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Abstract 
 

The ability of tumors to induce immunosuppression and inhibit the cytolytic 

function of tumor-infiltrating lymphocytes (TIL) is a major obstacle to creating effective 

immunotherapies for cancer patients. The levels of galectin-3 (Gal-3) protein, which 

contribute to the immunosuppression, are increased during tumor progression in many 

cancers. Gal-3 contributes to immunosuppression by inducing M2 (wound healing) 

polarization of tumor-associated macrophages and playing a role in the survival and 

metastasis of cancer cells.  

The biology of extracellular Gal-3 has been extensively studied, however, the 

function of and mechanisms by which intracellular Gal-3 regulates CD8+ T cell responses 

are poorly understood. We demonstrate that antigen-specific Gal-3-/- OT-I CD8+ T cells 

exhibited no defects in early activation and proliferation. Additionally, Gal-3-/- OT-I T 

cells exhibited decreased survival and transition to memory in response to cognate 

antigen plus agonist anti-OX40 (aOX40) mAb therapy in vivo and abrogated the efficacy 

of agonist aOX40 therapy in a tumor model. Together, these data implicate intracellular 

Gal-3 as a critical mediator of CD8+ T cell survival and memory formation following 

antigen exposure.   
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Chapter 1: A brief review of immune system 
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1 Immune System 

The immune system is comprised of organs, tissues, cells, and molecular 

components that work in concert to protect the host from foreign pathogens and self-

derived cellular abnormalities and can evolve to match ever-changing threats. Immune 

system function is divided into two arms of response: innate and adaptive immunity. The 

cellular components of both the innate and adaptive immune systems originate from 

pluripotent hematopoietic stem cells (HSCs) in the bone marrow (Fig. 1). Innate 

immunity is the first line of defense and has a nonspecific response to foreign organisms, 

and there is no memory developed. While adaptive immunity is versatile and builds 

memory of the encountered specific pathogen for future enhanced specific responses. 

Although innate and adaptive immunity are categorized separately, the two arms interact 

in order to defend the organism from foreign pathogens.  

 

1.1 Innate immunity  

Innate immunity, found in all multicellular organisms, is evolutionarily the most 

ancient part of the immune system (3, 4). Innate immunity is the first line of defense in 

vertebrates and responds to pathogens in the early hours of infection in a nonspecific 

manner (5). Innate immunity uses different mechanisms to limit or, in some cases, 

eliminate pathogens and is comprised of three components: physical barriers, cellular 

immunity, and humoral immunity. Physical barriers include skin, epithelial and mucous 

membrane, mucus itself, and anatomical barriers, which physically bar pathogens from 

entering the host. Macrophages, neutrophils, eosinophils, basophils, mast cells, natural  
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Figure 1. Hematopoiesis: All cellular blood components are derived from 
hematopoietic stem cells (adapted from OpenStax). The diagram represents the 
major cell types in hematopoiesis.  
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killer cells, and dendritic cells make up the cellular components of the innate system that 

originate from HSCs in the bone marrow (5, 6). Cellular innate immunity is 

supplemented by its humoral component, which includes complement proteins, C-

reactive protein, lipopolysaccharide (LPS) binding proteins and other pentraxins, 

collectins, and anti-microbial peptides such as defensins. The humoral component 

proteins circulate in order to identify pathogens and act as an effector mechanism to 

facilitate clearance of the pathogen (6). The components of the innate immune system 

prevent pathogen invasion, eliminate the pathogen, and in the event of failure to eliminate 

the pathogen, the innate immune system activates adaptive immune responses.  

 

1.2 Adaptive immunity 

In contrast to innate immunity, adaptive immunity responds more slowly after antigen 

encounter, but the responses are tailored and specific. In addition, adaptive immunity has 

the ability to develop antigen-specific memory and can respond rapidly to a second 

encounter with the same antigen (7). Adaptive immunity is activated through molecular 

and cellular components of the innate immune response, which are discussed in more 

detail below. There are two types of adaptive immunity: humoral and cell-mediated. 

Humoral immunity is primarily mediated by B lymphocytes (B cells) in response to 

antigens from pathogens that are freely circulating, or outside the infected cells. Cell-

mediated immunity is mounted by T lymphocytes (T cells) in response to antigen 

peptides generated from intracellular and extracellular pathogens by innate immune 

antigen presenting cells (APC) (8).  
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1.2.1 Humoral adaptive immunity 

The humoral arm of the adaptive immune system is mediated by antibodies 

secreted by B cells. B cells originate from HSCs and during fetal life, B cells develop in 

the liver, while during adulthood B cells develop in the bone marrow (8). B cells develop 

in four differentiation stages: pre-pro-B cells, early pro-B cells, late pro-B cells, and pre-

B cells (9). The four precursor B-cells do not express surface immunoglobulin receptors 

(Ig) (10). Random gene rearrangement occurs in the bone marrow during mature B cell 

development, which produces a large number of B cells with B cell receptors (BCR) that 

have different antigenic specificities. To ensure that self-reactive antibodies are not 

produced, B cells go through clonal deletion, a selection process that eliminates any B 

cells expressing membrane-bound antibodies that recognize self-components (11). 

Alternatively, self-reactive B cells may undergo BCR editing, a positive selection process 

through which new BCRs are formed, resulting in a positive selection of these cells for 

further development (12) 

The majority of B cells are eliminated through deletion in the bone marrow during 

development and thus only a small number of immature B cells enter the spleen as 

transitional cells (13). The immature B cells in the spleen receive pro-survival signals and 

subsequently differentiate into naïve B cells, which start expressing IgM and IgG surface 

receptors. Based upon the strength of BCR signaling, naïve B cells differentiate into 

follicular (FO) and marginal zone (MZ) B cells (14). The MZ B cells are resting mature 

B cells that do not circulate and are located in the splenic white pulp zone. When MZ B 

cells are activated they develop into short-lived plasma cells; short-lived plasma cells 
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secrete low-affinity IgM antibodies and do not develop memory B cells. On the other 

hand, FO B cells circulate between the blood and the spleen. FO B cells are located 

adjacent to T cell-rich areas in secondary lymphoid organs and are activated through 

interaction with CD4 T cells. Antigens bind the membrane-bound Ig on the surface of FO 

B cells. FO B cells process these antigens and present them to CD4 helper T cells; in 

turn, activated CD4 helper T cells express CD40 ligand (CD40L) and other cytokines 

necessary to activate FO B cells (15). The activated FO B cells go through clonal 

expansion and develop into plasma cells that produce and secrete a large amount of high-

affinity antibodies. Some of the activated FO B cells form a germinal center within 

secondary lymphoid organs, where the FO B cells undergo extensive proliferation, Ig 

class switching, and somatic hypermutation in order to develop memory B cells or long-

lived plasma cells (14, 16). Long-lived plasma cells migrate from the germinal center to 

the bone marrow, continuously producing antibodies that circulate throughout the host to 

provide long-term protection against secondary exposure to pathogens.  

 

1.2.2 Cell-mediated adaptive immunity 

T cells are responsible for cell-mediated adaptive immunity in response to antigen 

peptides, most often originating from intracellular and extracellular pathogens, that are 

presented by APCs. T cells express T cell receptors (TCR) that recognize antigens bound 

to major histocompatibility complex (MHC) molecules on the surface of the APC 

membrane (Fig. 2). The interaction of the TCR with MHC molecules dictates T 

lymphocyte development, activation, and differentiation.  
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1.2.2.1 T lymphocyte development 

T lymphocytes originate from HSCs in the bone marrow and then migrate to the 

thymus to mature. The thymus is divided into numerous lobules that contain cortex and 

medulla regions. The thymic stroma provides a suitable environment for T cell 

development and interacts with and educates developing T cell precursors as they migrate 

through the cortex (17). T lymphocytes in the thymus go through different stages of 

differentiation, proliferation, and developmental regulatory mechanisms that eliminate T 

	

 

 

Figure 2. The cartoon depicts TCR-MHC interaction (adapted from The Immune 
System, Garland Science, 2009). APCs presents peptides originating from 
intracellular and extracellular pathogens on MHC class I and MHC class II to CD8 and 
CD4 T cells, respectively. 
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lymphocytes that recognize self-antigens or fail to recognize foreign antigens presented 

by APCs (18). Different stages of T lymphocyte development in the thymus are denoted 

by a series of changes in TCR gene expression, expression of the TCR complex and the 

co-receptors CD4 and CD8 (19). As lymphoid progenitor cells enter the thymus through 

the cortico-medullary junction, they do not express the TCR, CD4, or CD8 co-receptors, 

thus are named double-negative T cells. The majority of these double-negative T cells 

will develop into αβ T cells and a minority will develop into γδ T cells. In addition, 

double-negative T cells can give rise to B and natural killer cells (NK cells), if injected 

into the blood; however, as they move through the thymic cortex, these double-negative 

T cells commit to the T cell lineage and lose the ability to give rise to B or NK cells (17, 

20).  At this stage, the committed T cell precursors express recombination-activating 

genes (21), which trigger TCRβ then TCRα locus rearrangement. The rearranged TCRβ 

pairs with TCRα, which together form low levels of TCRs on the cell surface. 

Subsequently CD4 and CD8 co-receptors are both expressed, and the T cells become 

highly proliferative double-positive T cells (18, 22).  

The transition from double-negative to double-positive T cells takes place in the 

thymic cortex over the span of about 18 days (23). Double-positive T cells that express 

fully formed αβ TCRs survey for self-peptides presented by MHC on cortical thymic 

epithelial cells and subsequently undergo a selection processes (17, 24). In the selection 

process, T cells that recognize self-peptides with high affinity are eliminated by negative 

selection, whereas those that recognize self-peptides with low affinity undergo positive 

selection (25). The remaining double-positive T cells that do not recognize MHC 

presented self-peptides are deleted by apoptosis in a process called death by neglect (22). 
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Double-positive cells that have gone through positive selection differentiate into single 

positive cells, expressing either the CD4 or CD8 co-receptor. Whether the CD4 or CD8 

co-receptor expression is maintained depends on the T cell’s MHC specificity, which 

leads to gene expression changes and dictates their potential effector functions (19).  

Single positive T cells migrate to the medulla where they undergo an additional selection 

process. The epithelial cells in the medulla (mTEC) express tissue-restricted antigens that 

are regulated by Autoimmune Regulator genes (AIRE). Single positive T cells spend an 

average of 2 weeks in the medulla surveying tissue-restricted antigens presented by 

mTEC, which T cells may encounter in the periphery. T cells that recognize self-antigens 

in this context are eliminated through negative selection to avoid autoimmunity (23, 26). 

T cells that survive this selection process are fully mature and egress from the medulla to 

peripheral tissues (17, 27). 

 

1.2.2.2 Apoptosis 

Apoptosis is a process of energy-dependent programmed cell death that relies on 

coordinated activation of caspases (28). Multicellular organisms use apoptosis as the 

primary mechanism of programmed cell death during developmental stages and 

homeostasis throughout their lifetime (29). For example, apoptosis is the primary 

mechanism for elimination of autoreactive T lymphocytes in development and 

contracting clonally expanded T lymphocytes following response to antigen to maintain 

immunological homeostasis (30, 31). In addition to development and homeostasis, 

apoptosis is also an important mechanism to prevent pathogenesis by removing cells, 

which are damaged, infected, and potentially malignant (32-36). Apoptosis can be 
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induced through either intrinsic or extrinsic pathways. The intrinsic pathway is regulated 

by the balance between pro-apoptotic and anti-apoptotic Bcl-2 family proteins, and the 

extrinsic pathway is initiated by the ligation of death receptors (DRs) on the cell surface 

(37). The intrinsic and extrinsic apoptosis pathways converge via the activation of 

caspases, which are members of the cysteine protease family (38).  

The intrinsic apoptotic pathway is regulated by the balance of pro-apoptotic (Bim, 

Bax, Bak, Puma, Noxa, Bad, Bcl-xS, Bid, Bik) and anti-apoptotic (Bcl-2, Mcl-1, A1, Bcl-

xL, Bcl-W) Bcl-2 family proteins (30). The levels of pro- versus anti-apoptotic proteins 

are crucial for their function due their physical interaction and ability to decide cell fate 

(39). During an insult, such as stress, hypoxia, oxidative stress, or DNA damage, pro-

apoptotic proteins such as Bim, Bad, Puma, and Noxa are upregulated (40). Upon 

upregulation, these pro-apoptotic proteins create pores in the outer membrane of 

mitochondria, which releases cytochrome c from the inner member of mitochondria into 

the cytosol to form a complex of apoptotic protease activating factor 1 (APAF-1) and 

pro-caspase-9, known as the apoptosome (28). Subsequently, activated pro-caspase-9 

activates the downstream effector molecule, caspase-3 (41). Activation of caspase-3 

initiates a cascade of events that leads to proteolytic degradation of the cell.  

In the extrinsic pathway, apoptosis is triggered by trimerization of DRs such as 

Tumor Necrosis Factor Receptor (TNFR), Fas, TNFR-1, TNF-related apoptosis-inducing 

ligand (TRAIL-R1), and TRAIL-R2 upon ligation. Trimerization of DRs induces receptor 

clustering and recruitment of adaptor proteins, leading to formation of the death-inducing 

signaling complex (DISC) (41, 42). DISC then recruits initiator caspases, such as pro-

caspase-8, which is activated through auto-proteolytic cleavage (41). Finally, the 
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activated initiator caspases cleave effector caspases such as caspase-3, -6 or -7, resulting 

in the proteolytic intracellular disintegration of the cell (41).  

 

1.1.1.1.1 Intrinsic apoptosis and T lymphocyte development in the 

thymus 

The elimination of autoreactive lymphocytes during development by apoptosis is 

called central tolerance. This process is indispensable for the proper development of 

mature lymphocytes in the thymus, and the deletion of autoreactive T lymphocytes is a 

critical mechanism to achieve immunological self-tolerance (31). T lymphocyte 

progenitor cells undergo several developmental and differentiation stages in the thymus 

to become a mature T lymphocyte. A number of these developmental and differentiation 

stages rely on survival or death signals that lead to the elimination of autoreactive T 

lymphocytes via apoptosis (31, 38). T lymphocytes with fully assembled TCRs transition 

from the double negative (CD4 and CD8 negative) stage to the double positive (CD4 and 

CD8 positive) stage, where they stay quiescent for 3-4 days and go through the TCR 

selection process (31). The TCR selection process can result in positive selection of T 

lymphocytes to become CD4 or CD8 T cells when TCR recognize pMHC with 

appropriate affinity, elimination of T lymphocytes by negative selection if the interaction 

between TCR and peptide-MHC (pMHC) is too strong, or elimination of T lymphocytes 

by neglect if the TCR fails to recognize pMHC. These three fates are regulated by the 

balance of pro- and anti- apoptotic Bcl-2 family members. For example, the survival of 

thymocytes in the double positive stage is maintained by the upregulation of anti-

apoptotic Bcl-xL prior to TCR selection (43). In addition, the anti-apoptotic Mc1-1 
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interferes with the pro-apoptotic protein, Bak, thereby promoting thymocytes survival 

(44). On the other hand, Bim, a pro-apoptotic protein, drives death by neglect and 

negative selection in thymocytes (45). In addition to Bim, the Nur77 family is also a 

known effector pathway of eliminating thymocytes during negative selection (46). These 

data show that the intrinsic pathway of apoptosis is responsible for deletion of 

thymocytes in response to neglect or negative selection processes during development in 

the thymus. 

 

1.1.1.1.2 Apoptosis of T lymphocytes during a response 

The elimination of autoreactive mature T lymphocytes in the periphery is called 

peripheral tolerance (31) and occurs, in part, via apoptosis (31, 38). During an 

immunological response to an antigen, T cells clonally expand to clear the antigen. After 

the antigen has been cleared, the responding T cells need to be eliminated by apoptosis to 

prevent self-damage (30). Prior to antigen exposure, there are up to about 200 naïve 

CD8+ T cells specific to an antigen in a mouse (47). After encountering their cognate 

antigen, these CD8+ T cells proliferate and expand rapidly within a few days. For 

example, the CD8+ T cell response to lymphocytic choriomeningitis virus (LCMV) peaks 

around day 8, producing a population of CD8+ T cells that are both phenotypically and 

functionally heterogeneous. After the response, 80-90% of these cells will undergo 

apoptosis during the contraction phase (48, 49). The remaining small fraction survive to 

become long-lived memory CD8+ T cells, which provide protective immunity. 

