N), followed by detection with HRP-conjugated anti-mouse 
or rabbit IgG secondary antibody. Blots were developed with chemiluminescent substrate. 
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Glycosylation may play a role in MoT suppressive activity 

To investigate the functional role of glycosylation in MoT-mediated suppression, 

live cells were treated with PNGase F and subsequently used in the suppression assay. 

Irradiated MoT cells (iMoT) were used to reduce the production of newly glycosylated 

proteins generated from cell division. Incubation of PNGase F with live MoT cells 

resulted in de-glycosylation of N-linked cell surface glycoproteins. These cells were then 

tested in a suppression assay and resulted in reduced suppressive activity (3 peaks, 42.3% 

responder cell proliferation) compared to the control (1.5 peaks, 23% proliferation) 

shown in Figure 31. This data suggests glycosylation may be partially involved in the 

function of protein(s) involved in MoT suppression of CD4+ PBMC. 

 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31. N-deglycosylated MoT cells lose suppressive potency. MoT cells were 
irradiated, treated with PNGase F for 2 h at 37° C, then tested in a suppression assay. 
PNGase F-treated iMoT cells had reduced suppressive activity compared to non-treated 
cells.  
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Discussion 

Mammalian cell surfaces contain numerous membrane-bound and secreted 

proteins involved in a diverse range of cellular processes. Since we demonstrated that 

MoT cells suppress activated CD4+ T cells by direct cell:cell contact, we wanted to 

identify and characterize cell surface proteins involved in MoT/Treg suppression. To 

address this we generated monoclonal antibodies to MoT cell surfaces by direct 

immunization of mice with intact human MoT cells. After three immunizations, mice 

produced high titer anti-MoT antibodies that bound to MoT cell surface by flow 

cytometry analysis (Figure 20). Anti-MoT antibodies were screened for binding by 

surface staining and functional activity in a suppression assay. 

Overall, of the 105 hybridoma parent wells that bound to MoT cells, 32 had a 

functional effect on MoT-mediated suppression: 19 reversed and 13 enhanced 

suppression (Figure 21). Of these candidate hybridomas, mAb 12E7 stood out as a 

potential blocking mAb. It bound strongly to MoT cell and Treg cell surface, and not to 

Jurkat cells (Figure 22). Addition of mAb 12E7 to a suppression assay had a functional 

effect on MoT-mediated suppression, resulting in increased proliferation of CD4+ 

responder cells (Figure 24). There is a possibility, however, that mAb 12E7 drives 

responder cell proliferation and does not actually reverse suppression by MoT cells. 

Since mAb 12E7 binds to Tregs and CD4+ responder cells (Figure 25), it could be 

directly binding to and stimulating responder cell division, independently or in addition 

to blocking MoT cells. 

IP and mass spectrometry analysis revealed that mAb 12E7 recognizes CD44 

antigen, an 81 kDa transmembrane protein. CD44 is a complex cell surface adhesion 
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receptor that is expressed in range of human cell types, including T cells and in cancer190. 

CD44 is the receptor for hyaluronan (hyaluronic acid; HA) but also interacts with 

extracellular matrix (ECM) proteins190,191. In T cells, binding of HA to CD44 regulates 

diverse immune functions including T cell differentiation, activation, proliferation, 

adhesion and migration190,192,193. CD44 is required for T cell extravasation into inflamed 

tissues194,195. Activated T cells increase HA binding which allows for CD44-mediated 

rolling or primary adhesion194. Aberrant CD44 expression has been correlated with 

multiple malignancies and contributes to tumor formation, invasion and metastasis190,196. 

Variants of CD44 are produced by alternative splicing, resulting in distinct protein 

isoforms196,197. Expression of CD44 variant isoforms in cancer is an indicator for 

prognosis and clinical outcome, making it a potential anti-tumor therapeutic 

target190,193,197. 

Anti-MoT mAb 12E7 binds to CD44 by western blot and was found to be 

expressed in a variety of cell types including PBMC-derived Tregs and tumor cells 

(Figure 28). Thus, mAb 12E7 most likely binds to a conserved region of CD44 that is not 

variant or cell type-specific. MAb 12E7 binds to rCD44 (N-terminal fragment AA 1-

220), indicating that its epitope is within the extracellular domain of CD44 and within the 

first 220 amino acids (Figure 29). MAb 12E7 binds to non-reduced CD44, indicating it 

recognizes a confirmational epitope due to protein disulfide interactions maintained under 

non-reducing conditions. When MoT lysate is de-glycosylated with PNGase F, mAb 

12E7 completely loses its ability to bind to CD44, suggesting that N-glycans may be 

involved in the binding epitope of mAb 12E7 (Figure 30). Since mammalian extracellular 



  121 

proteins are typically heavily glycosylated, mAbs generated to the cell surface may 

recognize epitopes that span protein-glycosylation junctions.  

Antibodies to CD44 can modulate its function. Anti-CD44 antibodies have been 

previously generated that inhibit or activate T cell processes, including activation and 

migration198. Some antibodies activate CD44 by enhancing ligand binding or acting as 

the ligand to regulate activation198,199. It has been predicted that binding of these 

activating antibodies lead to a favorable conformation that enhances ligand recognition 

due to receptor cross-linking198. In contrast, antibodies that block CD44 function inhibit 

ligand binding by making the site inaccessible for HA198. Both blocking and enhancing 

anti-CD44 antibodies can modulate T cell activation and function.  

CD44-targeted mAbs are being tested in preclinical and clinical studies for 

cytotoxic effects190. A study by Wessels et al. found a CD44 antibody repressed 

coalescence of melanoma and breast-derived tumorigenic cell lines in a 3D Matrigel 

model200. In vitro, coalescence between aggregates is mediated by forming cell bridges, 

which mirrors characteristics of tumorigenesis in vivo200. CD44 antibodies have also 

shown to suppress proliferation of tumor cells and induce cytotoxic effects201,202. CD44 is 

also being investigated as a tumor biomarker for drug targeting to CD44+ tumors. 

Selective delivery of anti-tumor drugs to CD44+ cells through utilizing its ligand, HA, is 

being tested in preclinical studies203,204. Modulating CD44 function and exploring CD44 

as a biomarker poses a potential target for anti-tumor therapy. 

To explore the role of protein glycosylation in MoT suppressive function, live 

MoT cells were treated with PNGase F to cleave N-glycans from cell surface proteins. 