Interestingly, the early contraction phase of CD8+ T cells in response to LCMV is 

induced by type I interferons associated with elevated activation of caspase-3 and 



	13	

caspase-8 (50). However, when restimulated through the TCR, these CD8+ T cells 

undergo activation-induced cell death through autocrine expression of TNF and FasL 

(51). Mutations in Fas or FasL cause Autoimmune Lymphoproliferative Syndromes 

(ALPS) in humans (52). Fas-deficient (Lpr) and FasL-deficient (gld) mice, the mouse 

model of ALPS, are competent in controlling different viral pathogens, but due to defects 

in contraction, the accumulation of activated lymphocytes causes severe 

immunopathology (53-55). On the other hand, TNF, TNFR-1 and TNFR-2-deficient mice 

do not develop autoimmunity, although TNF-/- mice develop higher numbers of CD8+ 

memory T cells in response to LCMV (56). These data suggest that TNF and TNFR 

ligation have a modest role in regulating lymphocyte cell death after viral infection. 

However, in a cross-presenting self-antigen model, CD8 T cells peripheral tolerance in 

response to cross-presented self-Ag is achieved through a Bcl-2-sensitive and Bim-

dependent intrinsic apoptotic mechanism (57). 

Cytokine signaling is important for a robust immune response. IL-2, which is 

mainly produced by activated T cells, is the most critical cytokine for regulating T 

lymphocyte activation, expansion, and short-term survival (58). In the case of an 

infection, IL-2 is reduced after the clearance of the pathogen due to the absence of TCR 

ligation. Thus, the reduction in the availability of IL-2 triggers intrinsic apoptosis 

regulated by Bim and related Bcl-2 protein family members leading to the elimination of 

expanded effector lymphocytes, known as passive cell death or death by neglect (51, 59). 

Effector T cells from Bim-/- mice are resistant to certain apoptotic stimuli and develop 

lymphoproliferative disease (59). In addition, Bim and Fas double knockout mice mount 

higher effector CD8+ T cell responses to LCMV, suggesting a collaboration of Bim and 
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Fas in controlling lymphocytes responses (60). During LMCV infection in Mcl-1-/- mice, 

the majority of LCMV-specific T lymphocytes undergo rapid Bax/Bak-dependent cell 

death (61), highlighting the importance of regulating the balance of pro- and anti-

apoptotic Bcl-2 family members in regulating T lymphocyte survival.  

 Apoptosis is a critical mechanism for elimination of cells during developmental 

stages, maintenance of homeostasis, and tolerance in T lymphocytes. Deletion of T 

lymphocytes during central tolerance in the thymus occurs via intrinsic apoptosis 

pathway, whereas peripheral tolerance in T lymphocytes and their contraction after a 

response is achieved via both intrinsic and extrinsic apoptosis pathways.   

 

1.1.1.2 T cell activation and differentiation 

Naïve CD4 T cells recognize antigens presented on MHC class II complexes, 

while naïve CD8+ T cells recognize antigens on MHC class I complexes. T cell 

recognition of their cognate antigens via TCR-MHC interactions leads to T cell activation 

and differentiation, which plays a crucial role in the regulation of adaptive immune 

responses. CD4 or CD8 co-receptor association with TCR- pMHC complex is crucial for 

optimal proximal signaling outcomes (60-63), and the quality of the TCR interactions 

with pMHC complexes can initiate differential signaling cascades.  

The TCR-pMHC interaction activates lymphocyte-specific protein-tyrosine kinase (Lck), 

a SRC-family kinase, which is associated with the cytoplasmic domain of the CD4 or 

CD8 co-receptors, and TCR-CD3ζ complex (8). Activated Lck facilitates the binding of 

SRC-homology 2 (SH2) domains of the SYK-family kinase Zeta-chain-associated protein 

kinase 70 (ZAP70) to CD3ζ by phosphorylating immunoreceptor tyrosine-based 
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activation motifs (ITAMs) on the cytoplasmic tail of CD3ζ (62). Activated ZAP70 

phosphorylates the linker for activation of T cells protein (63) and other adaptor proteins 

and enzymes, which results in increasing concentrations of intracellular Ca2+. The 

increased concentration of intracellular Ca2+ leads to nuclear factor of activated T cells 

(NFAT) transcription factor translocation into the nucleus and activation of mitogen-

activated protein kinase (MAPK) pathways. Collectively, these events lead to expression 

of genes that are vital for the function of mature T cells (64). 

When CD4 T cells recognize antigens presented on MHC class II complexes by 

APCs in the presence of the appropriate environmental cues, they differentiate into 

various T helper (Th) cells with distinct functions. For example, T follicular helper (Tfh) 

cells activate B cells to generate antibodies against the same antigen. Other subsets of Th 

cells, such as Th1, Th2, Th9, and Th17, produce cytokines that stimulate other immune 

cells to fight infections and diseases (8, 65). CD4+ T cells can also differentiate into T 

regulatory (Treg) cells that suppress T cell activation and proliferation in order to prevent 

autoimmunity. CD8+ T cells, on the other hand, when they recognize antigens presented 

on MHC class I complexes by APCs, they mainly differentiate into cytotoxic 

lymphocytes (CTLs), also known as killer T cells. CTLs form an immunological synapse 

with a target cell that displays the specific antigen on MHC class I. Subsequently, CTLs 

release vesicles containing granzymes and perforins in the immunological synapse and 

thus trigger apoptosis in the target cell (8). 

After the targeted pathogens are cleared, most of the activated T cells die. 

However, a subset of the activated T cells differentiate into memory T cells, which are 

able to mount a robust response to a secondary infection within hours, a significantly 
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shorter time to activation in comparison to activation of a naïve T cell response, which 

takes days to emerge. Memory T cells are classified based on their location and function. 

There are many different memory T cells among which the effector, central, and tissue-

resident memory T cells are well studied. Effector memory cells circulate the blood and 

tissue, seeking out and rapidly responding to foreign antigens with their potent effector 

functions. Central memory cells are able to self-renew and patrol the entire body. In 

contrast, tissue-resident memory cells are T cells that develop and reside at the original 

site of infection.  

 

1.1.1.3 CD8+ T cell subsets 

Naïve CD8+ T cells are constantly circulating and enter the secondary lymphoid 

organs in search of specific antigens. Specific molecules expressed on the naïve CD8+ T 

cell surface enable them to migrate and enter secondary lymphoid organs. Likewise, other 

molecules expressed on the activated CD8+ T cell surface are involved in conferring 

specialized CD8+ T cell function and homing to affected tissues (66). Because specific 

surface molecules indicate functional properties of CD8+ T cells, these surface molecules 

are used to phenotype and identify CD8+ T cell subsets. Naïve CD8+ T cells express 

CD62L (L-selectin), which helps them enter the lymph nodes and overcome the shear 

forces of blood. CD8+ T cells use CD62L to tether to high endothelial venules (67). Then, 

the CC-chemokine receptor 7 (CCR7), a G-protein coupled chemokine receptor, 

recognizes CCL21/CCL19 ligands expressed on HEV. CCR7 engagement activates 

lymphocyte function-associated antigen 1 (LFA1) integrin on CD8+ T cells, which binds 

the intracellular adhesion molecule 1 (ICAM1) and stops the naïve CD8+ T cell allowing 
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migration into the lymph node (66, 68). Thus, CD62L and CCR7 are used as markers for 

identifying naïve CD8+ T cells.  

In order to become an effector T cell (TE), CD8+ T cells need specific cytokine 

and co-stimulatory signals in addition to TCR-mediated recognition of cognate pMHC 

complexes. Following TCR-mediated activation, CD8+ T cells transiently upregulate 

CCR7, which increases retention in the lymph node. Further, CCR7 expression on 

activated CD8+ T cells is needed for motility in the T cell zone and within lymph nodes, 

which facilitates activated CD8+ T cell receipt of the necessary cytokine and co-

stimulatory signals to enable rapid proliferation (66). For a successful response to a viral 

infection or invading tumor, effector CD8+ T cells undergo clonal expansion to reach an 

optimal quantity of up to several million cells (69). Effector CD8+ T cells produce 

granules containing perforin and granzymes A and B, which lyse infected target cells (69, 

70). Macrophages and dendritic cells produce IL-12, which promote effector CD8+ 

 T cell cytotoxicity and induce effector cytokine (IFN-γ) production (70). After TE are 

fully armed, they downregulate CD62L and CCR7 in order to egress out of the lymph 

node and migrate to the site of infection and perform their effector function (68). 

Migration of TE cells to the sites of infection is a complex process that depends heavily 

on local expression of cytokines, chemokines, integrins, selectins, as well as the 

expression of different markers on the TE cell surface (71). After the response, TE cell 

populations contract and a portion of them typically transition into long-lived memory T 

cells.  

CD45RA and CD45RO are variants of CD45 and are generally used to subtype 

naïve T cells and memory T cells, respectively. Memory T cells can be further subtyped 
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into central memory (TCM) and effector memory (TEM) (72) cells based upon their homing 

markers (73). Toward the end of the initial immune response, TE transition into TCM and 

thus re-express CD62L and CCR7, which enables them to recirculate through the 

secondary lymphoid organs. TCM cells are able to secret a high amount of IL-2, self-

renew, and they have the potential to become TE upon re-encountering the cognate 

antigen (74, 75). On the other hand, TEM cells do not express CD62L and CCR7, reside in 

the peripheral non-lymphoid tissues, and have TE-like function and are ready to respond 

to infection. TEM express some co-stimulatory, activation, and/or pro-survival markers, 

such as CD28, CD127, PD-1 and CD122 (73-75). TEM cells respond first in the peripheral 

tissues in the case of pathogen invasion, while TCM cells must proliferate and differentiate 

into TE cells upon recognition of cognate antigen in order to mount a robust response. 

The ability of TEM and TCM cells to occupy different locations and the difference in their 

timing of cytolytic functions help in shaping the overall memory T cell repertoire (71, 

73). 

 

1.1.1.3.1 IL-2-IL-2 receptor signaling 

Cytokines are a group of small proteins involved in cellular differentiation, 

proliferation, and survival (76, 77). Type 1 cytokines (IL-2, IL-12, IFN-γ, etc.) generate a 

strong cellular immune response and Type 2 cytokines (IL-4, IL-5, IL-13, etc.) produce a 

strong humoral immune response. Both types of cytokines can act in an autocrine, 

paracrine, or endocrine manner (78). The common cytokine receptor gamma chain (γc) 

family plays a crucial role in CD8+ T cell development and differentiation (79-81). The 

γc cytokine family consists of cytokines whose receptors contain the γc subunit in their 
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structure (76) and includes interleukin-2 (IL-2), IL-4, IL-7, IL-9, IL-15, and IL-21. 

Because of the common γc subunit, γc family cytokines transduce overlapping signals 

through JAK-STAT pathway. However, the differential activation of Signal Transducers 

and Activators of Transcription protein (STAT) pathways is responsible for the distinct 

effects triggered by each of the γc cytokines (82). IL-2 and the IL-2 receptor are well 

studied and will be described here as an example to describe the γc cytokine and γc 

receptor interaction. The high-affinity IL-2 receptor (IL-2R) is a trimeric complex of IL-

2Rα, IL-2Rβ, and common γc. However, IL-2Rα alone does bind IL-2 with low affinity, 

while the dimeric complex of IL-2Rβ and γc binds IL-2 with intermediate affinity. IL-2 is 

one of the first cytokines secreted by T cells following TCR stimulation and has 

multifaceted effects on T cells. IL-2 is known to induce proliferation, survival, and 

sustains T cell expansion (81, 83).   

Most of the biological functions of IL-2 are mediated through the trimeric high-

affinity IL-2R. Because the IL-2R does not have an intrinsic kinase domain or other 

enzymatic activity, it was previously assumed to couple with cytosolic GTPases and 

kinases. Initial studies of IL-2 signaling pathways suggested that IL-2 signal transduction 

in T cells occurred via the SRC family kinases, Lck and Tyrosine-protein kinase Fyn 

(Fyn) (84, 85). However, recently it was shown that SRC family kinases, independent of 

IL-2R engagement, have high constitutive activity in T cells (86). Further, the finding 

that the IL-2R uses Janus family kinase (JAK) members for signal transduction was a 

major breakthrough in understanding IL-2R function. IL-2 stimulation was shown to 

activate JAK1 and JAK3 via phosphorylation of their tyrosine residues. Additional 

studies demonstrated the binding of JAK1 to IL-2Rβ at a serine-rich region and binding 
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of JAK3 to IL-2Rγ at the carboxyl-terminal region (87). Subsequently, JAK1 and JAK3 

activation leads to phosphorylation of tyrosine residues on the IL-2Rβ chain, which in 

turn recruits STAT5A and STAT5B transcription factors via their SH2 domains and 

phosphorylates their tyrosine residues (86). The phosphorylated STAT5 proteins 

dissociate from the IL-2Rβ subunit and form dimers through their SH2 domains. The 

dimerization of STAT5 proteins induces their transcriptional activation and translocation 

to the nucleus. In the nucleus, STAT5 dimers bind to the gamma interferon-activated 

sequence (GAS) DNA site to induce transcription. Induction of STAT5-mediated 

transcriptional programs via IL-2 is crucial to the biological actions of IL-2 (88-90). The 

importance of IL-2 activated STAT5-mediated transcriptional programs for IL-2 

biological action is evident in murine gene knockout studies. STAT5-deficient mice lose 

the ability to develop Treg cells or induce proliferation of activated peripheral T cells, 

highlighting the key role of STAT5 in IL-2 signal transduction (67, 91). Some of the 

essential lineage-defining transcription factors, such as forkhead box P3 (FoxP3), T-box 

transcription factor (T-bet), and GATA binding protein 3 (Gata3) are STAT5 targets. 

Moreover, IL-2-activated STAT5 can bind and induce IL-2Rα, IL-12Rβ2, and IL-4Rα 

genes to sustain IL-2 signaling and promote the differentiation of T cells by other 

cytokines (86). STAT5 also binds and negatively regulates other genes. For example, 

STAT5 binds to the IL-17α-IL17F locus, leading to suppression of STAT3-mediated 

transcription of the IL-17 gene and Th17 differentiation (92). Another repressive activity 

of IL-2 is the induction of the microRNA miR-182, which binds and inhibits the forkhead 

box O1 (FOXO1) transcription factor. FOXO1 blocks cell cycle progression in resting T 
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cells and thus, inhibition of FOXO1 by IL-2-induced miR-182 leads to clonal expansion 

of activated helper T cells (93).  

Besides STAT5-mediated transcriptional activation, IL-2 signaling also has 

broader effects on other signaling pathways relevant to T cell biology. IL-2 binding to the 

IL-2R recruits and phosphorylates the Src homology 2 domain containing (22) adaptor 

protein (94). The phosphorylated SHC protein binds growth factor receptor-bound 

protein 2 (GRB2) adaptor protein, via its SH2 domain, which binds Ras guinine 

nucleotide exchange protein (95) through its SH3 domain (96). The SHC-GRB2-SOS 

complex triggers the exchange of guanosine diphosphate (GDP) to guanosine 

triphosphate (GTP) on Ras. These events allow the accumulation of active, GTP-bound 

Ras, which leads to activation of the Raf-ERK-MAP kinase pathway.   

Mammalian target of rapamycin (mTOR) is another important serine/threonine 

kinase that conducts IL-2 signaling (97). mTOR is part of the mTORC1 (mTOR, 

RAPTOR, and mLST8) and mTORC2 (mTOR, RICTOR, and mLST8) complexes (98). 