After incubation with PNGase F, de-glycosylated MoT cells were subsequently evaluated 
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for suppressive activity. It was found that de-glycosylated MoT cells exhibited a reduced 

ability to suppress CD4+ PBMC proliferation compared to cells not treated with PNGase 

F (Figure 31). This is supported by Cabral et. al, where they observed PNGase F-treated 

Tregs had reduced suppressive potency in an in vitro suppression assay186. Although a 

loss of suppressive potency was observed, de-glycosylation did not result in a complete 

reversal of suppression. This could be due to incomplete de-glycosylation as there are 

thousands of cell surface proteins, as well as the possible involvement of O-linked 

glycans. This data suggests that glycosylation may play a role in the function of the 

suppressive protein(s) that mediate MoT cell suppression.  

Further studies are required to elucidate the exact function and binding epitope of 

mAb 12E7 and its downstream effects on MoT cell signaling. It is unclear if mAb 12E7 

is inhibiting suppressive activity, directly stimulating responder cells, or physically 

blocking the interaction between MoT cells and CD4+ PBMC. In addition to N-

glycosylations, the involvement of O-glycans in MoT/Treg suppressive activity may also 

be evaluated. The method of whole cell immunization poses some limitations. Highly 

expressed, immunodominant proteins that may or may not be involved in suppression 

could decrease the opportunity to produce antibodies to low abundant, functional cell 

surface molecules180. Immunizing and screening against a Treg-like cell line presents the 

possibility of generating antibodies that bind to MoT-specific proteins that are not present 

in Tregs. Thus, functional antibodies are being tested for binding to Tregs and in Treg 

suppression assays. Furthermore, targeting one protein/mechanism may not be sufficient 

to completely abrogate suppression as there could be multiple inhibitory pathways that 

are not mutually exclusive. Additional Treg and MoT cell-targeting mAbs with 
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potentially greater blocking potency are being evaluated. It is possible that multiple 

blocking antibodies must be used in conjunction to elicit a complete blocking effect. The 

discovery of an antibody or antibodies that functionally block Treg-mediated suppression 

is immensely valuable in studying Treg function and can be explored for use in 

combination with existing immunotherapies to boost therapeutic outcomes. 

 

Supplemental Data 

Supplemental data for Chapter 4 in Appendix D. 
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CHAPTER 5 

CONSTRUCTION AND CHARACTERIZATION OF ANTI-PD-L1 CHIMERIC 

ANTIGEN RECEPTOR T CELLS THAT SELECTIVELY KILL PD-L1-POSITIVE 

TUMOR CELLS 

Abstract 

PD-L1 has emerged as an effective, therapeutic target for anti-tumor 

immunotherapies. Monoclonal antibodies that bind and inhibit the PD-1/PD-L1 pathway 

increase the activity of cytotoxic anti-tumor T cells. CAR T cells, an adoptive T cell 

therapy, utilize genetically engineered T cells designed to express scFvs on the cell 

surface, re-directing T cells toward a specific tumor-associated antigen. The binding 

domains (scFv) were constructed from an anti-PD-L1 mAb and were shown to bind both 

human and murine PD-L1+ tumor cells. A lentivirus encoding the scFv was constructed 

and used to transduce naive T cells to redirect their specificity to target PD-L1. Anti-PD-

L1 CAR T cells were generated by expression of the scFv on the cell surface that is 

genetically fused to T cell signaling and co-stimulatory domains. The inclusion of these 

domains in the CAR design allows for activation, proliferation and survival of the 

engineered CAR T cells. Anti-PD-L1 CAR T cells demonstrated the ability to effectively 

kill PD-L1+ human and mouse kidney cancer and lung cancer cells, while sparing non-

malignant cells. 
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Introduction 

Programmed cell death ligand-1 (PD-L1) has been found to be overexpressed in 

many cancer cell types. When PD-L1 binds to PD-1 on T cells, PD-1 acts as an off-

switch to prevent activation77. Functionally, PD-L1 suppresses T cells by inducing an 

inhibitory cascade resulting in T cell apoptosis, exhaustion, and/or anergy205. Since 

tumors express PD-L1, this allows for tumor escape of anti-tumor cytotoxic T cell 

killing74,206. Tumor cells exploit this immune checkpoint by upregulating PD-L1, creating 

an obstacle to eliciting an effective anti-tumor response207. Abnormal PD-L1 expression 

has been reported in numerous cancer types including melanoma, lung, breast, and renal 

cell carcinomas61. Thus, inhibition of the PD-1/PD-L1 pathway using monoclonal 

antibodies (mAbs) has proven to be an effective cancer therapeutic strategy, with some 

mAbs being approved as first-line therapies77. There are currently three FDA-approved 

mAbs that target PD-L1. One anti-PD-L1 mAb, Atezolizumab, has been tested for the 

treatment of urothelial carcinoma, non-small cell lung cancer, triple-negative breast 

cancer, metastatic renal cell carcinoma and colorectal cancer, receiving its first FDA-

approval for the treatment of urothelial cancer in 2016207. 

Novel targeted immunotherapies have emerged as critical and effective anti-tumor 

treatments. In addition to mAbs, adoptive T cell therapies have made promising strides 

and are increasingly being utilized in patient treatment. Chimeric antigen receptor T cells 

offer a fast, innovative method of generating tumor-specific cytotoxic T cells that 

selectively locate and kill tumor cells that express a target antigen208,209. A chimeric 

antigen receptor (CAR) is an engineered antibody (receptor) genetically fused to 

intracellular signaling and activation molecules. CARs are designed to be expressed on 
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the T cell surface, re-directing T cells to provide both antigen specificity and T cell 

receptor signaling capability209, independent of restriction by major histocompatibility 

complex (MHC) 210,211. 

 A CAR consists of an extracellular single chain variable fragment (scFv) linked to 

intracellular signaling domains. The scFv is composed of the variable heavy and light 

chain regions derived from an antigen-specific monoclonal antibody (mAb) and are 

connected by a flexible linker. ScFvs maintain the specificity and affinity of the original 

mAb, and the smaller size enables efficient CAR design and expression on the T cell 

surface212. A scFv binds to native conformational epitopes of a cell surface target antigen, 

enhancing CAR T cell recognition and redirecting CAR T cells toward the antigen 

expressed on tumor cells213. In CAR design, the scFv is fused to a hinge and 

transmembrane domain that fixes CAR expression on the cell surface. CAR surface 

expression is vital for the efficacy of CAR T cell therapy213. The transmembrane domain 

links the scFv to co-stimulatory and intracellular signaling molecules responsible for full 

T cell activation214. The CD3z chain is an essential signaling molecule for T cell 

activation. Co-stimulatory molecules derived from T cell signaling domains include 

CD28 and 4-1BB; incorporation of these domains in the CAR design is crucial for full T 

cell activation, prolonged proliferation, lasting survival and antitumor activity212.  