IL-2 induces and maintains activated mTORC1 to control IL-2-induced metabolic and 

transcriptional processes in TE cells via the transcriptional factor, hypoxia inducible 

factor 1 subunit alpha (HIF1A). HIF1A is involved in some mTORC1-regulated genes 

such as glucose transporters, glycolysis, pyruvate metabolism, and perforin. The 

mTORC1-HIF1A pathway is critical for repression of CD62L, CCR7, and sphingosine-1-

phosphate receptor 1 (S1P1) gene expression (99). The loss of mTORC1 in TE cells leads 

to reduced glucose transporters, glycolytic enzymes expression, and decreases the rate of 

glycolysis with intact oxidative phosphorylation pathways (99, 100). In addition, 

mTORC1 plays an important role in controlling the expression of perforin, granzymes, 
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and IFN-γ (100). The phosphoinositol 3-kinase (PI 3-K)-akt-p70 S6 kinase signaling 

pathway, which promotes cell growth and survival, is also activated by IL-2 binding IL-

2R (89, 101).  

 

1.1.1.3.2 OX40-OX40 receptor signaling 

In addition to recognition of cognate pMHC complexes on APCs, naïve T cells 

require a costimulatory signal to generate an optimal response. This costimulatory signal 

transduction both amplifies and strengthens the primary outcome of the TCR signal that 

leads to clonal expansion, differentiation, and survival. In the absence of a costimulatory 

signal, T cells undergo tolerance, which is important for thymic and peripheral tolerance. 

CD28 is a well-characterized T cell co-stimulatory molecule that is constitutively 

expressed on the surface of naïve T cells. When CD28 binds its ligands, B7.1 and B7.2, it 

lowers the threshold for TCR ligation and drives T cell expansion, proliferation, 

differentiation, and survival (102, 103). While CD28-B7 signaling is crucial for T cell 

activation, it is not sufficient to sustain an optimal T cell response (104).  

Tumor necrosis factor receptor (TNFR), immunoglobulin, integrin, and C-type 

lectins are the four families of molecules that play crucial roles in immune synapses and 

work as signaling adaptors, cytoskeletal components, receptors, and regulators of lipid 

distribution to orchestrate immune responses. The costimulatory members of the TNFR 

family contribute to signaling in the T cell synapse (105, 106). T lymphocytes express an 

array of TNFR family co-stimulatory molecules (106). Moreover, TNFR co-stimulatory 

molecules are differentially expressed depending on the state of the cells. For example, 

the CD27 co-stimulatory molecule is constitutively expressed on T cells. In contrast, 
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other co-stimulatory molecules, including OX40 (CD134), 4-1BB (CD137), and GITR 

(CD357), are typically expressed following T cell activation. The ligands for the TNFR 

co-stimulatory molecules are type II transmembrane proteins that are expressed by APCs 

(107, 108). TNFR ligands form trimers, and subsequent multimerization of the trimer 

with their respective TNFR results in multi-protein complexes that induce the 

downstream signaling cascade. TNFR family members have TNF receptor associated 

factor (TRAF) binding domains on their cytoplasmic tails that recruit TRAFs upon 

ligand-receptor engagement (109). There are different TRAF adaptors that interact with 

different members of the TNFR family. For example, TRAF1, TRAF2, and TRAF5 have 

been shown to interact with the cytoplasmic tails of 4-1BB, OX40, and GITR co-

stimulatory receptors (110).  

T lymphocyte activation is required for OX40 expression on the cell surface (111-

113). Interestingly, in addition to TCR ligation, CD28 and/or other cytokine receptors are 

also required for optimal expression of OX40 on the T cell surface (104). CD28-B7 

signaling transduction leads to IL-2Rα expression and IL-2 production (114, 115), and 

IL-2-IL-2R ligation induces OX40 expression (116). In turn, OX40-mediated co-

stimulation leads to IL-2 production and IL-2Ra expression (63, 117, 118). While the 

exact mechanism of CD28-B7 signaling contribution to OX40-mediated co-stimulation is 

yet to be elucidated, it is known that IL-2 and OX40 regulate each other.  

OX40 is differentially expressed on lymphocyte subsets. For example, OX40 

expression appears on the surface of CD8+ T cells 24 hours after activation and peaks 

within 72 hours, while it is constitutively expressed on naturally occurring Tregs (FoxP3+ 

CD4 T cells) (119, 120). OX40 ligand (OX40L) is a type II transmembrane receptor, and 
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it is expressed as a trimer on stimulated APCs (121-123). Upon OX40 ligation, TRAF 

molecules are recruited to the intracellular domain of OX40. Activated TRAF2 and 

TRAF3 in turn activate canonical and non-canonical nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB) pathways, which are key for survival (124, 125). 

 

1.2 Tumor Immunology 

One of the first hypotheses of tumor immunology, which arose at the beginning of 

the 20th century, suggested that the host immune system may eliminate neoplastic cells, 

thus preventing tumor formation. This hypothesis was not tested experimentally at the 

time, but it led scientists to the theory of immune surveillance against tumor cells (126). 

Later, Lewis Thomas postulated that the immune system eliminates tumors through the 

recognition of neoantigens expressed by a newly arising tumor. This theory of immune 

stimulation by tumor neoantigens was supported by the observation that C3H mice 

implanted with tumors derived from other mice of the same strain develop immunity 

against those tumors, which led to spontaneous tumor regression (127). The spontaneous 

tumor regression was suggested to be due to a tumor mutation that occurred during 

repeated transplantation over long period of time, which led to expression of a 

neoantigen. Foley later showed that C3H-He mouse anti-tumor immunity was induced 

following ligation (strangulation of the tumor) and atrophy of methylcholanthrene-

induced sarcomas from the same inbred strain against first or second transplantation, 

minimizing the chance of mutations in the tumor due repeated passages (128). Sir Frank 

Mac Farlane Burnet subsequently hypothesized the theory of immune surveillance, which 

states that neoantigen expression by developing tumors elicits an effective immune 
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response that leads to regression and complete elimination of the tumor before 

appearance of any clinical signs (126).  

Burnet’s theory of immune surveillance has been supported experimentally by 

animal models and observations in humans. However, tumor development in patients 

with apparently normal immune systems suggests that tumors can escape immune 

surveillance. Thus, Dr. Robert D. Schreiber formulated the concept of the three “Es” of 

cancer immunoediting: elimination, equilibrium, and escape (129, 130). In the 

elimination phase of immunoediting the immune system recognizes tumors as abnormal 

cells and kills it with natural killer cells (NK), CD4+ T cells, and CD8+ T cells (131). In 

the equilibrium phase of immunoediting, which is the longest phase of the three Es, the 

immune system can exert a potent response that is enough to contain tumor cells, but not 

enough to completely eliminate all tumor cells (129). The equilibrium phase eventually 

leads to rapidly mutating tumor cells that can escape the immune system; this leads to the 

escape phase of immunoediting. In the escape phase, the tumor evades the immune 

system through loss of tumor antigens, increase of pro-survival genes, and/or the 

development of an immunosuppressive tumor microenvironment (TME) (129). Alteration 

of the TME by tumor cells is one of the ways tumors escape immune cells, which leads to 

tumor progression and metastasis. The concepts of immunosurveillance and 

immunoediting have been instrumental in understanding the function of anti-tumor 

immunity and in investigating new mechanisms to boost immune responses against 

tumors. 

The TME includes the tumor cells, stromal cells, and infiltrating immune cells. 

One feature of the TME is that malignant tumor cells can hijack non-malignant cells 
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within the TME to make them take on pro-tumor functions (such as M2 macrophage 

polarization) (132). In addition, the TME may include many different signaling 

molecules that promote tumor growth, angiogenesis, and metastasis, including pro-tumor 

growth factors (epidermal growth factor (EGF), colony stimulating factor 1(CSF-1), 

fibroblasts growth factor (FGF), heparin-binding EGF (HB-EGF), neuregulin (NRG), 

transforming growth factor (TGF), vascular endothelial growth factor (VEGF)) and 

chemokines/chemokine receptor (C, CC, CXC, CX3C chemokine families and receptors) 

depending on the tumor type (133, 134). The TME has gained considerable attention in 

the field of cancer immunotherapy in the past decade and efforts to find new targets in 

TME continues.  

 

1.2.1 Anti-tumor immunotherapy 

Tumor regression or disappearance was first reported during an infection or 

febrile episodes in the early 18th century. More than a century later, the phenomena of 

tumor regression coinciding with a bacterial infection or febrile episodes was proven by 

the founding fathers of immunotherapy, William Coley and Lloyd Old (126, 135). 

Meanwhile, a better understanding of the immune system and discoveries about cellular 

and humoral immunity intensified the investigation of an immune-driven anti-tumor 

response. For example, the discovery of T lymphocytes and their key role in anti-tumor 

responses grabbed the attention of immunologists. With the more recent discoveries of 

checkpoint inhibitors and costimulatory receptors on T lymphocytes and 

immunomodulatory antibodies, cancer immunotherapy has joined surgery, cytotoxic 

chemotherapy, radiation, and targeted therapy to become the fifth pillar of cancer therapy 
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(135). It has been suggested that immunotherapy will be the leading cancer treatment for 

all cancers within a decade due to its ability to drive a response against cancers that do 

not respond to chemotherapy or radiation therapies, ability to improve anti-tumor 

response in combination with other therapies, and the generation of durable responses 

with potentially long-term tumor-specific immunity (136).  

There are several different types of cancer immunotherapies available for cancer 

patients (126). One of the cancer immunotherapies approaches is vaccine therapy, which 

can induce immune responses against tumor cells. Cancer vaccines are designed to 

induce the adaptive immune system to recognize, eliminate, and provide long-term 

protection against tumors. IL-2 therapy is another cancer immunotherapy approach, 

which induces T cell survival and sustains effector function. Other approaches are 

adoptive T cell and B cell therapies or antibodies that block immune checkpoints 

(checkpoint blockade) or, conversely, stimulate immune costimulatory receptors (137). 

Currently, immunotherapies that are US Food and Drug Administration (FDA) approved 

include chimeric antigen receptor (CAR) T and B cell therapy and monoclonal antibodies 

(mAbs) against cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (anti-CTLA-4), 

programed cell death-1 (PD-1) (anti-PD-1), and programed death-ligand 1 (PD-L1) (anti-

PD-L1). CTLA-4, PD-1, and PD-L1 are all checkpoint inhibitors. Costimulators, such as 

OX40 and 4-1BB, on the other hand, are currently under investigation and have yet to be 

approved by the FDA. Here, I will briefly explore the role of CTLA-4 and PD-1 

checkpoint inhibitors and recombinant IL-2 in anti-tumor response as well as the recent 

advancements in OX40 and 4-1BB-specific therapies. 
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1.2.1.1 Recombinant IL-2  

Before the discovery of T lymphocytes, adoptive transfer of lymph nodes cells 

was shown to confer anti-tumor immunity (138). This study highlighted the key role of 

lymphocytes in rejection of the transplanted tumors. With the discovery of T 

lymphocytes, the idea of growing and expanding T lymphocytes in vitro and then 

transferring them into tumor-bearing hosts arose. However, immunologists struggled with 

sustaining T lymphocytes survival and growth in vitro. A decade after the discovery of T 

lymphocytes, IL-2, a T cell growth factor, was the key discovery that allowed for 

sustained survival and growth of T lymphocytes in vitro (139). Subsequent studies 

suggested that not only could IL-2 sustain T cells in vitro, but its administration could 

mediate T cell survival and sustain T cell function in vivo in order to mount and support a 

robust response against tumors. The first clinical trial testing the efficacy of IL-2 therapy 

used IL-2 purified from a Jurkat T cell tumor line. In this trial, the administration of IL-2 

to patients with advanced cancer caused dose-related toxicity but no anti-tumor activity. 

The failure of this clinical trial was attributed to the dosage of IL-2, which was too low to 

generate in vivo activity (140). However, Jurkat T cells could not produce enough IL-2 to 

enable higher doses, thus, scientists needed a better system to generate a large amount of 

IL-2. Engineering E. coli to produce recombinant IL-2 (rIL-2) solved this issue, as they 

became able to produce large amounts of rIL-2, which made evaluating the efficacy of 

high-dose IL-2 in vivo possible (141, 142). While, as expected, the high dosage of rIL-2 

yielded improved anti-tumor results in comparison to low dose rIL-2, unfortunately, there 

was severe IL-2-related toxicity in animal models (143). Nevertheless, the anti-tumor 

activity of rIL-2 in animal models was enough to propel rIL-2 in to human studies.  
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A dose escalation study of rIL-2 (6-60x104 IU/kg) in patients with advanced 

metastatic cancer yielded encouraging results. Among the 25 patients in the study, 11 

patients had more than 50% regression in tumor volume. One patient with metastatic 

melanoma had complete tumor regression and nine patients had partial responses (144). 

The toxicities due to the rIL-2 therapy were transient and alleviated after the rIL-2 

treatment ended. In another high-dose rIL-2 clinical trial at the National Cancer Institute, 

out of 157 patients with advanced cancer, 59 patients were treated with 60-72x104 IU/kg 

rIL-2 (145). Among those, 46 patients were evaluable: one patient had a complete 

response (total regression of all cancer), five had a partial response (> %50 tumor 

reduction), and one had a minor response (%25-%50 tumor reduction). Most of the 

patients responding to rIL-2 in these clinical trials had metastatic melanoma or metastatic 

renal cell cancer, therefore melanoma and renal cancer became the focus of rIL-2-specific 

clinical trials. Subsequent single- and multi-institutional studies led to the FDA approval 

of a high-dose bolus of rIL-2 in 1992 for the treatment of patients with metastatic renal 

cancer. 6 years later, the FDA approved rIL-2 for the treatment of patients with metastatic 

melanoma. Although transient, toxicities due to high-dose rIL-2 treatment are still of 

great concern, as four rIL-2-related deaths were reported in the National Cancer Institute 

clinical trial (145).  

After learning about the principles of administration and management of toxicities 

from previous high-dose rIL-2 clinical trials, the dosage of rIL-2 was changed. In a 

subsequent clinical trial of rIL-2, patients with metastatic cancers were treated with fewer 

doses of the high-dose bolus rIL-2 in the first cycle of the therapy, 7 compared to the 13 

doses initially used, without any decrease in the response rates, but with substantial 
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decreases in toxicities (2). Improvements in the administration of rIL-2 and reduction in 

related toxicities led to a decrease in treatment-related deaths from 4% to less than 1% 

(146). More recently, the use of rIL-2 in patients with metastatic melanoma has expanded 

to include combinations with adoptive cell therapy, chemotherapy, and radiation (146). 

 

1.2.1.2 Immune checkpoint blockade 

T cells have the capacity to selectively recognize tumor-derived antigens and 

orchestrate diverse immune responses to eliminate tumor cells. The quantity and quality 

of T cell responses to an antigen are regulated by fine-tuned costimulatory and inhibitory 

signals (immune checkpoints) (147, 148). In a healthy situation, immune checkpoints are 

crucial for preventing autoimmunity and protecting normal cells. However, immune 

checkpoints can be exploited by tumors by engaging the immune checkpoint proteins on 

T cells in order to suppress the anti-tumor immune response. To the delight of 

immunologists, blocking immune checkpoints with antibodies results in enhanced anti-

tumor responses that have vastly improved cancer therapy (149).  

Different immune checkpoints regulate immune functions through different 

mechanisms. For example, CTLA-4 and PD-1 immune checkpoints regulate immunity at 

different stages of the response. CTLA-4 downregulates the strength of T cell activation 

by disrupting CD28/CD86 interaction by binding to CD86 with higher affinity than CD28 

(150). Interaction of CD28 on T cells with its ligand, CD86, expressed on the APC, plays 

a critical role in enhancing and sustaining T cell responses initiated through TCR 

engagement. CTLA-4 can also initiate a signal transduction cascade that results in the 

dephosphorylation of TCR-associated kinases (Fyn, Lck, and ZAP-70) or their substrates 
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(SH2, MAPK, and Ras) (150). The engagement of PD-1 on T cells by its ligand, PD-L1, 

also results in the suppression of T cell activity, but through a different intracellular 

signaling pathway. PD-1/PD-L1 signaling inhibits PI3K/AKT signaling, resulting in 

inhibition of effector T-cell differentiation and function (151). The anti-tumor response of 

CD8+ T cells infiltrating the tumor is driven by interferon-γ (IFN-γ), which also induces 

expression of PD-L1 in tumor cells (152). PD-L1 expressed by tumor cells binds PD-1 on 

the tumor infiltrating CD8+ T cells, suppresses the anti-tumor immune response, restricts 

T cell effector function within TME, and drives T cells to exhaustion. Thus, blocking the 

interaction between PD-1 and PD-L1 is effective in reversing T cell exhaustion and 

results in T cells regaining the effector function needed to eliminate cancer cells (149, 

153, 154).  

Multiple immune checkpoints, in addition to aPD1 and aCTLA-4, and their 

inhibitors are entering the clinic or are currently under investigation, including 

lymphocyte activation gene 3 (LAG-3), T cell membrane protein 3 (TIM-3), B and T 

lymphocyte attenuator (BTLA), T cell immunoreceptor with Ig and ITIM domains 

(TIGIT), and V-domain Ig suppressor of T cell activation (VISTA) (149, 155). Because 

CTLA-4 and PD-1 antagonist therapies are FDA-approved, I will briefly explore them as 

examples of the improvement in clinical outcomes that can occur following immune 

checkpoint blockade. Anti-CTLA-4 mAb therapy was first used for treating melanoma. 

The increased efficacy of anti-CTLA-4 mAb (ipilimumab) in combination with a 

chemotherapy agent (dacarbazine) versus chemo alone was shown in a phase III clinical 

trial in untreated metastatic melanoma patients (156). There was higher overall survival 

(11.2 months) in the group receiving ipilimumab plus dacarbazine compared to overall 
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survival (9.1 months) in the group receiving dacarbazine plus placebo. Another phase III 

clinical trial of anti-CTLA-4 mAb administered in combination with a glycoprotein 100 

vaccine (gp100) or anti-CTLA-4 mAb alone resulted in significantly increased long-term 

overall survival in patients with stage III and IV metastatic melanoma compared to 

patients treated with gp100 alone (95). With the subsequent approval of PD-1 

antagonists, nivolumab and pembrolizumab, PD-1 antagonists became a clinical 

breakthrough in melanoma immunotherapy. Nivolumab improved 1-year overall survival 

in treatment-naive patients with serine/threonine-protein kinase (BRAF) wild-type 

melanoma to 72.9% compared to 42.1% in the dacarbazine-treated arm in a phase III 

clinical trial (157). Pembrolizumab was also evaluated in advanced melanoma patients in 

comparison to anti-CTLA-4. Pembrolizumab patients had 15.9% (every 3 weeks 

treatment) and 10.2% (every 2 weeks treatment) higher 1-year overall survival compared 

to patients treated with anti-CTLA-4 (158). In addition to melanoma, immune checkpoint 

antagonists also have shown efficacy in non-small cell lung cancer, hypermutated 

gastrointestinal cancers, renal cell cancers, as well as other histologies (159, 160). mAbs 

against immune checkpoints have been in the clinic for several years, as both 

monotherapy and combination therapies in advanced cancers (161). The PD-1-blocking 

antibody pembrolizumab was the first immune checkpoint therapy that was granted FDA 

approval for microsatellite instability-high (MSI-hi) tumors regardless of tumor type or 

origin (162). However, there are still about 50% to 60% of patients that do not respond to 

immune checkpoint antagonists, referred to as primary resistance, and a subset of patients 

that initially respond, but subsequently relapse and develop resistance to therapy, referred 
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to as acquired resistance (163). Primary and acquired resistance are poorly understood 

and these phenomena are currently under investigation. 

 

1.2.1.3 Immune costimulatory agonists   

T cell costimulatory receptors are essential for mounting a robust T cell response 

to an antigen. Despite strong evidence supporting the agonist stimulation of costimulatory 

receptors driving productive anti-cancer immunity and their role in mediating anti-cancer 

immune responses (164-166), no costimulatory agonists are, as of yet, approved by the 

FDA. Unlike co-inhibitory receptors’ role in the anti-tumor response, costimulatory 

receptors’ function in cancer immune surveillance depends on the timing and duration of 

co-stimulatory receptor induction following TCR stimulation and the expression of co-

inhibitory receptors on T cells (167). In addition, unlike antagonist antibodies against co-

inhibitory receptors, designing and predicting potential activity of agonist antibodies for 

costimulatory receptors is complex and mostly characterized functionally by using cell-

based and in vivo models (168, 169). These challenges have made it difficult to design 

the desired agonist antibodies, which have the ability to bind and stimulate costimulatory 

receptors in a way that would mimic the activity of a native ligand. However, there has 

been substantial advances in the past decade in improving costimulatory agonist activity, 

and I will cover the advancement of anti-OX40 and anti-4-1BB mAbs, as specific 

examples of T cell agonists capable of inducing anti-tumor immune responses. 
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1.2.1.3.1 OX40 

The OX40 agonist antibody (clone OX86) was the first agonist antibody against 

OX40 used in preclinical mouse models and has become the most predominantly used 

clone to date (169, 170). OX86 exhibited exciting and promising immune stimulatory and 

anti-tumor activity in the preclinical studies, which led to the development of a murine 

anti-human mAb OX40 agonist antibody by the Earle A. Chiles Institute (171). The 

preclinical activity of surrogate OX40 agonist antibodies in murine tumor models led six 

different pharmaceutical companies to develop OX40 agonist antibodies that entered 

clinical trials in a short period of time (167, 172). Anti-OX40 mAbs entered clinical trials 

in patients with solid tumors for the first time in 2006 with promising results (171, 173). 

Forty percent of the 30 patients treated with an OX40 agonist in one clinical trial had 

regression of at least one metastatic lesion after only one dose. OX40 treatment induced 

the expansion of effector CD4+ and CD8+ T cells, without inducing the expansion of Treg 

either in the blood or the tumor. Moreover, two out of three patients had tumor-specific 

CD8+ T cells that were shown to produce IFN-γ in response to autologous tumor cell 

lines in vitro (173). Anti-OX40 was later licensed to MedImmune/AstraZeneca, which 

opened several Phase 1 clinical trials to investigate OX40 agonists (NCT02318394, 

NCT02205333, and NCT02221960). However, in these cases, no objective clinical 

responses were observed.  

Preclinical studies have shown anti-tumor activity of OX40 agonists when given 

in combination with other agents, such as immune checkpoint antibodies, targeted 

inhibitors, and cancer vaccines (172). In a murine ID8 ovarian cancer model, anti-OX40 

or PD-1 mAb treatment alone did not have therapeutic effects. However, combined 
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treatment with concurrent anti-OX40/PD-1 mAbs significantly inhibited tumor growth 

and cured 60% of the mice (174). In another study, concurrent therapy of anti-OX40 and 

anti-PD-L1 conferred antitumor immunity in murine sarcoma (CT26) and carcinoma 

(MCA205) models (175). Interestingly, in the MMTV-PyMT breast cancer model, 

combination of anti-PD-1 with an OX40 agonist in the presence of a vaccine resulted in 

inhibition of OX40 agonist antitumor potential by anti-PD-1 (176). In the MMTV-PyMT 

model, treatment with PD-1 blockade and OX40 agonist concurrently did not reduce 

tumor growth, whereas sequential treatment with an OX40 agonist followed by PD-1 

blockade significantly increased tumor growth inhibition and survival outcomes 

compared to control groups (177). These studies raise the question of how to optimally 

combine the many new immunotherapy agents being developed, which remains a major 

question in cancer research. Addressing this question requires a deeper understanding of 

the therapeutic mechanism of different drugs, which is critical to achieve maximum 

therapeutic benefits in combinatorial therapies.  

 

1.2.1.3.2 4‑1BB 

4-1BB (CD137) expression on CD4+ and CD8+ T cells increases early following 

activation, and its expression is transient (178). 4-1BB ligation induces downstream 

signaling pathways that lead to increased proliferation, survival, and effector functions 

(179-181). Agonist activation of 4-1BB became attractive for cancer therapy due strong 

evidence for its ability to induce anti-tumor activity, which is mediated primarily by 

cytotoxic T cells and NK cells in preclinical mouse models, either alone or in 

combination with other agents (180, 182, 183). Urelumab (BMS-663513) and 
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utomilumab (PF-05082566) are currently the only two 4-1BB agonist antibodies being 

tested clinically for cancer therapy. Urelumab is a fully human IgG4 4-1BB agonist 

antibody that entered human clinical trials in 2005 (NCT00309023). However, due to 

hepatotoxicity related to doses at or higher than 1 mg/kg, the ongoing clinical trials were 

discontinued. Preclinical studies of 4-1BB agonists in mice also showed hepatotoxicity 

that was deemed to be caused by increased accumulation of activated CD8+ T cells (184). 

A subsequent clinical trial of urelumab at doses bellow 1 mg/kg demonstrated some 

disease stabilization and immune activation (NCT01471210). Combination studies of 

urelumab with other agents, including nivolumab (anti-PD-1), in multiple cancer types 

are ongoing. Utomilumab, the second 4-1BB agonist antibody, is fully human IgG2, has 

not shown dose-related toxicity in humans, and has an excellent safety profile in 

preclinical models (185). In addition, utomilumab has shown signs of promising clinical 

activity in patients with solid tumors in advanced stages. In a combination study of 

utomilumab and pembrolizumab, 26% of patients had a complete or partial response 

(186). This study provides strong rational to further explore the anti-tumor activity of 4-

1BB agonists in combination with PD-1 or PD-L1 checkpoint blockade therapy. A 

second integration of 4-1BB signaling in immunotherapy has been the integration of 4-

1BB’s intracellular signaling domain into CAR T cells, named second generation CARs. 

The addition of 4–1BB signaling domains in second generation CARs is thought to 

prevent anergy and promote T cell proliferation and memory (187). This integration has 

greatly improved the clinical activity and durable responses of CAR autologous T cell 

therapies in leukemia (188) and led to FDA approval.  
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Chapter 2: The role of Galectin-3 in modulating tumor growth 

and immunosuppression within the tumor microenvironment 
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2 Abstract 
 

The efficacy of cancer immunotherapy is limited, in part, by the multitude of 

immunosuppressive mechanisms present within the TME. Galectin-3 (Gal-3) is a lectin 

that contributes to TME immunosuppression and regulates diverse functions including 

cellular homeostasis and cancer biology. Increased Gal-3 expression during cancer 

progression augments tumor growth, invasiveness, metastatic potential, and immune 

suppression, which highlights the potential use of Gal-3 as a therapeutic target capable of 

modulating anti-tumor immunity. Here, we discuss the mechanisms by which Gal-3 

regulates lymphocytes, the role of Gal-3 in lung and prostate tumors, and the contribution 

of Gal-3 to TME immunosuppression.  
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2.1  Introduction 

The immune system is designed to protect the host against disease and possesses 

numerous mechanisms that tightly regulate its activity to prevent autoimmune reactions 

against normal, healthy host cells. However, these same regulatory mechanisms may be 

hijacked by cancerous cells, thereby allowing them to escape detection and attack by the 

immune system. This often occurs in the TME, which is a complex ecosystem involving 

innumerable interactions between immune cells, cancer cells, stromal cells, and the 

extracellular matrix, and can support tumor proliferation, survival, and metastasis, and is 

highly immunosuppressive (189-191). The TME achieves immunosuppression through a 

myriad of different ways; for example, tumor-associated macrophages, cancer-associated 

fibroblasts, and tumor cells can all secrete suppressive cytokines and chemokines, and 

there can be metabolic competition over consumption of nutrients by tumor cells, or a 

shortage of oxygen. Other immunosuppressive mechanisms include the production of 

inhibitory metabolites, migration failure due to rigid extracellular matrix, poor antigen 

presentation, chronic TCR signaling, and inhibitory receptor expression by tumor cells 

and stromal cells (192). An additional important regulatory mechanism at play in the 

TME occurs through the glycoprotein Gal-3. Gal-3 binds the TCR in the immunological 

synapse on the cell surface, thereby restricting TCR movement, potentiating TCR 

downregulation, and suppressing early activation of T cells through the TCR signaling 

pathway (193, 194).  

Gal-3 is a structurally unique glycoprotein that has been studied extensively in 

different disease contexts including fibrosis, inflammation, and cancer. Gal-3 is a 

member of the lectin family, of which 14 mammalian galectins have been identified. 
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Mammalian galectins have binding specificity to ß-glycoside structures and are classified 

into three groups based on their conserved carbohydrate-recognition-binding domain 

(CRDs) structures: prototypes, tandem repeat, and chimera groups (195). Galectin-1, -2, -

5, -7, -10, -11, -13, and -14 are members of the prototype galectin group that contain only 

one CRD. Members of the tandem repeat group (galectin-4, -6, -8, -9, and -12) contain 

two distinct CRDs connected by a non-conserved 70 amino acid linker sequence that 

enables each galectin to bind two carbohydrate epitopes. The chimera galectin group 

contains only one member, Gal-3, which contains one CRD like the prototype group, but 

the CRD in Gal-3 is connected to a unique N-terminal domain of about 120 amino acids 

that are rich in proline and glycine (196). Gal-3, with only one CRD, can form homo-

dimers and oligomers through its N-terminal domain depending on the concentration and 

availability of the ligands. Further, the oligomeric structure of Gal-3 contributes to its 

function, (197) as the oligomeric form of Gal-3 allows Gal-3 to perform biological 

functions not performed by all other galectins (198, 199). The oligomeric forms of Gal-3 

only form in the extracellular space (Fig. 3), where Gal-3 oligomers can bind substrates 

through its CRD domain and induce intracellular signal transduction through clustering 

surface proteins, cell-cell interactions, or cell to extracellular matrix (Fig. 3) (200). 

Furthermore, Gal-3 function depends not only on its oligomeric state in the extracellular 

space but also on its subcellular location, where Gal-3 monomers can be found either in 

the cytoplasm or nucleus (see ref. 9 for additional details of the subcellular location of 

Gal-3 and its function). There is no known difference in the generation of extracellular 

versus intracellular Gal-3. The signal that determines the subcellular localization and the 

mechanism of extracellular Gal-3 secretion are not clear. In the intracellular space, Gal-3  
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binds substrates through protein-protein interactions, for example, intracellular Gal-3 

binds Bcl-2 to inhibit apoptosis (197, 201, 202).  

On a cellular level, Gal-3 expression is dynamic during mouse development. The 

earliest Gal-3 protein is detected in the cells of trophectoderm of blastocyst (203), and 

then a few days later in gestation Gal-3 is exclusively found in the notochord cells (204). 

In later stages of development, Gal-3 protein is found in the cartilage of vertebrae, ribs 

and facial bones, the suprabasal layer of epidermis, the endodermal lining of the bladder, 

  
	
 
Figure 3. Gal-3 binds substrates through different mechanisms depending on its 
cellular location. a) In the extracellular space, Gal-3 binds to its substrate through 
CRD-specific carbohydrate modifications on the substrate. Gal-3 binding to these 
substrates can induce surface protein interactions, cell-cell and cell to extracellular 
matrix interactions, which can all lead to initiation of downstream signaling. b) In the 
intracellular space, Gal-3 binds to its substrates through direct protein-protein 
interactions between Gal-3 and the substrate. 



	42	

larynx, and esophagus. The liver and lungs, as well as the mineralizing part of the bones 

and some other organs, have a punctate Gal-3 distribution that is associated with 

macrophages and/or related cell types such as osteoclasts (203). In adult mice, Gal-3 is 

mainly restricted to epithelial and myeloid cells. Within these cell types, Gal-3 can be 

either localized in the nucleus, cytoplasm, plasma membrane or secreted into 

extracellular space, however the primary location is in the cytoplasm. 

The cellular presence of Gal-3 in humans is similar to what is observed in mice. 