The different CAR generations denote the changes in the composition of the 

intracellular signaling domains (Figure 32). First generation CARs include CD3z as the 

sole component of the intracellular signaling domain, but activation fails to induce 

adequate cytokine production, resulting in reduced proliferation and survival212,213. 

Therefore, CAR T cells require co-stimulation of the CD3z for full T cell activation. 
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Second generation CARs contain one co-stimulatory domain (CD28 or 4-1BB) while 

third generation CARs contain both domains. Incorporation of CD28 provides proper co-

stimulation while 4-1BB increases survival of the CAR T cell214. An inducible caspase 9 

(iCasp9) cellular “safety switch” can also be incorporated. Concerns regarding adverse 

effects led to the development of suicide genes that enable specific elimination of the 

engineered T cells215,216. The iCasp9 is fused to a modified FK506 binding protein 

(FKBP12 with F36V mutation) that dimerizes the FK506bp-Caspase 9 fusion protein in 

the presence of AP1903 (a chemical inducer of dimerization), causing apoptosis of the 

cell215,217. This feature allows for >90% of the CAR T cells to be eliminated after 

administration of a single dose of AP1903 dimerizing agent218. Current trials testing 

second and third generation CARs have shown durable responses in treating hematologic 

malignancies213. However, efficacy of CAR T cells in solid tumors continues to pose a 

significant challenge219. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32. Generations of CAR T cells. First generation CAR T cells express an 
extracellular antigen binding scFv and contain intracellular CD3z  for T cell activation via 
signal transduction. Second generation CAR T cells contain an additional co-stimulatory 
domain (CD28 or 4-1BB). Third generation CAR T cells contain two additional co-
stimulatory domains (CD28 and 4-1BB). (Created using Biorender.com) 
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The introduction of engineered CARs into T cells for surface expression can be 

accomplished through different methods. One method is non-viral based DNA 

transfection, which is cost-effective and has a lower risk for mutagenesis213. Since this 

method has reduced gene transfer efficiency, it requires long-term culture which can be 

harmful to the cells213. The more widely employed method of inducing CAR expression 

uses retroviruses for the transduction of T cells. Advantages of this method include the 

efficiency of permanent transduction of T cells that is safe and easier to produce than the 

previous process213. Lentiviral vectors provide another viral-based method of DNA 

transfection, which can permanently transduce dividing and non-dividing T cells and is 

potentially safer than retroviral transduction213. Both viral methods integrate the DNA 

sequence into the host genome and induce maintained CAR surface expression, which 

has been shown to extend CAR T cell survival213,220. 

CAR T cells overcome the impediments of immunotherapies and other adoptive T 

cell therapies. Anti-PD-L1 mAb immunotherapies are limited in part by 1) off-tumor 

immune modulation leading to adverse inflammatory effects, 2) attenuation of efficacy in 

“cold” tumors or tumors lacking infiltrating lymphocytes, and 3) post-translational 

modifications of PD-L1 that impair mAb binding221–223. Restrictions of classical non-

CAR T ACTs include the necessity of MHC antigen presentation, tolerance to self-

antigens, and the difficulty of culturing and expanding tumor-infiltrating lymphocytes 

(TILs)213. Normal T cell receptors (TCRs) are restricted by the necessity of MHC-

dependent antigen presentation, which limits specificity and regulates T cell activation213. 

Perhaps the major feature of CAR T cells is that they do not require antigen processing; 
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these cells are engineered to engage a target antigen in its native confirmation via 

antibody-mediated detection, thereby inducing MHC-independent cytotoxic activity.  

Although showing therapeutic success, CAR T cell therapies have associated 

adverse effects including on-target, off-tumor effects, cytokine release syndrome, 

anaphylaxis, neurologic toxicity and insertional mutagenesis215,220. These adverse effects 

in CAR T cell clinical trials can be life-threatening and sometimes fatal216. On-target but 

off-tumor toxicities in solid tumors has posed a major obstacle. The use of CAR T cells 

to treat solid tumors are hindered by the requirement for protein targets that are expressed 

on malignant cells but have limited expression on normal tissue224. Another challenge in 

treating solid tumors is that CAR T cells may not penetrate tissues, either due to the 

tumor being avascular or lack of homing receptors220. Intratumoral injection or local 

delivery may help overcome this limitation220. 

Overall, CAR T cells stimulate enhanced tumor recognition, overcome self-

tolerance and can escape mechanisms exploited by cancer cells. This results in the 

continued expansion and sustained survival of circulating engineered T cells capable of 

providing continued antitumor activity. Herein, third generation anti-PD-L1 CAR T cells 

were developed and tested for the ability to kill PD-L1+ human and mouse tumor cells. 

Targeting PD-L1 using CAR T cells can address clinical gaps in immune checkpoint 

mAbs and extend the application of anti-PD-L1 immunotherapy 
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Materials and Methods 

Construction of anti-PD-L1 scFv CAR 

Cloning of the PD-L1 specific single chain variable fragment antibody into a 3rd 

generation CAR vector was completed using the published DNA sequence of the clinical 

anti-PD-L1 mAb atezolizumab. The construct contained a short, flexible linker 

(RGSTSGSGKSSEGKGGS), connecting the variable light chain region (VL) to the 

variable heavy chain region (VH). Generation of the scFv was performed by PCR overlap 

extension of the fragments using the linker as overlapping complementary ends. The scFv 

was subcloned into the CAR vector using XbaI and XhoI restriction enzymes. A FLAG-

tag (DYKDDDDK) was incorporated for detection of CAR expression on the cell 

surface. The scFv was inserted between an iCasp9 safety switch and signaling domains. 

The 3rd generation CAR vector contained a CD8 a-chain hinge region, co-stimulatory 

domains CD28 and 4-1BB, and CD3 z-chain for T cell activation.  

. 

 

 

 

 

 

 
 
Figure 33. Anti-PD-L1 scFv and CAR T cell constructs. (A) Atezo scFv-Fc construct 
generated from published atezolizumab sequence. VL and VH fragments were connected 
by a polypeptide flexible linker and fused to an IgG Fc domain. (B) Atezo scFv CAR T 
cell construct containing anti-PD-L1 scFv, iCasp9 safety switch and T cell signaling 
domains. 
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Cell lines 

RCJ-41T2 is a Mayo Clinic patient-derived sarcomatoid renal cell carcinoma 

(RCC) cell line. Clinically, RCJ-41T2 tumor was resistant to both anti-angiogenic and 

immune checkpoint therapies. A549 human lung carcinoma (CLL-185), 786-O human 

renal cell adenocarcinoma (CRL-1932), Jurkat human T cell leukemia (TIB-152), Renca 

murine renal adenocarcinoma (CRL-2947), and BALB/3T3 murine fibroblast cells (CCL-

163) were purchased from ATCC. All cell lines were maintained in DMEM media 

supplemented with 10% fetal bovine serum (FBS), 1% Glutamax, 1% 

penicillin/streptomycin. Lenti-X 293T cells (human embryonic kidney (HEK) 293T 

subclone) were cultured in complete DMEM media and were purchased from Takara Bio. 