During the first trimester of human embryogenesis, Gal-3 is found in epithelia such as the 

skin, epithelial lining of the digestive and respiratory tract, urothelium and excretory 

tubes of the kidney, myocardial cells, peripheral and pre-ossifying hypertrophic 

chondrocytes, as well as in the notochord and liver (205). Notably, Gal-3 protein is not 

found in lymphoid tissues and naïve lymphocytes do not express Gal-3; however, 

sufficient stimuli (both mitogen and IL-2) can induce lymphocytes to produce 

intracellular Gal-3, which is not secreted into the extracellular space (206). Gal-3 protein 

is also not found in cells of the central nervous system. According to the Human Protein 

Atlas project, in adults, the majority of epithelial cells and variety of normal tissue types 

contain both cytoplasmic and nuclear Gal-3 protein (Fig. 4) (1). The same study showed 

little or no Gal-3 in hepatocytes, neuronal cells, and most lymphoid cells along with 

microglia and astrocytes (1). 

The presence of Gal-3 across most adult tissue types illustrates the necessity of 

Gal-3 in basic biology. However, increased levels of Gal-3 in the tumor and TME in 

several cancer types suggests a contribution to immunosuppression and a role in 
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promoting tumor growth. Given the critical role the TME plays in regulating tumor 

progression and metastasis, recent studies have focused on new therapeutic strategies that 

will turn the TME from an immunosuppressive to immunostimulatory. Cancer  

immunotherapies such as checkpoint blockade, T cell agonists, and adoptive cell therapy 

have been successful at producing effective antitumor responses within the TME. 

However, these immunotherapies are often not sufficient to overcome the complex 

 

 
	
 
 
Figure 4. Gal-3 protein expression levels in different human tissue. Each color 
represents an organ system and its sub-tissues. All images of immunohistochemistry 
are manually annotated considering staining intensity, fraction of stained cells, and 
subcellular localization using fixed guidelines for classification (adapted from The 
Human Protein Atlas) (1). Within these tissue types, Gal-3 can be localized in the 
nucleus, cytoplasm, plasma membrane or secreted into the extracellular space, 
however the primary location is in the cytoplasm. 
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immunosuppressive nature of the TME. Given this impediment in improving cancer 

immunotherapy, understanding the glycoprotein interactions within the TME, such as the 

immunosuppressive effects of Gal-3, will help us to overcome the challenges of 

immunosuppression. This review focuses on how Gal-3 affects immune cells, how Gal-3 

contributes to immunosuppression in lung and prostate tumors (tumor types selected due 

to the differential expression of Gal-3 in these tumors compared to other solid tumors) 

and within the TME, and how targeting Gal-3 has evolved in cancer immunotherapy.  

 

2.2  Galectin-3 in immune cells 

Gal-3 is known to influence immune cells and can negatively regulate their 

function in pathological settings. Here, we focus on the effects of Gal-3 specifically on 

lymphocytes and macrophages because of their critical contribution to anti-tumor 

responses in the TME. 

 

2.2.1 Gal-3 effects on lymphocytes 

Due to the expression of Gal-3 in normal tissue and its participation in a vast 

range of functions, it has been challenging to investigate the role of Gal-3 in lymphocytes 

in vivo; however, for decades, researchers have studied the role of Gal-3 in mediating 

lymphocyte suppression in vitro. Further, extracellular and intracellular Gal-3 can have 

disparate effects on lymphocyte function, which complicates the understanding of Gal-3 

function. Extracellular Gal-3 secreted by tumor or normal cells regulates several 

important lymphocyte functions such as apoptosis, activation, TCR signaling, migration, 

adhesion, and IL-5 production. Notably, the cellular location of Gal-3 determines whether 
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it has apoptotic or anti-apoptotic effects on T cells—extracellular Gal-3 induces 

apoptosis, while intracellular Gal-3 inhibits apoptosis. Extracellular Gal-3 induces 

apoptosis in human thymocytes and T cells by directly binding the glycoprotein receptors 

CD45 and CD71 (207). In contrast, overexpression of Gal-3 within the intracellular 

compartment of Jurkat T cells inhibited apoptosis induced by anti-Fas antibody and 

staurosporine (201). Intracellular Gal-3 is also involved in promoting cell growth and 

enhancing TCR signaling (201, 208). Furthermore, Gal-3 knockout CD4 T cells exhibited 

increased TCR expression and higher IFN-g secretion compared to wild-type CD4 T cells 

(193).  

The role of Gal-3 specifically within CD8+ T cells is a topic of intense interest 

due to the vital role CD8+ T cells play in immunotherapy. Despite this, little is known 

about the effects of either extracellular or intracellular Gal-3 on CD8+ T cell function. In 

one experiment, extracellular Gal-3 had a suppressive effect on CD8+ T cells as a Gal-3-

deficient melanoma tumor cell line or its supernatant cultured with tumor-reactive CD8+ 

T cells induced a significant expansion and increase in IFN-g levels in the CD8+ T cells 

compared to co-cultures with Gal-3-expressing tumor cell lines or supernatant (209, 210). 

In human tumor-derived CD8+ T cells, Gal-3 expression has been associated with the loss 

of TCR and CD8 marker localization at the immunological synapse and subsequent loss 

of effector function (211, 212). A recent study showed that extracellular Gal-3 binds to 

LAG-3 on CD8+ T cells and possibly suppresses CD8+ T cell function (213). However, in 

most studies the effect of Gal-3 on CD8+ T cells was shown in total splenocytes and/or in 

the presence of CD4+ T cells, thus these data may not reflect direct effects of Gal-3 on 

CD8+ T cells.  
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2.2.2 Galectin-3 effects on macrophages 

Macrophages play an important role in host defense and maintenance of tissue 

homeostasis. Macrophages are a functionally heterogeneous cell population and 

depending upon the micro-environmental stimuli they can polarize into two main groups, 

M1 and M2. M1 are classically activated macrophages whose activating stimuli are IFN-

γ and LPS. M2 are alternatively activated immunosuppressive macrophages, which 

include the subtypes M2a (exposure to IL-4 or IL-13) and M2c (exposure to IL-10 or 

glucocorticoids) (214). Gal-3 is highly expressed and secreted by macrophages 

themselves, which suggests a role for Gal-3 in the innate physiology of these cells (215-

217).  

Classical M1 macrophage activation with LPS inhibits Gal-3 expression and 

release, whereas alternative macrophage activation by IL-4/IL-13 leads to the accelerated 

biosynthesis and secretion of Gal-3, (218, 219) suggesting that Gal-3 may be a specific 

and highly up-regulated marker of M2-type macrophages (220). IL-4 mediates M2 

macrophage activation and subsequently activates increased Gal-3 expression as well as 

other phenotypic M2 activation markers. Gal-3 then becomes part of a feedback loop for 

driving M2 macrophage activation by binding to CD98 or CD98 and b1 integrin 

complex, which leads to PI3K activation and thus M2 activation. This IL-4-driven M2 

macrophage activation is blocked by an extracellular Gal-3 carbohydrate binding 

inhibitor, bis-(3-deoxy-3-(3-methoxybenz- amido)-D-galactopyranosyl) sulfane, and is 

also inhibited by the deletion of Gal-3, CD98, or inhibition of PI3K using small 

interfering RNA (siRNA) (218). Thus, Gal-3 can turn classical M1 macrophages into 

alternative M2 macrophages, a source of additional Gal-3 in the TME.  
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2.3  Galectin-3 contribution to immunosuppression 

 Several studies have reported that Gal-3 expression increases during cancer 

progression and this expression results in detrimental outcomes such as increased tumor 

progression, invasiveness, and metastatic potential (198, 221-223). Interestingly, Gal-3 

affects more cancer types than other galectins (Table 1) (222). The common function of 

Gal-3 in many different cancer types is reviewed elsewhere (197, 198); this review will 

focus exclusively on Gal-3 expression in prostate and lung cancer due to their unique 

Gal-3 expression profile.  
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Table 1. Summary of the effect of Galectin-3 on specific cancersa 
Cancer Type Gal-3 Expression Consequences of Gal-3 

Breast increased expression 
helps evade immune 
surveillance and killing of 
active T cells 

Prostate decreased expression over 
disease progression  

regulates metastatic 
cascade 

Cervical increased expression resistance to chemotherapy 

Lung increased expression in NSCLC involved in regulating 
metastasis to lung 

Gastric increased expression 
enhances gastric cell 
motility and mediates 
metastasis 

Melanoma increased expression 
increased growth, 
progression, angiogenesis, 
and metastasis 

Renal cell cancer increased expression anti-apoptotic, resistance to 
cytotoxic treatment 

Bladder increased expression increases malignant 
potential 

Pituitary increased expression cell proliferation and tumor 
progression 

Thyroid increased expression increased progression of 
differentiated thyroid cancer 

Pheochromocytoma increased expression predicts benign vs. 
malignant potential 

Glioma increased expression  
activated in microglia and 
macrophages the glioma 
progresses 

a adapted from Ebrahim et al. Galectins in solid malignancies 
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2.3.1 Galectin-3 expression and function in prostate cancer 

In other cancer types, Gal-3 expression increases throughout disease progression, 

(224) whereas Gal-3 expression in prostate cancer is notably different. Gal-3 is strongly 

expressed in the early stages of prostate cancer, but this expression gradually decreases 

over disease progression and is completely lost in advanced stage prostate cancer (224-

226). Due to this gradient of expression over disease progression, Gal-3 expression (in 

prostate cancer vs. benign tissues) may be useful in predicting biochemical recurrence 

(225, 227).  

In prostate cancer, Gal-3 regulates two coordinated steps of the metastatic 

cascade: the metastatic cells adhering to the microvascular endothelium (heterotypic 

adhesion) and the metastatic cells aggregating through interactions of tumor-associated 

Thomsen-Friedenreich glycoantigen with Gal-3 (homotypic aggregation) (223). 

Knockdown of Gal-3 using siRNA in human prostate cancer PC3 cells reduces tumor 

growth, cell proliferation, cell migration, colony formation, and invasion (228). Another 

study using the human prostate cancer PC3 cell line showed that Gal-3 knockdown 

results in a perturbed cell-cycle progression, including cell-cycle arrest at the G1 phase, 

up-regulation of nuclear p21, and hypo-phosphorylation of the retinoblastoma tumor 

suppressor protein (pRb). Up-regulation of nuclear p21 and hypo-phosphorylation of pRb 

leads to cell cycle arrest, suggesting a regulatory role for Gal-3 in cell-cycle progression 

(222). Gal-3 is also reported to be involved in osteoclastogenesis through binding 

myosin-2A (229). 

In addition to different oligomeric forms, Gal-3 can also take on a cleaved form 

after cleavage by matrix metalloproteinases (MMP)-2/-9. In mouse models of breast and 
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prostate cancers this cleavage is associated with angiogenesis, tumor growth, and 

resistance to apoptosis (230). Further, the levels of cleaved Gal-3 have been shown to 

increase with metastasis (228), suggesting that the loss of Gal-3 expression during 

disease progression in prostate cancer may reflect cleavage of Gal-3 on the cell surface. 

Once cleaved, the Gal-3 CRD binds with higher affinity to its carbohydrate ligand, but 

loses it is ability to multimerize through its N-terminal domain, thus abrogating any Gal-3 

biological function that depends on its dimer or pentamer formation (231). For example, 

intact Gal-3 promotes osteoclastogenesis through localization with myosin-2A, a 

suppressor of osteoclast differentiation. In contrast, the prostate bone metastases 

expressing cleaved Gal-3 can still bind to myosin-2A, but only partially reduce osteoclast 

differentiation because cleaved Gal-3 cannot form multimers (229). Further investigation 

is necessary to elucidate the relationship between the loss of Gal-3 expression and Gal-3 

cleavage in advanced prostate cancer. 

 

2.3.2 Galectin-3 expression and function in lung cancer 

The majority of studies investigating Gal-3 in lung cancer have suggested Gal-3 

involvement in tumor initiation, metastasis, and migration (221). Gal-3 expression varies 

among different types of lung cancer. For example, small cell lung cancer (SCLC) 

expresses Gal-3 at very low levels or not at all, while non-small cell lung cancer 

(NSCLC) expresses high levels of Gal-3 (232). Lung spheres of cancer stem cells derived 

from a NSCLC cell line (H1299) express relatively high levels of Gal-3 over serial 

passages compared to monolayer cells. Gal-3 knockdown in these NSCLC cell line-

derived spheres decreased stemness-related genes, suggesting a co-factor role for Gal-3 
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by interacting with β-catenin to increase the transcriptional activity of downstream 

stemness-related genes. In addition, after Gal-3 knockdown the cell line lost its ability to 

initiate tumors and had decreased aggressiveness, clonogenicity, and chemoresistance to 

cisplatin or paclitaxel (233). Furthermore, Gal-3 knockout resulted in attenuation of lung 

carcinogenesis. These experiments suggest a regulatory role for Gal-3 in carcinogenesis-

related B-cell receptors, ERK/MAPK, and peroxisome proliferator-activated receptor 

(PPAR) signaling pathways. Furthermore, the 4-(methylnitrosamino)-1-(3-pyridyle)-1-

butanone (NNK)-induced incidence of lung tumors were significantly lower in Gal-3 

knockout mice compared to their Gal-3 positive counterparts (21). 

Gal-3 is expressed on the endothelium of all the major compartments of the 

normal lung, and the presence of Gal-3 in normal lung tissue is thought to be a homing 

factor for lung metastasis because it provides a location for cells to adhere as they spread 

throughout the tissue (234). For example, endothelium membrane-bound Gal-3 binds 

high affinity ligands poly-N-acetyllactosamine (polyLacNAc) on N-oligosaccharides on 

melanoma cells, thus providing adhesion for melanoma cells to metastasize into the lung. 

Manipulating Gal-3 expression, or expression of Gal-3 substrates in the lung after the 

onset of a primary tumor elsewhere, could be a means of controlling metastasis to lung. 

For example, down-regulation of the Gal-3 binding substrate polyLacNAc in melanoma 

cells resulted in a loss of adhesion, spreading, MMP-9 secretion, and motility of Gal-3 

expressing cells. Due to the loss of these properties, melanoma cells also lost the ability 

to metastasize to the lung (234). Because of the connection between Gal-3 expression and 

metastasis, Gal-3 has been explored for its use as a biomarker to predict metastasis in 

lung cancer, but the results have been mixed. Some studies demonstrated that high levels 
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of Gal-3 and osteopontin in the serum and high expression of Gal-3 and osteopontin 

mRNA in NSCLC are associated with increased risk of developing metastasis and could 

be used as an index for evaluating undetectable NSCLC (235). However, other studies 

concluded that the expression and binding capacity of Gal-3 does not correlate with the 

staging of lung cancer and is therefore unfavorable as a prognostic marker (236). Gal-3 

involvement in metastasis to the lung makes Gal-3 a potential therapeutic target in order 

to eliminate homing of tumor metastasis into the lung.  

 

2.3.3 Galectin-3 mediated immunosuppression in the TME 

The TME consists of many different cell types including leukocytes, stroma, and 

neoplastic cells along with associated growth factors and chemokines. The functions of 

many of these TME components can be altered by the tumor to promote tumor 

proliferation and survival. For example, tumors promote immune suppression by 

inhibiting T cell activation, polarizing pro-tumor macrophages, and turning normal 

fibroblasts into cancer associated fibroblasts (237). Alteration of immune cells within the 

TME is one of the ways tumors escape immune control, which allows tumor progression 

and metastasis.  

Gal-3 plays a crucial role in promoting tumor-driven immune suppression. In 

mixed lymphocyte cultures of T cells derived from peripheral blood mixed with 

autologous tumor cells, inhibition of tumor-expressed Gal-3 led to the expansion of high 

numbers of tumor-reactive T cells (209), suggesting that Gal-3 suppresses expansion of 

tumor-reactive T cells. Furthermore, Gal-3 secreted by tumor cells has been shown to 

alter macrophage polarization from M1 (anti-tumor macrophage) to M2 (pro-tumor 
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macrophage), trigger CD8+ T cell apoptosis, and restrict TCR clustering, all of which 

contribute to immunosuppression and facilitate tumor escape (Fig. 5).  

 

 

 

 

 

 

 

 

 
	
 
Figure 5. Impact of Gal-3 within the TME. Gal-3 is secreted by the tumor cells as 
monomers, which can form pentamers and bind substrates. The arrows indicate the 
influence of extracellular Gal-3 on various cell subsets. Gal-3 secreted by tumor cells: 
1) polarizes M1 macrophages to M2 macrophages and 2) suppresses CD4 and/or CD8 
T cells. Gal-3 secreted by M2 macrophages: 3) binds tumor cells to promote tumor 
progression/metastasis and 4) suppresses T cells. 	
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2.3.4 Targeting Galectin-3 in immunotherapy 

Due to the extensive role played by the TME in promoting tumor progression and 

metastasis, modulating the TME to decrease immunosuppression and increase immune 

activation has gained considerable attention in the field of cancer immunotherapy. The 

overwhelming evidence of Gal-3 involvement in boosting tumor growth, metastasis, and 

immune suppression has made Gal-3 an exciting target for cancer immunotherapy. The 

inhibition of Gal-3 in solid tumors in combination with T cell checkpoint blockade or T 

cell agonists has potential to augment anti-tumor immunity and improve tumor 

regression. In pre-clinical studies, our group has shown that treatment with a Gal-3 

inhibitor, GR-MD-02, promotes antigen specific T cell expansion in vivo. In addition, 

GR-MD-02 combined with a stimulatory (agonist) anti-OX40 monoclonal antibody 

(mAb) improved survival in the MCA-205 sarcoma, 4T1 mammary carcinoma models, 

and TRAMP-C1 prostate cancer models (238). GR-MD-02 combined with anti-OX40 

also reduced lung metastases in the 4T1 model (238). Furthermore, combination of GR-

MD-02 with CTLA-4 or PD-1 checkpoint inhibitors has robust anti-tumor effects in 

multiple murine tumor models (239). This pre-clinical data provided the rationale for 

evaluating GR-MD-02 plus immunotherapy for patients with advanced cancer. GR-MD-

02 was entered into two separate phase 1 clinical trials in combination with ipilimumab, a 

CTLA-4 inhibitor, or pembrolizumab, a PD-1 inhibitor, in patients with metastatic 

melanoma (anti-CTLA-4 or anti-PD-1), head and neck squamous cell carcinoma (anti-

PD-1), and NSCLC (anti-PD-1) (NCT02575404; NCT02117362).  

 Another Gal-3 inhibitor, GCS-100, was used to treat elderly patients with 

relapsed chronic lymphocytic leukemia (CLL) in a phase II clinical trial, which resulted 
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in partial responses in 6 out of 24 patients (240). In a phase I clinical trial for treating 

refectory solid tumors, GCS-100 stabilized the disease in 16 of 24 patients (241). Since 

the completion of these clinical trials, GCS-100 has not been used by any other cancer-

specific clinical trials. However, recently GCS-100 was examined in preclinical mouse 

models. Mice bearing P815 tumors (mastocytoma tumor model) that were vaccinated and 

treated with GCS-100 exhibited 50% survival compared to controls treated with either 

GCS-100 or the vaccine, which all succumbed due to the tumors (212). A recent 

preclinical study also showed that GCS-100 was efficacious in limiting disease 

progression and increasing survival of KRAS mutant NSCLC and pancreatic cancers and 

a KRAS-derived spontaneous cancer models (242). In the light of this new pre-clinical 

data, GCS-100 may have a stronger anti-tumor response when used in combination 

therapy. These studies provide evidence for the potential efficacy of Gal-3 inhibition in 

combination with checkpoint blockade or T cell agonist immunotherapy for the treatment 

of cancer.  

 

2.4  Conclusion  

The uniquely structured lectin Gal-3 is expressed in most cell types in adults. The 

structure of Gal-3 allows it to oligomerize, which confers distinctive Gal-3 functions in 

situations of both homeostasis and pathological processes, such as cancer. Gal-3 

expression typically increases during cancer progression, and this expression results in 

both enhanced suppression of the immune response and other detrimental outcomes 

including increased tumor progression, invasiveness, and metastatic potential. Recent 

data suggests that inhibiting Gal-3 in combination with established immunotherapy has 
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the potential to both alleviate immune suppression and decrease tumor growth. Given 

these promising preliminary results, additional studies are warranted to further investigate 

how Gal-3 contributes to tumor progression and the mechanisms by which Gal-3 

inhibition combined with checkpoint blockade or T cell agonists augment cancer 

immunotherapy. 
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Chapter 3: Intracellular Galectin-3 is essential for OX40-

mediated memory CD8+ T cell development 

 

 

 

  



	58	

3 Abstract 

 CD8+ T cells are critical mediators of adaptive immunity and enhancing their 

function can promote robust responses against invading pathogens and neoplastic cells. In 

addition to TCR stimulation, the provision of co-stimulation through ligation of TNFR 

family members, such as OX40, provides essential signals driving T cell differentiation, 

survival, and memory in part through enhanced interleukin-2 (IL-2)/IL-2 receptor (IL-

2R) signaling. Interestingly, TCR stimulation in the presence of IL-2 upregulates 

intracellular expression of the beta-galactoside binding protein, Galectin-3 (Gal-3). Gal-3 

has been shown to regulate Th1/Th2 polarization of CD4+ T cells, however, the extent to 

which Gal-3 regulates the OX40/IL-2 signaling axis and CD8+ T cell proliferation, 

effector function, and/or survival is unknown. Here, we demonstrate that Gal-3-deficient 

CD8+ T cells exhibited no defects in early (36 hrs) activation or proliferation following 

TCR stimulation. In contrast, Gal-3-/- CD8+ T cells exhibited decreased survival and a 

reduced capacity to develop into memory cells following stimulation with cognate 

antigen plus agonist anti-OX40 mAb or IL-2 in vivo. Decreased survival of Gal-3-/- T 

cells was associated with increased apoptosis and occurred in a cell-intrinsic manner. 

Together, these data implicate intracellular Gal-3 as a critical mediator of OX40-

mediated CD8+ T cell survival and memory formation following antigen exposure.   
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3.1  Introduction 

CD8+ T cells are critical mediators of the adaptive immune response and they 

play an important role in protecting against invading pathogens and tumors. After TCR 

stimulation, CD8+ T cells go through clonal expansion and in the presence of appropriate 

co-stimulatory molecules and cytokines, polarize into multiple specialized subsets (83, 

243). A majority of activated CD8+ T cells undergo apoptotic cell death, while a minority 

differentiate into memory cells capable of mounting a robust recall response (244). One 

of the critical components driving T cell differentiation, survival, and memory is the 

presence of TNFR-mediated co-stimulation (105, 106). Specifically, ligation of the 

TNFR OX40 (CD134) by OX40L plays a crucial role in promoting the expansion and 

survival of effector and memory CD8+ T cells (72, 119, 245-247).  

OX40-OX40L signaling activates canonical and non-canonical NF-kB signaling 

pathways to promote T cell survival (124, 125) and OX40-OX40L ligation enhances IL-

2/IL-2R signaling by inducing interleukin-2 (IL-2) production and IL-2Rα (CD25) 

expression (104). This IL-2/IL-2R signaling is essential for OX40-mediated 

differentiation of CD8+ T cells (248, 249). IL-2 is one of the first cytokines secreted by T 

cells following TCR stimulation and has multifaceted effects on T cells including 

inducing proliferation, promoting survival, and sustaining T cell expansion (81, 83). The 

high-affinity IL-2R consists of a trimeric complex of the IL-2Rα (CD25), IL-2Rβ 

(CD122), and common γc (CD132) subunits. IL-2 binds the IL-2Rα alone with low 

affinity, while the dimeric IL-2Rβ/γc complex binds IL-2 with intermediate affinity. 

Interestingly, TCR stimulation in the presence of IL-2 upregulates intracellular 

expression of Gal-3. However, what role Gal-3 plays in the OX40/IL-2 signaling axis or 
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whether it contributes to CD8+ T cell proliferation, effector function, and survival is 

unknown (208, 250).  

Gal-3 is one of 15 known mammalian galectins that are β-galactoside-binding 

lectins characterized by structural similarities in their C-terminal carbohydrate-

recognition domains. Of these, Gal-3 is the only chimeric lectin and its substrate binding 

and function depends on its subcellular location. Extracellular Gal-3 form multimers 

through its N-terminus upon binding to glycoproteins in the extracellular space. 

However, intracellular Gal-3 facilitates protein-protein interactions via its non-lectin 

binding N-terminus and interacts with a variety of proteins important in preventing 

apoptosis and promoting cell growth. Recent work also revealed that Gal-3 enhances 

TCR signaling in CD4+ T cells through protein-protein interactions. The pro-survival 

effects of Gal-3 are derived, in part, from the significant structural similarity between 

Gal-3 and the anti-apoptotic protein, Bcl-2. The pro-survival activity of Bcl-2 is driven 

by a highly conserved amino acid sequence in the BH1 domain, the NWGR sequence 

(201). Gal-3 also contains the NWGR sequence and, moreover, Gal-3 has been shown to 

have anti-apoptotic activity, as Gal-3 overexpression within the intracellular compartment 

of Jurkat T cells inhibits apoptosis induced by Fas ligation and staurosporine (201). 

Additionally, in vitro studies have shown that Gal-3-deficient CD4+ T cells secrete more 

IFN-γ and IL-4 compared to wild-type (WT) cells and that Gal-3 potentiates TCR down-

regulation in CD4+ T cells following TCR engagement (193). However, the extent to 

which intracellular Gal-3 regulates CD8+ T cell responses is unknown.  

Here, we report that Gal-3-/- CD8+ T cells have no defect in early activation in 

vitro or in vivo. However, Gal-3-/- CD8+ T cells exhibit decreased survival and a defect in 
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transition to memory cells following antigenic challenge in the presence of an OX40 

agonist or IL-2 stimulation in vivo. Together, these data implicate Gal-3 as a critical 

mediator of OX40 and IL-2-induced CD8+ T cell survival and memory formation. 

 

3.2  Results 

3.2.1 OX40 costimulation maintains Gal-3 mRNA expression in CD8+ T 

cells 

T lymphocytes that have been activated with mitogen and a secondary signal, 

such as IL-2, express Gal-3 at significantly higher levels than T lymphocytes that have 

been activated with either mitogen or IL-2 alone (206, 208). Because high levels of Gal-3 

expression require both IL-2 and T cell activation and because OX40 and IL-2 signaling 

co-regulate each other in CD8+ T cells (63, 116-118), we asked whether OX40 co-

stimulation was sufficient to induce Gal-3 expression. We investigated Gal-3 mRNA 

expression in antigen (Ag)-specific CD8+ T cells following TCR stimulation in the 

presence of agonist anti-OX40 (aOX40) mAb therapy. Purified OT-I CD8+ T cells were 

adoptively transferred into wild-type (WT) mice, and then mice were vaccinated with 

soluble ovalbumin (OVA) plus control IgG or aOX40 mAb (67). The donor CD8+ T cells 

were isolated from lymph nodes on days 4, 6, and 8 post-treatment and processed for 

mRNA analysis (Fig. 6A). Minimal Gal-3 mRNA expression was detected in naïve OT-I 

or endogenous CD8+ T cells, consistent with a lack of Gal-3 expression in quiescent cells 

(Fig. 6B). In contrast, on day 4 stimulated CD8+ T cells exhibited high levels of Gal-3 

expression that decreased over time. Interestingly, agonist aOX40 therapy was sufficient 
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to sustain high levels of Gal-3 expression 6 to 8 days post-treatment (Fig. 6B). These data 

demonstrated that OX40 signaling sustains Gal-3 expression in Ag-specific CD8+ T cells.  

We then asked whether there was any difference in the initial activation status of 

WT versus Gal-3-/- CD8+ T cells in vivo or in vitro, focusing on expression of CD25 and 

the OX40 receptor because these are upregulated shortly after TCR stimulation. WT and 

Gal-3-/- CD8+ OT-I T cells were adoptively transferred into WT hosts and stimulated with 

OVA (as in Fig. 6B), and then we evaluated OX40 and CD25 expression on the donor 

CD8+ T cells from lymph nodes (LN) 36 hours post-vaccination. There was no difference 

in the percent of cells expressing OX40 or CD25 expression between WT and Gal-3-/- 

CD8+ T cells (Fig. 6C). We also examined OX40 and CD25 expression on WT and Gal-

3-/- OT-I T cells stimulated with OVA peptide in vitro. Similar to our in vivo findings, 

there was no difference in the percent of cells expressing OX40 or CD25 between WT 

and Gal-3-/- T cells in vitro (Fig. 7). Taken together, these data demonstrate that Gal-3-/- 

OT-I T cells do not have a defect in their initial response to TCR stimulation in vivo or in 

vitro.  
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Figure 6. OX40 agonist treatment maintains Gal-3 mRNA expression in CD8+ T 
cells. A) Experimental scheme for determining Gal-3 mRNA expression in OT-I 
CD8+ T cells in vivo. B) 2.5x106 WT OT-I T cells were adoptively transferred into 
WT mice and then stimulated with soluble OVA protein (day 0) along with control 
(rat IgG) or aOX40 (day 0, 1). At the indicated time points, donor OT-I T cells were 
harvested and the relative expression of Gal-3 mRNA was determined. C) 2x106 
CFSE-labeled WT or Gal-3-/- OT-I T cells were adoptively transferred into WT mice 
and then stimulated as in (B). Thirty-six hours later, the expression of OX40 and 
CD25 WT or Gal-3-/- OT-I T cells isolated from the lymph nodes was determined. 
Graphs represent the mean+/-SD from 2 independent experiments (n=4-5/ group). 
*P<0.05, **P<0.01, ***P<0.001,	****P<0.0001	
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3.2.2 Gal-3 is essential for OX40-mediated CD8+ T cell survival  

OX40 signaling plays an important role in regulating CD8+ T cell expansion and 

survival and we observed that aOX40 therapy drives sustained expression of Gal-3 (Fig. 

6B), suggesting that Gal-3 may regulate the downstream effects of OX40 signaling. To 

test whether Gal-3 contributes to OX40-mediated CD8+ T cell differentiation and 

survival, WT or Gal3-/- OT-I T cells were adoptively transferred into WT recipients and 

then stimulated with cognate antigen along with control IgG or agonist aOX40 mAb. 

Subsequently, we determined the Ag-specific CD8+ T cell response at 7, 14, and 29 days 

post-treatment (Fig. 8A). Anti-OX40 therapy induced an equally potent expansion of WT 

and Gal-3-/- CD8+ T cells as compared to controls on day 7 post-treatment; however, by 

14 and 29 days post-stimulation, Gal-3-/- CD8+ T cells were significantly reduced in 

comparison to WT cells (Fig. 8B and Fig. 9). This defect was not due to a reduction in 

 

 
	
Figure 7. Expression of OX40 and CD25 in WT and Gal-3-/- CD8+ T cells. WT or 
Gal-3-/- OT-I CD8+ T cells were stimulated with irradiated SIINFEKL peptide-pulsed 
APCs (DC2.4 cells). After 24 hours, cells were washed and re-cultured with media or 
100ng rhIL-2 and then 48 hours later, OX40 and CD25 expression were determined. 
Graphs represent the mean+/-SD from 2 independent experiments (n=4/ group). 
*P<0.05, **P<0.01, ***P<0.001,	****P<0.0001 
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proliferation as there was no difference in Ki-67 expression (a marker of cellular 

proliferation) between WT and Gal-3-/- T cells across all time points (Fig. 8C). 

Because we did not detect a difference in proliferation, we hypothesized that the 

lack of Gal3-/- CD8+ T cell survival could be a deficiency in the development of and/or 

transition to memory cells, which starts occurring approximately 1 week post-stimulation. 