Cells were cultured at 37°C, 5% CO2. 

 

Isolation, activation and cultivation of T cells 

Human T cells were isolated from PBMC (HLA A1/A2+) using EasySep Human 

T Cell Isolation Kit (17951; Stemcell Technologies). T cells were cultured in RPMI 

complete medium (10% FBS, 1% penicillin/streptomycin) supplemented with 10 ng/ml 

recombinant human IL-7 (200-07; PeproTech) and 5 ng/ml recombinant human IL-15 

(200-15; PeproTech) at 37°C, 5% CO2. CD3/CD28 activation was performed using 5 

µg/ml plate bound anti-human CD3 mAb (clone OKT3; Invitrogen) and 5 µg/ml final 

concentration of soluble anti-human CD28 mAb (clone CD28.2; Invitrogen). Cell 

densities were maintained at 1-2x106 cells/ml in 24-well plates. Cells were supplemented 

with rIL-7/rIL-15 at the concentrations listed for continued expansion of T cells. 
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Lentivirus production and transduction of T cells 

Lentiviral particles were produced from Lenti-X 293T cells using lipid-mediated 

transient transfection of virion and CAR-encoding plasmids. 293T cells were cultured in 

DMEM medium without antibiotics and plated at 5x104 cells per well in a collagen-

coated 6-well plate, 24 hours pre-transfection. Cells were incubated at 37°C, 5% CO2 

overnight. FuGENE HD Transfection reagent (E2311; Promega) was co-incubated with 

the following plasmids: anti-PD-L1 CAR-encoding DNA plasmid (transfer vector), 

pCMV-VSV-G, pRSV-REV, pCgpV at 2:1:1:1 lipid:DNA ratio then added to the cells. 

The three plasmid VSV-G pseudotyped lentiviral packing system was purchased from 

Cell Biolabs (ViraSafe Lentiviral Packaging System, Pantropic; VPK-206). It was 

determined that 48 hours post-transfection yielded the highest viral titer by transduction 

of 293T cells. Lentiviral supernatant was harvested at 48 hours post-transduction, filtered 

with 0.45 µm filter, aliquoted and stored at -80°C. 

24 hours post CD3/CD28 activation, CD3+ T cells were transduced with lentivirus 

encoding the anti-PD-L1 CAR. 1 ml lentiviral supernatant (thawed on ice) and 4 µg/ml 

polybrene were added to cells and incubated for 48 hours at 37°C, 5% CO2. Successfully 

transduced cells were determined by CAR expression detected by surface staining for 

FLAG-tag expression. 

 

Flow cytometry 

To assess mAb and scFv-Fc binding to cell surface PD-L1, 2x105 cells were 

washed twice in PBS the blocked in 5% FBS/PBS for 1 h at room temperature. The cells 

were then incubated with atezolizumab or Atezo scFv-Fc at 10 µg/ml for 1 h at room 
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temperature. Antibody binding was detected with Dylight 488-conjugated anti-human 

IgG secondary antibody (SA5-10110; Thermo Fisher). To detect anti-PD-L1 CAR 

surface expression, transduced T cells were stained with Alexa Fluor 700-conjugated 

CD3 monoclonal antibody (clone UCHT1; eBioscience) and Alexa Fluor 488-conjugated 

anti-DYKDDDDK (FLAG) epitope tag mAb (clone 1042E; R&D Systems). For 

cytotoxicity assays, target cells were labeled with CFSE (10009853; Cayman Chemical) 

and cell death was assessed by propidium iodide (00-6990-50; eBioscience) staining. 

Samples were analyzed using BD FACSCelesta Flow Cytometer and BD FACSDiva 

software.  

 

Cytotoxicity assay 

Cell-mediated cytotoxicity of anti-PD-L1 CAR T cells was analyzed in a 

previously described CFSE/PI staining flow cytometry assay225. Effector CAR T cells 

were co-cultured with CFSE-labeled target tumor cells at indicated E:T ratios for four 

hours. Target cells alone were plated to measure intrinsic cell death and target cells co-

incubated with non-transduced PBMCs were used to measure allogeneic cell killing. 

Propidium iodide (PI) was added prior to flow cytometry analysis. CFSE-labeling was 

used to distinguish target (CFSE+) from effector (CFSE-) cells. PI uptake measured dead 

or dying CFSE+ target cells. CFSE+/PI+ indicated dead or dying target cells via CAR T 

cell mediated cytotoxicity. 
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Results 

Atezolizumab and Atezo scFv-Fc bind to cell surface human and murine PD-L1+ cells 

To potentially boost the efficacy of immune checkpoint blockade in “cold” 

tumors, we constructed scFvs from the published sequence of atezolizumab, expressed 

and purified the Atezo scFv-Fc protein, and then compared the binding characteristics 

with the FDA-approved IgG antibody. The scFvs were fused to a human IgG Fc region 

for purification by Protein A chromatography and detection by cell surface staining. As 

demonstrated in Figure 34, Atezo mAb and Atezo scFv-Fc bind to PD-L1+ cells by flow, 

including A549 (treated with IFN-g), RCJ-41T2, 786-O, Renca and Jurkat cells. Flow 

cytometry was performed using A549 cells stimulated with IFN-g for 48 hours to induce 

PD-L1 expression. Binding of Atezo scFv-Fc is indistinguishable from the intact clinical 

grade IgG, suggesting that Atezo scFv will recognize PD-L1 on tumor cells. 

 
Figure 34. Atezolizumab and Atezo scFv-Fc bind to cell surface PD-L1 on tumor cells. 
MAb and scFv-Fc binding to RCJ-41T2, 786-O (human renal cell carcinomas), Jurkat 
(human T cell leukemia), A549 (human lung carcinoma) treated with IFN-g and not to 
A549 (- IFN-g), and Renca cells (mouse renal cell carcinoma). Positive binding is indicated 
by blue peak shift to the right. Blue peaks are atezolizumab or Atezo scFv-Fc staining. 
Gray peaks are anti-human IgG secondary antibody alone. 
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Atezo scFv-Fc dimerizes to form a bivalent antibody 

 Since Atezo scFv-Fc contains Fc domains with cysteine residues, we speculated 

that it dimerized, forming a bivalent antibody. To test this, reducing (Figure 35A) and 

non-reducing (Figure 35B) SDS-PAGE was performed, comparing Atezo mAb and 

Atezo scFv-Fc. As shown in Figure 35A, Atezo mAb IgG bands were observed at 50 and 

25 kDa, indicative of heavy and light chains, while the scFv-Fc ran at the predicted 

molecular weight, 66 kDa. When both molecules were run under non-reduced conditions, 

Atezo mAb was observed at the expected ~150 kDa molecular weight, while Atezo scFv-

Fc was detected at ~132 kDa (Figure 35B). Compared to the reduced form at 66 kDa, the 

non-reduced scFv-Fc is roughly double the molecular weight at 132 kDa, demonstrating 

scFv-Fc dimerization due to disulfide bonding. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35. Atezo scFv-Fc dimerizes to form a bivalent antibody. Atezolizumab and 
Atezo scFv-Fc were run under (A) reducing conditions and (B) non-reducing conditions 
on SDS-PAGE. Molecular weight marker is labeled on the left for each gel. 
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Anti-PD-L1 CAR T cells kill human tumor cells in vitro 

After testing scFv-Fc binding, the VL-VH sequence was cloned into a 3rd 

generation CAR vector to produce the anti-PD-L1 scFv CAR construct. Using this vector, 

lentiviral particles encoding the scFv CAR were produced by transfection of 293T cells. 

Lentivirus was subsequently used to transduce CD3+ T cells isolated from human PBMC. 

Transduced T cells were expanded for 14 days with anti-CD3/CD28 and rIL-7/rIL-15. 

After expansion, cells were stained with CD3 and FLAG-tag antibodies, then analyzed by 

flow cytometry. Figure 36 shows the percent of CD3+ T cells that express the scFv CAR 

(70.4%), measured by FLAG-tag expression.  

 

 
Figure 36. Expansion of anti-PD-L1 CAR T cells. CD3 and FLAG-tag expression were 
measured after 14-day culture of CAR-transduced PBMC. After expansion, 70.4% of cells 
were CD3+ and FLAG-tag+, indicating the majority of CD3+ cells expressed the CAR 
construct. 
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Once scFv CAR expression was verified by flow cytometry, the anti-PD-L1 CAR 

T cells were used to determine their ability to kill cancer cell lines that overexpress PD-

L1 (from Figure 34). Tumor cells were labeled with CFSE and co-incubated with anti-

PD-L1 scFv CAR-transduced PBMC or non-transduced PBMC as a control. Target cells 

were also incubated alone to measure intrinsic cell death. After a four hour incubation, 

propidium iodide (PI) was added and the cells were analyzed by flow cytometry (Figure 

37). Cell killing by anti-PD-L1 CAR T cells resulted in cell death measured by percent 

CFSE+PI+ as follows: 50.4% for RCJ-41T2, 54.9% for A549 treated with IFN-g, 71.3% 

for 786-O, and 51.2% for Jurkat. Compared to cell death when incubated with non-

transduced PBMC or target cells alone, CAR T cell-mediated cell death of target cells 

increased by > 26%.  
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Figure 37. Anti-PD-L1 CAR T cells demonstrate killing of PD-L1+ tumor cells. Anti-
PD-L1 CAR T cells were co-incubated with CFSE-labeled target cells at 50:1 ratio. 
Cytotoxicity was measured by CFSE/PI staining and analyzed by flow cytometry. Q2 is 
labeled with percent CFSE+PI+ cells indicating dead or dying target cells. Intrinsic turnover 
indicates basal level of tumor cell death. Allogeneic killing indicates percent killed by non-
transduced PBMC. RCJ-41T2 and 786-O (human renal cell carcinomas), A549 treated with 
IFN-g for 48 h (human lung carcinoma), Jurkat (human T cell leukemia). 
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CAR T cell killing of tumor cells is specific 

Anti-PD-L1 CAR T cells were incubated for four hours with RENCA tumor cells 

at an E:T ratio of 25:1. As shown microscopically in Figure 38A, 97% of RENCA cells 

were killed, leaving only anti-PD-L1 CAR T cells in the well. To demonstrate the 

specificity of the anti-PD-L1 CAR T cells, atezolizumab was used to block anti-PD-L1 

CAR T cell killing. Atezolizumab (10 µg/ml) was pre-incubated with Renca cells prior to 

adding anti-PD-L1 CAR T cells. As shown in Figure 38B, atezolizumab blocked the 

killing (84.6% survival of RENCA cells) of anti-PD-L1 CAR T cells, compared to 

complete killing (97%) of Renca (Figure 38A) after 6 h incubation. In Figure 38A, only 

circular CAR T cells remain in the culture post-incubation, compared to circular CAR T 

cells and elongated Renca cells observed in Figure 38B.  

 

 

 

 

 

 

 
Figure 38. Anti-PD-L1 mAb blocks CAR T cell-mediated killing of Renca cells 
(murine RCC). (A) Renca cells co-incubated with anti-PD-L1 CAR T cells. (B) Renca 
cells pre-incubated with 10 µg/ml atezolizumab for 1 hr followed by the addition of anti-
PD-L1 CAR T cells (E:T ratio 25:1) for 6 hours. Circular cells are CAR T cells. Elongated 
cells are Renca cells. 
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To demonstrate that anti-PD-L1 CAR T cells do kill non-malignant cells, anti-PD-

L1 CAR T cells were incubated with CFSE-labeled Balb/c 3T3 cells, a non-tumorigenic 

murine fibroblast cell line. After incubation, CFSE+ Balb/c 3T3 cells were imaged and 

appeared to maintain their normal elongated, adherent phenotype in the presence of anti-

PD-L1 CAR T cells (Figure 39).  

 

 

 

 

 

 

 
Figure 39. CAR T cells do not kill non-malignant cells. Anti-PD-L1 CAR T cells 
incubated with non-malignant Balb/c 3T3 cells (murine fibroblast cells). (A) Balb/c 3T3 
cells alone, (B) CAR T cells incubated with Balb/c 3T3 cells at effector to target ratio 10:1. 
Balb/c 3T3 cells were labeled with CFSE and imaged after 6 hour incubation alone or with 
anti-PD-L1 CAR T cells. 
  



  141 

Discussion 

There is a significant clinical need for improved therapeutics that target solid 

tumors, especially tumors that develop resistance to traditional radio- and 

chemotherapeutics and existing immunotherapies. While immunotherapies can exhibit 

immune-mediated toxicity, they do not have systemic toxicities associated with 

traditional non-targeted chemotherapies. However, they are limited by life-threatening 

autoimmune side effects due to overactivation of pro-inflammatory immune responses226. 