During this phase of the T cell response, a proportion of short-lived terminal effector T 

cells (TE) die off and effector memory cells (72) and long-lived central memory cells 

(TCM) start to accumulate, resulting in a reduction in TE cells (251). These cells can be 

identified based upon their differential expression of CD62L and KLRG-1 1 (TE/TEM: 

CD62Llo/KLRG1+ and TCM: CD62L+/KLRG1-) (252, 253). To determine if there were 

differences in the proportion of TE/TEM and/or TCM, we determined the expression of 

CD62L and KLRG-1 in WT and Gal-3-/- CD8+ T cells. On day 7, aOX40 therapy induced 

equivalent levels of KLRG-1 in WT and Gal-3-/- T cells in comparison to IgG-treated 

controls (Fig. 8D); however, increased KLRG-1 expression was uniquely maintained in 

Gal-3-/- T cells by day 14 as compared to WT T cells (Fig. 8D). There were no significant 

differences in CD62L expression between WT and Gal-3-/- T cells across the time course, 

although the Gal-3-/- CD8+ T cells treated with aOX40 trended towards a lower frequency 

of CD62L+ compared to aOX40-stimulated WT cells (Fig. 8D).  

Thus, aOX40 treatment drives KLRG-1 expression in Gal-3-/- T cells, resulting in 

a significantly higher frequency of TE/TEM cells and a corresponding lower frequency of 

TCM cells compared to their aOX40-treated WT counterparts on day 14 (Fig. 8E). The 

increase in TE/TEM was present as early as day 7 and maintained until day 29 (Fig. 10). 
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Figure 8. Gal-3 deficient CD8+ T cells exhibit reduced survival following aOX40 
therapy. A) Experimental schema. WT or Gal-3-/- CD8+ OT-I T cells were adoptively 
transferred into WT mice and stimulated as in Fig. 1. The frequency of adoptively 
transferred cells was determined in the peripheral blood (days 7 and 14) and spleen 
(day 29) by flow cytometry. B-F) Graphs depict the frequency of B) donor (Thy1.1+) 
cells of total CD8+ T cells, C) Ki-67+ Thy1.1+ of total Thy1.1+ cells, D) KLRG-1+ 
Thy1.1+ or CD62L+ Thy1.1+ of total Thy1.1+ cells, and E) TE/TEM and TCM cells 
within the donor OT-I T cell population on day 14. F) On day 29, splenocytes were 
harvested and stimulated with cognate Ag (SIINFEKL peptide). Graphs depict the 
frequency of IFN-g+ or and TNF-a+ Thy1.1+ of total Thy1.1+ CD8+ T cells. Graphs 
represent the mean+/-SD from 2 independent experiments (n=7/ group). *P<0.05, 
**P<0.01, ***P<0.001,	****P<0.0001 
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Figure 10. TE/TEM and TCM cells within the donor CD8+ T cell population. A) 
Frequency of TE/TEM and TCM cells within the donor Thy1.1+ OT-I T cell population 
on day 7. B) Frequency of TE, TEM and TCM cells within the donor Thy1.1+ OT-I T cell 
population on day 29. Graphs represent the mean+/-SD from 2 independent 
experiments (n=7/ group). *P<0.05, **P<0.01, ***P<0.001,	****P<0.0001 
	

 

	
	
 
Figure 9. Number of isolated adoptively transferred OT-I CD8+ T cells. Total 
number of isolated adoptively transferred OT-I CD8+ T cells on day 29 per spleen.	
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These data suggested that the survival benefits of aOX40 therapy are abrogated in Gal-3-/- 

CD8+ T cells and that Gal-3-/- CD8+ T cells exhibit a defect in the generation of central 

memory cells. Next, we asked whether Gal-3-/- CD8+ T cells retain their effector function, 

in addition to their reduction in survival. We evaluated the extent of effector cytokine 

production in the adoptively transferred CD8+ T cells isolated from spleens on day 29.  

These data revealed no differences in IFN-g or TNF-a cytokine production between Gal-

3-/- and WT CD8+ T cells following restimulation in vitro (Fig. 8F).  

Subsequently, we asked whether the defect in Gal-3-/- CD8+ T cell survival 

occurred through a cell intrinsic or extrinsic mechanism. Thy1.1/1.2 WT and Thy1.1/1.1 Gal-

3-/- CD8+ T cells were co-transferred into Thy1.2/1.2 WT mice, stimulated with antigen plus 

aOX40 therapy, and then donor T cell responses were monitored over time (Fig. 11A). 

These data revealed that the Gal-3-/- CD8+ T cells treated with aOX40 had reduced 

survival compared to the WT cells, supporting our findings from the single transfer 

model and suggesting that the reduced survival of Gal-3-/- CD8+ T cells is cell intrinsic 

(Fig. 11B). Additional co-transfer studies revealed similar differences with respect to 

CD62L and KLRG-1 expression, including an increase in the extent of TE/TEM CD8+ T 

cells, between WT and Gal-3-/- co-transferred CD8+ T cells treated with aOX40 (Fig. 

11C). Taken together, these data demonstrate that aOX40-treated Gal-3-/- CD8+ T cells 

are not defective in early activation, differentiation, or proliferation, but exhibit cell-

intrinsic defects in survival and a skewed differentiation that favors effector and effector 

memory cell generation with a concomitant decrease in the proportion of central memory 

cells. 

 



	70	

 

 

 

 

 
 
 
Figure 11. Defect in Gal-3-deficient CD8+ T cell survival is cell intrinsic. 2x106 
Thy1.1/1.2 WT or Thy1.1/1.1 Gal-3-/- OT-I CD8+ T cells were co-transferred into Thy1.2/1.2 
WT mice and then stimulated with OVA plus control (rat IgG) or aOX40 mAb. The 
frequency of adoptively transferred OT-I T cells was determined in the PBL (days 7 
and 14) and spleen (day 29) by flow cytometry. A) Gating strategy for determining the 
frequency of adoptively transferred cells WT OT-I (Thy1.1/Thy1.2), Gal-3-/- OT-I 
(Thy1.1 /Thy1.1), and endogenous (Thy1.2/Thy1.2) CD8+ T cells. B) Frequency of 
adoptively transferred WT and Gal-3-/- OT-I T cells. C) Frequency of TE, TEM and TCM 
donor OT-I T cells on day 14. Graphs represent the mean+/-SD from 2 independent 
experiments (n=8/group). *P<0.05, **P<0.01, ***P<0.001,	****P<0.0001 
	



	71	

Furthermore, we also examined the impact of Gal-3 on CD8+ T cell survival 

following infection with a non-virulent strain of Listeria monocytogenes expressing 

ovalbumin (Lm-ActA-OVA).  WT or Gal3-/- OT-I T cells were adoptively transferred into 

WT recipients and then infected with Lm-ActA-OVA along with control IgG or agonist 

aOX40 mAb. The Ag-specific OT-I T cell response was determined at 7, 14, and 29 days 

post-treatment (Fig. 12A). Anti-OX40 therapy induced an equally potent expansion of 

WT and Gal-3-/- OT-I T cells as compared to controls on day 7 post-treatment; however, 

by 14 and 29 days post-stimulation, Gal-3-/- OT-I T cells were significantly reduced in 

comparison to WT cells (Fig. 12B). On day 29, the recipient mice were rechallenged with 

Lm-ActA-OVA to assess the recall response. The rechallenged Gal-3-/- CD8+ T cells 

treated with aOX40 had significantly reduced  

expansion compared to aOX40-treated WT OT-I T cells (Fig. 12C). However, 

there was no significant difference in pre- vs. post-challenge expansion (fold-change) 

between WT and Gal-3-/- CD8+ cells (Fig. 13) or IFN-g and TNF-a expression (Fig. 12C). 

Together, these data suggest that the surviving Gal-3-/- CD8+ T cells treated with aOX40 

can form long-term memory and, upon rechallenge, these cells can undergo secondary 

expansion and retain their effector function. 

 We also determined the impact of Gal-3 on CD8+ T cell-mediated anti-tumor 

immunity in a B16-OVA (melanoma) tumor model. B16-OVA tumors were implanted in 

the flank of WT mice and then two weeks later, WT or Gal3-/- OT-I CD8+ T cells were 

adoptively transferred into tumor-bearing recipients and then treated with control IgG or 

agonist aOX40 mAb (Fig. 12D). Tumor-bearing mice treated with Gal-3-/- CD8+ T cells 

plus aOX40 exhibited significantly reduced survival as compared to WT CD8+ T cells + 
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aOX40 (Fig. 12E). Together, these data demonstrate the critical role of intracellular Gal-3 

in regulating aOX40-treated CD8+ T cell responses in the context of an infection (Lm-

ActA-OVA) or tumor (B16-OVA) therapy. 
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Figure 12. The relevance of Gal-3 in aOX40-treated CD8+ T cell responses to 
vaccination and anti-tumor immunity. A) Experimental schema. WT or Gal-3-/- OT-
I CD8+ T cells were adoptively transferred into WT mice and stimulated with 10x106 
Lm-ActA-OVA along with aOX40 agonist on day 0 and another dose of aOX40 
agonist the next day. The frequency of adoptively transferred cells was determined in 
the peripheral blood (days 7, 14, and 29) by flow cytometry. The mice were 
rechallenged with 10x106 Lm-ActA-OVA on day 29 and the frequency of adoptively 
transferred cells was determined in the peripheral blood five days after the 
rechallenge. B) Frequency of adoptively transferred WT and Gal-3-/- OT-I T cells. C) 
Frequency of adoptively transferred WT and Gal-3-/- OT-I T cells after rechallenge 
and the expression of IFN-g and TNF-a. D) Experimental schema for tumor model.	
5x106 B16-OVA cells were implanted in the flank of WT mice. WT or Gal-3-/- OT-I T 
cells were adoptively transferred into B16-OVA tumor-bearing mice along with 
aOX40 agonist on day 13 and another dose of aOX40 agonist the next day. Tumor 
growth was measured every two days. E) Kaplan-Meier survival curve for B16-OVA 
tumor-bearing mice following treatment with WT or Gal-3-/- OT-I T cells plus control 
IgG or agonist aOX40 mAb. (n=5-7/group). *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001	
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Figure13. Pre- vs. post-challenge expansion (fold-change) between WT and Gal-
3-/- OT-I T cells. Fold change in expansion of adoptively transferred OT-I CD8+ T 
cells post-challenge (day34) normalized to pre-challenge (day 29). 
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3.2.3 Gal-3 is essential for IL-2-mediated CD8+ T cell survival  

Because OX40 ligation augments CD8+ T cell expansion and survival in part 

through an IL-2-dependent mechanism (104, 119, 124), we asked whether Gal3-/- CD8+ T 

cells would exhibit a similar defect in survival and formation of central memory cells 

following IL-2-specific stimulation in vivo, independent of enhanced OX40 ligation. To 

test this, WT or Gal3-/- CD8+ T cells were adoptively transferred into WT mice and then 

activated with antigen plus IL-2-complexes (IL-2c). IL-2c are made by mixing 

recombinant IL-2 (rIL-2) with an anti-IL-2 mAb (clone S4B6) that preferentially binds to  

the IL-2Rb chain with a half-life of 22-24 hours, thereby stimulating effector T cells 

(254, 255). Treatment with IL-2c has the added benefit of limiting the expansion of 

regulatory FoxP3+CD4+ T cells (Treg) and is less toxic compared to rIL-2 (255). We saw 

IL-2-induced expansion of CD8+ T cells on day 7, but we observed a significant 

reduction in Gal-3-/- CD8+ T cell survival compared to WT cells by days 14 and 29, 

similar to our observations following aOX40 treatment (Fig. 14A). There was no 

difference in proliferation (Ki-67 expression) between WT and Gal-3-/- CD8+ T cells 

treated with IL-2c (Fig. 14B). Interestingly, we did not observe significant differences in 

the frequency of TE/TEM, or TCM cells in Gal-3-/- CD8+ T cells treated with IL-2c as 

compared to WT cells (Fig. 14C), which may reflect differences in systemic 

inflammation following IL-2c therapy as compared to OX40 stimulation. All groups 

exhibited similar levels of IFN-g and TNF-a production on day 29, indicating that there 

was no defect in effector function in the absence of Gal-3 (Fig. 14D). Together, these 

data demonstrate that Gal-3-/- CD8+ T cells are not defective in early proliferation and 
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generation of memory following treatment with IL-2c, but exhibit reduced survival 

compared to their WT counterparts.  
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Figure 14. Gal-3 is essential for IL-2-mediated CD8+ T cell survival. 2x106 WT or 
Gal-3-/- OT-I T cells were adoptively transferred into WT hosts and stimulated with 
OVA+/-IL-2c. IL-2c was given every day for three days. The frequency of adoptively 
transferred OT-I T cells was determined in the PBL (days 7 and 14) and spleen (day 
29) by flow cytometry. A-C) Graphs depict the frequency of A) donor (Thy1.1+) cells 
of total CD8+ T cells, B) Ki-67+ Thy1.1+ of total Thy1.1+ cells, C) TE, TEM and TCM 
cells within the donor OT-I T cell population on day 14. D) On day 29, splenocytes 
were harvested and stimulated with cognate Ag. Graphs depict the frequency of IFN-
g+ or TNF-a+ Thy1.1+ of total Thy1.1+ OT-I T cells. Graphs represent the mean+/-SD 
from 2 independent experiments (n=6-7/ group) *P<0.05, **P<0.01, ***P<0.001,	
****P<0.0001 
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3.2.4 Gal-3-deficient CD8+ T cells undergo increased apoptosis in vitro 

and in vivo in comparison to WT CD8+ T cells 

Because Gal-3-/- CD8+ T cells exhibited reduced survival in comparison to WT 

cells (Fig. 8B and 14A), we asked whether their lower frequency was due to increased 

apoptosis. T cell apoptosis was determined by measuring Annexin V expression, a widely 

used marker for detecting apoptotic cells in vitro and in vivo based upon its ability to bind 

phosphatidylserine expressed on the surface of dying cells. WT or Gal-3-/- OT-I T cells 

were stimulated with OVA in vitro in the presence or absence of rIL-2 and then the extent 

of Annexin V expression was determined. We observed a significant increase in Annexin 

V+ Gal-3-/- T cells in vitro as compared to WT cells, regardless of the presence of IL-2 

(Fig. 15A). Similarly, Annexin V expression was significantly increased in Gal-3-/- CD8+ 

T cells isolated from lymph nodes following stimulation with antigen plus IL-2 in vivo 

(Fig. 15B). Furthermore, we looked at Annexin V expression in different subsets 

(TE/TEM, and TCM) of donor OT-I T cells in the spleen on day 14. Interestingly, there was 

a significant increase in Annexin V within the TE/TEM subset of Gal-3-/- T cells treated 

with aOX40 agonist compared to their WT counterparts (Fig. 15C). Together, these data 

suggest that Gal-3-/- CD8+ T cells are more susceptible to apoptotic cell death in 

comparison to WT CD8+ T cells. 
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Figure 15. Gal-3-deficient CD8+ T 
cells exhibit increased apoptosis in 
vitro and in vivo. A) 3x105 WT or Gal-
3-/- OT-I CD8+ T cells were stimulated 
with 5x104 irradiated SIINFEKL 
peptide-pulsed APCs (DC2.4 cells). 
Twenty-four hours later, cells were 
incubated +/- 100ng rhIL-2 for 48 
hours. The frequency of Annexin V+ 
CD8+ T cells was determined by flow 
cytometry. B) 2x106 WT or Gal-3-/- OT-
I T cells were adoptively transferred 
into WT mice and then stimulated with 
soluble OVA (day 0) +/- IL-2c (days 0-
2). On day 7, the frequency of Annexin 
V+ donor OT-I T cells in the LN was 
determined by flow cytometry. C) On 
day 14, the frequency of Annexin V+ 
donor OT-I T cells stimulated with 
soluble OVA (day 0) + aOX40 (days 0-
1) in the spleen was determined by flow 
cytometry. Graphs for in vitro 
experiments represent the mean+/-SD 
from 2 independent experiments and in 
vivo experiment (n=4/ group) *P<0.05, 
**P<0.01, ***P<0.001,	****P<0.0001 
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3.2.5 Erdr1 is upregulated in Gal-3-deficient CD8+ T cells 

To further investigate the mechanism of increased apoptosis in Gal-3-/- CD8+ T 

cells, we evaluated the expression of Erythroid differentiation regulator 1 (Erdr1). Erdr1 

is a secreted autocrine factor that induces apoptosis in T cells (256). Overexpression of 

Erdr1 in CD4+ T cells results in a concomitant downregulation of Gal-3 expression (256), 

which suggests a possible connection between Gal-3 and Erdr1-induced apoptosis. Thus, 

we used a flow cytometry based method to determine whether Erdr1 mRNA expression 

is altered in Gal-3-/- CD8+ T cells. We used dapB, a Bacillus subtilis reductase gene, as a 

negative control, and ActB, the beta-actin gene, as a positive control. We found that 

Erdr1 expression was significantly higher in in vitro stimulated Gal-3-/- CD8+ T cells 

compared to WT cells (Fig. 16A and B). In addition, we looked at the extent of Erdr1 

mRNA expression in adoptively transferred WT or Gal-3-/- CD8+ T cells treated in vivo 

with or without aOX40 agonist and observed increased Erdr1 mRNA expression in the 

Gal-3-/- CD8+ T cells compared to WT cells (Figs. 16C and D). Although agonist aOX40 

therapy significantly decreased Erdr1 expression in WT CD8+ T cells, aOX40 treatment 

was not sufficient to reduce Erdr1 expression in Gal-3-/- CD8+ T cells (Figs. 16C and D). 