To improve the efficacy of existing therapies, we designed CAR T cells to target PD-L1 

expressed on tumor cells. Anti-PD-L1 scFv was constructed based on the sequence of the 

FDA-approved anti-PD-L1 antibody, atezolizumab. The scFv was produced and its 

binding characteristics were compared to the full mAb IgG to ensure the VL-VH 

construct was able to bind PD-L1. Binding of Atezo scFv-Fc to the cell surfaces of 

human and mouse tumor cells by flow cytometry is indistinguishable from Atezo IgG 

antibody (Figure 34). This suggests that Atezo scFv recognizes PD-L1 on tumor cells.  

Once the scFv demonstrated binding to PD-L1 on tumor cells, CAR T cells were 

generated to express the scFv targeting PD-L1, thus combining an immune checkpoint 

antibody-based therapy with a cell-based engineered T cell therapy. A distinct advantage 

of using an antibody that blocks the PD-L1–PD-1 interaction is that blocking/neutralizing 

PD-L1 protects CAR T cells from tumors expressing PD-L1. Otherwise, they would meet 

the same fate via tumor PD-L1-induced anergy, as any other cytotoxic T cell. Another 

advantage of using CAR T cells over antibody immunotherapies is their potential for 

expansion and persistence in the recipient227,228, overcoming the need for repeated mAb 

infusions. A study by Porter et al. showed that in vivo expansion of CD19 CAR T cells 
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infused into patients with relapsed and/or refractory chronic lymphocytic leukemia (CLL) 

maintained CAR T cell persistence and function over four years, with some patients 

achieving complete or partial remissions229. Another study by Melenhorst et al. 

monitored two patients with CLL that received CD19-directed CAR T cells and found 

detectable CAR T cells more than ten years post-infusion, which resulted in sustained 

remission in both patients230. Thus, CAR T cell therapy may provide long-term 

immunosurveillance.  

Transduction of purified human T cells with anti-PD-L1 CAR T lentiviral 

construct resulted in the majority of T cells (> 70%) expressing the scFv on the cell 

surface post-expansion (Figure 36).  Successful transduction of T cells can be a difficult 

and inefficient process, limiting successful gene engineering. Obstacles in this study 

included low transduction efficiency and generation of adequate high-titer lentivirus to 

transduce T cells. These difficulties were overcome with optimization of transduction 

conditions. The anti-PD-L1 CAR T cells were then tested for the ability to kill PD-L1+ 

tumor cell targets in cytotoxicity assays (Figure 37). Compared to killing by allogeneic 

non-transduced PBMC, there was a significant increase in anti-PD-L1 CAR T cell-

mediated killing, measured by percent increase as follows: 26% for RCJ-41T2, 29% for 

A549, 47% for 786-O, 33.6% for Jurkat. All cell lines demonstrated > 26% increase in 

cell death when incubated with anti-PD-L1 CAR T cells compared to non-transduced 

PBMC or cells alone. A limitation is the lack of cell lines that are negative for PD-L1 or 

the use of PD-L1 knockout cells as a control. The increase in cell killing suggests that 

anti-PD-L1 CAR T cells are capable of killing PD-L1-expressing cells. This is a 
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significant outcome, especially for sarcomatoid RCC, a tumor type for which none or 

very few effective treatments exist.  

CAR T cell killing was demonstrated to be specific for PD-L1-expressing tumor 

cells. Since the CAR T cells were designed to express scFvs specific for PD-L1, binding 

to PD-L1 should induce tumor cell recognition and T cell stimulation. Thus, PD-L1 must 

be present on the cell for effective cell killing. To prove specificity, tumor cells were first 

incubated with atezolizumab before anti-PD-L1 CAR T cells were added. Since the CAR 

T cells are based on the sequence of atezolizumab, adding the soluble antibody first 

would result in blocking of the binding epitope. In Figure 38, it was observed that killing 

can be blocked by adding atezolizumab, since after incubation with CAR T cells, the 

target cells maintained their elongated phenotype and exhibited reduced cell death 

compared to the control without mAb. Additionally, other mAbs that bind PD-L1 at 

different epitopes should be tested. This suggests that anti-PD-L1 CAR T cells are 

mediating cell killing through recognition of PD-L1. A limitation of our in vitro study 

was that we did not test our anti-PD-L1 CAR T cells on non-malignant cells that express 

PD-L1. This would be an example of on-target off-tumor effect. 

In order to test the safety and efficacy of the anti-PD-L1 CAR T cells, in vivo 

studies using a mouse model may be conducted. The immunocompetent renal cell 

carcinoma mouse model using Renca cells is an orthotopic syngeneic model that 

develops lung metastases. Since we show that Atezo scFv recognizes murine PD-L1 

(Figure 34) and anti-PD-L1 CAR T cells kill Renca cells in vitro (Figure 38) but not non-

malignant murine cells (Figure 39), this model could be employed to test the safety and 

efficacy of the CAR T cells. We can utilize this model to monitor mouse survival, 
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measure primary tumor size and metastatic burden post-infusion of CAR T cells. The use 

of anti-PD-L1 CAR T cells may improve upon the efficacy of existing therapies and 

advance our understanding of PD-L1 in the tumor microenvironment. Compared to 

existing CAR T cell therapies that target an antigen specifically expressed on a single cell 

type (e.g. CD19 on B cells), targeting PD-L1 offers a wider application for treating a 

range of malignancies, both in hematological and solid tumors. This study was 

discontinued due lack of funding and competition with large biotech companies. 
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CHAPTER 6 

DISCUSSION 

T cells play a critical role in regulating immune responses that can lead to 

autoimmunity and provide immunosurveillance to prevent tumor formation. These 

immune cells discriminate self from non-self, inhibiting destruction of self-tissue and 

protecting the host from foreign pathogens17. T cells can become activated in response to 

a target antigen25. Once activated, CD8+ T cells perform direct cell killing of infected 

cells while CD4+ T cells function by activating or inhibiting other immune cells via 

production of cytokines. CD4+ T cell function is further classified based on distinct pro- 

or anti-inflammatory cytokine profiles in response to stimulation20. Regulatory T cells, a 

subset of CD4+ T cells, are crucial for maintaining mechanisms of self-tolerance by 

suppressing unwanted inflammatory responses that could lead to autoimmunity if left 

uncontrolled19. In cancer, Tregs are recruited to the tumor microenvironment where they 

suppress anti-tumor immune responses124. Targeting Treg suppressive function and other 

mechanisms of tumor-induced suppression may be crucial for increasing responses to 

cancer immunotherapies and improving patient prognosis. 
In Chapter 2, “Identification of a CD4+ T cell line with Treg-like activity,” a 

Treg-like cell line, MoT cells, was demonstrated to suppress CD4+ PBMC in a cell-to-

cell contact manner, similar to Foxp3+ Tregs isolated from human peripheral blood. Since 

Tregs limit therapeutic effects by suppressing anti-tumor responses, there is a high 

clinical and scientific need to better understand Treg function and their interactions with 

other immune cells. However, development of therapeutics targeting Tregs is limited by 

several factors including high heterogeneity, low abundance in circulation and lack of a 
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specific cell surface marker. We isolated and expanded human Tregs from multiple 

donors, characterized as CD4+ CD25high Foxp3+ cells. We evaluated numerous CD4+ T 

cell lines and identified MoT cells as being phenotypically and functionally comparable 

to PBMC-derived Tregs. MoT cells express Treg-associated surface markers and 

intracellular Foxp3. MoT cells, like Tregs, functionally suppress the proliferation of 

activated CD4+ PBMC in a cell ratio-dependent manner. It was found that suppression 

requires direct cell contact between the suppressor cells and responder cells. The 

mechanism of suppression is independent of known Treg mechanisms including IL-2 

deprivation, production of IL-10 and immune checkpoint pathways, since mAbs targeting 

these receptors could not attenuate Treg or MoT-mediated suppression. 

These results suggest that human PBMC-derived Tregs and MoT cells mediate 

cell contact-dependent suppression by an uncharacterized suppressive mechanism. 

Further studies may be conducted to identify the molecule(s) mediating suppression, 

using MoT cells as a model for Tregs. Once a suppressive protein is identified, 

downstream signaling pathways being activated or inhibited in Tregs and responder cells 

can be evaluated. Additionally, transcriptional profiling of MoT cells should be 

performed to validate the usefulness of these cells as a Treg model cell line. It is unclear 

if the mechanism of suppression observed by Tregs and MoT cells is the same but future 

studies may be conducted to elucidate the suppressive mechanism(s). These findings 

increase our understanding of Treg function and discovery of a cell line with Treg-like 

properties may be useful in downstream applications, such as testing small molecules and 

biologics that target Tregs. 
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In Chapter 3, “Generation and characterization of a monoclonal antibody that 

binds to Galectin-1,” monoclonal antibodies were generated to Galectin-1 (Gal-1) to 

investigate this protein as a potential cell surface molecule involved in MoT and Treg-

mediated suppression. Gal-1 is a human lectin that has been shown to interact with and 

influence the function of Foxp3, a transcription factor that regulates Treg function154. It 

has been demonstrated to exert immunosuppressive function by inducing T cell apoptosis 

and increasing the number of tumor-infiltrating Foxp3+ Tregs, resulting in poor patient 

outcome161,162,231. Proteomic analysis revealed Gal-1 is expressed on the surface of Tregs 

and MoT cells. Thus, targeting Gal-1 may provide a new prognostic indicator or 

therapeutic target to modulate Treg function in cancer.  

One of the anti-Gal-1 antibodies generated, mAb 6F3, was shown to detect Gal-1 

in multiple assays, including western blot, ELISA, and flow cytometry techniques. MAb 

6F3 specifically binds to rGal-1 and does not cross-react with other secreted, 

immunosuppressive galectins. MAb 6F3 detects cell surface and intracellular Gal-1 in 

human Tregs and MoT cells. Addition of mAb 6F3 in a suppression assay did not 

block/reverse suppressive activity, suggesting this antibody is non-neutralizing or Gal-1 

does not solely facilitate MoT-mediated suppression. Although it did not demonstrate 

neutralization, development of anti-Gal-1 mAb 6F3 provides a tool in studying the 

expression and immunosuppressive function of Gal-1, as well as its interactions with 

other immune-modulating proteins in various tumor cell types. 

In Chapter 4, “Characterization of monoclonal antibodies (mAbs) that bind to 

MoT cells,” antibodies were generated to MoT cell surface proteins by whole cell 

immunization and hybridoma generation techniques. In Chapter 2, it was demonstrated 
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that MoT cells and PBMC-derived Tregs suppress the proliferation of CD4+ PBMC by 

direct cell-contact. Since suppression requires cell-cell contact, it was hypothesized that 

one or more suppressive proteins on Treg/MoT cell surface mediates suppression. Thus, 

antibodies were generated to MoT cell surface proteins to identify candidate suppressive 

molecules. Antibody-secreting hybridomas were screened in a two-step process: 

detection of binding to MoT cells by cell surface staining and then functionally in a 

suppression assay. Thirty-two candidate hybridomas exhibited a functional effect on 

MoT-mediated suppression, over half demonstrating a reversal of a suppression. From 

the candidate functional hybridomas, mAb 12E7 stood out as a potential blocking 

antibody and was further characterized. MAb 12E7 bound to the cell surface of MoT 

cells and human Tregs, but not Jurkat.  

It was discovered that mAb 12E7 recognizes CD44 antigen, a cell surface 

receptor involved in T cell activation, proliferation, adhesion and migration192,194,195. 

Further studies beyond the scope of this dissertation may be conducted to elucidate the 

mechanism of CD44 in Tregs, its potential role in MoT and Treg contact-dependent 

suppression and the application of mAb 12E7 neutralizing antibody. Moreover, the 

repertoire of antibodies generated in this study can be further evaluated for a greater 

reversal of suppression compared to mAb 12E7. In addition to functional mAbs, binding 

mAbs that were generated to MoT cells may be further utilized to identify a distinct cell 

surface protein present on MoT cells and Tregs, in which expression may be found to be 

restricted to the Treg lineage. Identification of a Treg-specific cell surface protein would 

be immensely valuable for targeting Tregs in cancer and in the treatment of 

autoimmunity and graft rejection to isolate a more pure population of Tregs. 



  149 

In Chapter 5, “Construction and characterization of anti-PD-L1 chimeric antigen 

receptor T cells that selectively kill PD-L1-positive tumor cells,” anti-PD-L1 CAR T 

cells were developed and characterized. Anti-PD-L1 scFv was constructed based on an 

FDA-approved mAb and shown to recognize PD-L1 expressed on tumor cells. The scFv 

construct was then incorporated into the CAR T cell design to generate CAR T cells 

specific for PD-L1. It was observed that anti-PD-L1 CAR T cells kill human and mouse 

tumor cells that express PD-L1, while sparing non-malignant cells. Targeting an immune 

checkpoint such as PD-L1 provides a mechanism to overcome tumor-mediated 

suppression while also re-directing cytotoxic T cells to the tumor. 

Future studies beyond the scope of this dissertation may be conducted to test the 

safety and efficacy of anti-PD-L1 CAR T cells in vivo. Long-term control and protection 

of CAR T cell therapy can be attributed to epitope spreading that occurs due to CAR T 

cell killing of tumor cells. Since most CAR T cells target a single antigen, tumor escape 

via antigen loss or downregulation of antigen expression can occur as a mechanism of 

resistance to CAR T cell therapy232. Epitope spreading is the generation of an immune 

response that is distinct from the initial epitope, and is directed to neo-epitopes or 

subdominant immunogens232–234. Epitope spreading is induced by CAR T cell lysis of 

tumor cells in the tumor microenvironment235. Therefore, epitope spreading may be 

crucial to avoid or reduce antigen escape, induce durable responses and provide long-

term protection. To determine if epitope spreading occurs, endogenous CD8+ CTLs can 

be harvested from anti-PD-L1 CAR T cell treated mice that have reduced or completely 

eliminated tumors. CTLs can then be tested in vitro for the ability to kill PD-L1-/- 

RENCA-luciferase tumor cells post-treatment. If cytotoxic CTLs are identified, these 
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results would suggest endogenous CTLs were generated to neo-epitopes due to tumor cell 

lysis. Demonstration of epitope spreading will increase the usefulness of anti-PD-L1 

CAR T cell therapy. Overall, development of anti-PD-L1 CAR T cells may improve upon 

the efficacy of existing immunotherapies and is applicable to a range of hematologic and 

solid malignancies. 
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Supplemental Figure 1. Heterogeneity of CD4+ CD25high CD127low Treg population 
from human PBMC pre- and post- rhIL-2 expansion. The majority of this cell 
population (88.1 and 70.4%, respectively) is Foxp3+. (A) Pre-expansion, (B) Post-
expansion. Mean fluorescence intensity of isotype control is in gray on the left and anti-
FoxP3 Mab clone 259D staining is shown as blue on the right of each histogram. Results 
representative of 6 different human PBMC donors. MFI values are indicated on the graph. 
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Supplemental Figure 2. Proliferation of CFSE-labeled CD3/CD28 activated CD4+ 
PBMC over the 5 day time-course. Stimulated CD4+ PBMCs do not proliferate until day 
3 or 4. Representative data is shown (N=6).  
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Supplemental Figure 3. CD3/CD28 activation of CD4+ PBMC from 6 different donor 
PBMC. All biological replicates co-cultured with MoT cells are shown. Each donor is 
capable of being suppressed, independent of whether there is a small or large population 
of proliferating cells. 
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Supplemental Figure 4. (A) Granzyme A and B staining of PBMC-derived Tregs and 
MoT cells. Anti-Granzyme A and B Mabs (blue); isotype control (gray). (B) MoT cells do 
not express TCR ab or gd. Cell types are as labeled in histograms. Three histograms on the 
left represent TCR ab staining while three histograms on the right are gd. Anti-TCR ab 
and gd Mabs (blue); isotype control (gray). (C) CD3 expression on MoT cells. Anti-CD3 
Mab (blue); isotype control (gray). 
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Supplemental Figure 5. Cytokine array of cell-free five-day spent supernatants 
(RayBiotech,  AAH-INF-3-4). (A) Media alone. (B) Stimulated CD4+ PBMC alone. (C) 
MoT cells alone. (D) Stimulated CD4+ PBMC co-cultured with MoT cells (1:1) (E) Media 
alone. (F) Stimulated CD4+ PBMC alone. (G) PBMC-derived Tregs alone. (H) Stimulated 
CD4+ PBMC co-cultured with PBMC-derived Tregs (1:2).  
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Supplemental Table 1. Cytokine array spot signal densities. Densitometry analysis 
performed using ImageJ. Values were normalized to the positive control spots. Highly 
expressed cytokines are bolded and boxed in the array (Supplemental Figure 5). 
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Supplemental Table 2. Cytokine array spot signal densities. Densitometry analysis 
performed using ImageJ. Values were normalized to the positive control spots. Highly 
expressed cytokines are bolded and boxed in the array (Supplemental Figure 5). 
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Supplemental Figure 6. Immune checkpoint inhibitors targeting PD-L1, GITR, HLA-
DR, LAG-3, and CTLA-4 do not reverse Treg-mediated suppression of CD4+ PBMC. 
Average percent proliferation for all replicates (N=3) of stimulated, unstimulated CD4+ 
PBMC, and stimulated CD4+ PBMC co-cultured with PBMC-derived Tregs. Each donor 
is represented by a shape. Statistical analysis run on the mean percent proliferation, paired 
by donor. Significance determined by one-way ANOVA; *, p<0.05; **, p<0.005; ***, 
p<0.0005; ****, p<0.0001.  
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Supplemental Figure 7.  Azidothymidine (AZT) does not affect suppression by MoT 
cells. AZT was incubated at the concentrations listed with MoT and CFSE-labeled 
CD3/CD28-stimulated CD4+ PBMC throughout the five-day suppression assay  
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Supplemental Figure 1. MAb 6F3 does not cross-react with other galectins. Cross- 
reactivity to Galectin-3 and -9 was tested by ELISA. Serial dilutions of mAb 6F3 and 
commercial mAb were incubated with rGal-1, rGal-3, and rGal-9 coated ELISA plates. 
Mean and standard deviation are plotted from three independent experiments. 
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Supplemental Figure 2. Anti-Gal-1 mAb 6F3 does not reverse MoT-mediated 
suppression of CD4+ PBMC. MAb 6F3 was added to the suppression assay at increasing 
concentrations, indicated above each graph. 
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Supplemental Figure 1. Anti-MoT hybridoma parent well screening resulted in 105 
positive hybridomas. Histograms show positive shifts to the right (blue), indicating 
binding to MoT cell surface, and not to Jurkat cells (gray peaks) by flow cytometry. DMFI 
is indicated on each histogram. 

 

  



  190 

 
Supplemental Table 1. Anti-MoT mAbs that bind to MoT cell surface by flow 
cytometry. 
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Supplemental Figure 2. Anti-MoT mAb 12E7 binds to rCD44. Indirect ELISA was 
performed using serial dilutions of anti-MoT mAbs 12E7, 1A11 and commercial anti-
CD44 mAb, incubated with rCD44 coated ELISA plates. Secondary antibody HRP-
conjugated anti-mouse IgG or SA-HRP were used to detect the interactions. Mean and 
standard deviation are plotted from three independent experiments. 
 