The increased expression of Erdr1 in Gal-3-/- CD8+ T cells supports the increased 

apoptosis in Gal-3-/- CD8+ cells compared to WT cells in vitro and in vivo (Figs. 15A and 

B).  It should be noted that these data support a correlation between the increased 

expression of Erdr1 and increased apoptosis in Gal-3-/- CD8+ T cells. The extent to which 

Erdr1 directly induces increased cell death in Gal-3-/- CD8+ T cells remains unclear and is 

currently under investigation. 
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Figure 16. Erdr1 is upregulated in Gal-3-deficient CD8+ T cells. 3x105 WT or Gal-
3-/- OT-I CD8+ T cells were stimulated with 5x104 irradiated SIINFEKL peptide-
pulsed APCs (DC2.4 cells). Forty-eight hours later, cells were washed and re-cultured 
for another 48 hours in media. Cells were then analyzed by PrimeFlow assay. Bacillus 
subtilis dapB (negative control), IFN-g or Actb (positive control), and Erdr1 mRNA 
expression was determined. A) The histogram represents Erdr1 expression in WT (2) 
and Gal-3-/- (red) OT-I T cells. B) Bar graphs represent total mRNA expression of 
dapB, Actb, and Erdr1. C) The flow plots are representatives of in vivo expression of 
Erdr1 from different experimental groups and controls. D) The bar graphs are the 
summary of dapB, Actb and Erdr1 mRNA expression in vivo using PrimeFlow assay. 
Graphs represent the mean+/-SD from 2 independent in vitro experiments. In vivo 
experiments (n=4). *P<0.05, **P<0.01, ***P<0.001,	****P<0.0001	
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3.3  Discussion 

OX40-OX40L signaling induces the expansion and survival of memory CD8+ T 

cells (72, 119, 245-247) and here we show that intracellular Gal-3 contributes to agonist 

aOX40-induced CD8+ T cell survival and memory formation. Gal-3-/- CD8+ T cells 

receiving aOX40 therapy underwent a similar expansion as WT cells 1 week post-

stimulation, and we did not observe any differences in proliferation or effector 

differentiation of the Gal-3-/- CD8+ T cells during this initial response (Fig. 8). However, 

we did observe significantly reduced survival of Gal-3-/- CD8+ T cells treated with 

aOX40 by days 14 and 29. as well as significantly reduced survival of aOX40-treated 

Gal-3-/- CD8+ T cells following Lm-ActA-OVA infection (Fig. 12B), suggesting a crucial 

role for Gal-3 in regulating OX40-induced CD8+ T cell survival. In addition, a 

significantly higher percentage of Gal-3-/- CD8+ T cells remained in an effector or 

effector memory phenotype by day 14 post-aOX40 therapy, indicating a key role for 

intracellular Gal-3 in facilitating the development of central memory CD8+ T cells (Fig. 

8E). Although only a fraction of Gal-3-/- CD8+ T cells survive by day 29 (Fig. 8B), the 

remaining cells did not exhibit any defects in the production of effector cytokines 

including IFN-g and TNF-a (Fig. 8F), indicating that these cells had no defect in the 

acquisition of effector function.  

Different groups have shown a critical role for OX40 in mediating memory CD8+ 

T cell formation following infections with Lm-OVA or vaccinia virus (245, 252). 

Engagement of the OX40 signaling pathway leads to expression of anti-apoptotic 

proteins that help the T cells survive long-term and transition into memory cells (124, 

257-259). OX40 is also known to maintain Protein kinase B (PKB, also known as Akt) 
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activity, which has an essential role in regulating T cell longevity (259). Interestingly, 

Gal-3 has been shown to upregulate Akt phosphorylation (260). Similarly, we show that 

OX40 ligation sustains Gal-3 mRNA expression over time (Fig. 6B) and in the absence 

of Gal-3, OX40 signaling does not induce the long-term survival of CD8+ T cells. In light 

of these studies, one explanation for our observation of defective survival in OX40-

stimulated Gal-3-/- CD8+ T cells is perhaps the critical role of Gal-3 in regulating Akt 

phosorylation following OX40 ligation, which mediates the formation of memory CD8+ 

T cells and supports their long-term survival. Whether there is such a defect in the 

phosphorylation of Akt or other related family members in Gal-3-/- CD8+ T cells after 

aOX40 therapy is currently under investigation.  

Agonist aOX40 stimulation of CD8+ T cells in vivo induces IL-2Ra expression 

and IL-2 production (63, 117, 118). In turn, IL-2/IL-2R signaling creates a positive 

feedback loop that sustains IL-2 secretion and IL-2R expression. Thus, the mechanisms 

driving OX40-mediated survival would likely include those elicited via IL-2/Gal-3 

signaling as OX40 stimulation induces IL-2/IL-2R-dependent signaling in CD8+ T cells. 

Therefore, to identify whether the phenotype we observed in Gal-3-/- CD8+ T following 

aOX40 therapy is independent of IL-2, we tested whether Gal-3-/- CD8+ T cells exhibited 

any defects following IL-2 stimulation. Similar to the results obtained with aOX40 

therapy, Gal-3-/- CD8+ T cells stimulated with antigen in the presence of IL-2c did not 

exhibit any defect in their initial expansion or differentiation (day 7) as compared to WT 

cells (Fig. 14A). However, we observed a significant decrease in the survival of Gal-3-/- 

CD8+ T cells treated with IL-2c later in response (days 14-29) (Fig. 14A).  
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In contrast to aOX40 therapy, there was no difference in the frequency of TE/TEM 

and TCM cells following IL-2c treatment. One explanation for the difference in the TE/TEM 

and TCM cell subsets between the aOX40 and IL-2c-treated models may be differences in 

the inflammatory mileu between these models and the differing roles of aOX40 and IL-2 

in regulating the long-term survival and differention of CD8+ T cells in vivo. Different 

studies have shown that IL-2/IL-2R signaling is important for initial T cell activation and 

short-term survival, but it is not responsible for in vivo generation and maintenance of 

memory CD8+ T cell (259, 261). Therefore, it is not surprising that we do not see 

differences in the frequencies of TE/TEM, and TCM cells following IL-2c treatment. Further 

analysis revealed no defect in IFN-g or TNF-a production by the Gal-3-/- CD8+ T cells 

and that Gal-3 regulated CD8+ T cell survival through a cell-intrinsic mechanism (Figs. 

11B and 14D). Thus, while Gal-3 was necessary to support T cell survival following IL-

2-stimulation, it did not affect their effector function or proportion of each memory 

subset. 

Gal-3 shares significant structural properties with the anti-apoptotic protein, Bcl-

2. Specifically, Gal-3 has a NWGR motif, which is a highly conserved amino acid 

sequence in the BH1 domain of the BCL-2 gene and is responsible for the anti-apoptotic 

activity of Bcl-2 proteins (201). Intracellular Gal-3 inhibits induced Fas-dependent 

apoptosis in Jurkat T cells (201). In addition, Gal-3 can suppress apoptosis through the 

induction of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, which inhibits 

caspase-9 and caspase-3 activation (197). Indeed, Gal-3-/- CD8+ T cells were significantly 

more apoptotic in vitro and in vivo (Fig. 15A and 15B). The increased apoptosis of Gal-3-

/- CD8+ T cells was also associated with their failure to generate central memory cells 
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(Fig. 11C). We were able to determine the extent of Annexin V expression among the TE, 

TEM and TCM T cells subsets and observed significantly higher apoptosis in the effector 

subsets of Gal-3-/- CD8+ T cells treated with aOX40 compared to the effector subset (day 

14). Thus, Gal-3-/- CD8+ T cells experience increased cell death due to skewing towards a 

short-lived effector cell phenotype. However, whether reduced long-term survival of Gal-

3-/- CD8+ T cells is due to increased cell death of the effector cell phenotype or if they are 

simply unable to develop into central memory cells following aOX40 therapy is unclear. 

Single cell gene expression profiling assays may be useful in elucidating the underlying 

mechanisms regulating the deficiencies in the generation of memory Gal-3-/- CD8+ T 

cells. 

Contrary to intracellular Gal-3’s ability to inhibit Fas-dependent apoptosis, 

ERDR1 has been shown to induce T cell apoptosis via a Fas-dependent pathway (256). 

The common interaction of Gal-3 and Erdr1 with Fas-dependent apoptosis and the 

reciprocal expression of Gal-3 and Erdr1 mRNA in T cells suggests that there is also a 

regulatory connection between Gal-3 and Erdr1. We observed a significant increase in 

Erdr1 mRNA expression in Gal-3-/- CD8+ T cells, suggesting that higher levels of Erdr1 

in Gal-3-/- CD8+ T cells triggers apoptosis. However, we were unable to detect any 

difference in Fas expression between WT and Gal-3-/- CD8+ T cells (data not shown). 

Thus, it remains to be determined whether a Erdr1-Fas-related pathway is the primary 

mechanism of increased cell death in Gal-3-/- CD8+ T cells.  

The interaction of OX40 with OX40L results in activation of canonical and non-

canonical NF-kB pathways that are key for survival (124, 125, 262). Furthermore, 

multiple studies have shown that NF-kB regulates Gal-3 expression in vitro (197, 263), 
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suggesting an important role for Gal-3 in regulating cell survival (221). Interestingly, 

inactivity of NF-kB in OX40-deficient T cells leads to poor expansion and survival (262), 

which closely emulates the Gal-3-/- CD8+ T cell phenotype of reduced long-term survival. 

Future experiments are warranted to evaluate the activity of NF-kB in Gal-3-/- CD8+ T 

cells and if constitutive activation of NF-kB in Gal-3-/- CD8+ T cells would rescue the 

phenotype.  

In light of our findings, we propose a mechanism that illuminates the role of Gal-

3 in regulating agonist aOX40 and IL-2c-induced CD8+ T cell survival in vivo (Fig. 17). 

Agonist aOX40 and/or IL-2c co-stimulation induces Gal-3 expression in CD8+ T cells 

and Gal-3 and Erdr1 mRNA expression are inversely correlated. Therefore, in WT CD8+ 

T cells, aOX40 or IL-2c-mediated co-stimulation induces Gal-3, which subsequently 

down-regulates Erdr1 expression to decrease apoptosis, potentially through a Fas-

dependent pathway. However, in the absence of Gal-3, OX40 and/or IL-2c co-stimulation 

upregulates Erdr1 expression thereby increasing apoptosis of Gal-3-/- CD8+ T cells. This 

study highlights the vital function of intracellular Gal-3 in regulating the long-term 

survival of CD8+ T cells following aOX40 or IL-2 therapy and suggests that modulation 

of intracellular Gal-3 may enhance the development and/or persistence of Ag-specific 

CD8+ T cells. 
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Figure 17. Potential mechanism of Gal-3-mediated regulation of aOX40 agonist 
and IL-2c-induced CD8+ T cell survival in vivo. A) Anti-OX40 and/or IL-2c co-
stimulation induces Gal-3 expression in CD8+ T cells, which is inversely correlated 
with Erdr1 mRNA expression, thus decreasing apoptosis. B) In the absence of Gal-3, 
aOX40 and/or IL-2c co-stimulation upregulates Erdr1 expression, leading to increased 
apoptosis. 
	



	89	

3.4  Materials and Methods 

3.4.1 Mice 

Wild-type C57BL/6 and OT-I transgenic (264) mice were purchased from 

Jackson Labs (Bar Harbor, ME). Gal-3-/- C57BL/6 mice were kindly provided by Dr. Fu-

Tong Liu (UC Davis, Davis, CA). OT-I Thy1.1+/+ mice were crossed to Gal-3-/- mice to 

generate Gal-3-/- OT-I Thy1.1+/+ mice. OT-I Thy1.1+/+, OT-I Thy1.1+/- and Gal-3-/- OT-I 

Thy1.1+/+ mice were bred in our facility. All mice were maintained under specific 

pathogen-free conditions in the Providence Cancer Institute animal facility. Experimental 

procedures were performed according to the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. 

 

3.4.2 Lymphocyte isolation and analysis 

Lymph nodes and spleens were harvested and processed to obtain single cell 

suspensions. ACK lysing buffer (Lonza, Walkersville, MD) was added for 5 min at room 

temperature (RT) to lyse red blood cells. Cells were then rinsed with complete media 

(RPMI 1640 medium containing 10% FBS supplemented with 1 M HEPES, 1% non-

essential amino acids, 1% sodium pyruvate (all from Lonza), 1% pen-strep glutamine 

(ThermoFisher, Carlsbad, CA), and 0.5% 2-Mercaptoethanol (Sigma, St. Louis, MO). 

Murine peripheral blood lymphocytes were collected via the submandibular vein into 

tubes containing 20 µl heparin (Hospira, Lake Forest, IL), 1 ml of flow cytometry wash 

buffer (0.5% FBS, 0.5 mM EDTA, and 0.02% NaN3 in PBS) was added, cells were 

mixed, and then 700 µl of Ficoll-Paque (GE Healthcare, Piscataway, NJ) was added prior 
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to centrifugation. After centrifugation, lymphocytes were collected from the interface and 

then washed with flow cytometry buffer prior to staining.  

 

3.4.3 Adoptive transfer and activation of OT-I T cells in vivo 

Single cell suspensions were prepared from the spleens of OT-I Thy1.1+/+, OT-I 

Thy1.1+/-, and Gal-3-/- OT-I Thy1.1+/+ TCR Tg mice. Mice were treated with 200 µg (ip) 

anti-CD4 (clone GK1.5; Bio-x-Cell, West Lebanon, NH) and then naïve OT-I T cells 

were purified (isolated from spleen; ~98% purity) by negative selection using the Dynal 

mouse CD8+ T cell isolation kit (ThermoFisher) and 2 × 106 were injected (iv) in 200 µl 

of PBS into recipient mice. Recipient mice received 500 µg of soluble ovalbumin 

(Sigma), and 50 µg anti-OX40 (aOX40; clone OX86; Bio-x-Cell) or control rat IgG Ab 

(Sigma) (sq). Mice received an additional dose (50 µg) of aOX40 or control Ab one day 

later.  

 

3.4.4 T cell activation in vitro 

Single cell suspensions were prepared from the spleens of OT-I Thy1.1+/+ and 

Gal-3-/- OT-I Thy1.1+/+ mice and CD8+ T cells were purified using the Dynal mouse 

CD8+ T cell negative isolation kit (Invitrogen). 1 × 106 (or 5 × 105) cells/well were 

seeded in 24 or 96-well plates, respectively, and then stimulated with OVA peptide 

(SIINFEKL)-pulsed irradiated (3,000 rads) DC2.4 cells (5 × 103 cells/well in 96-well 

plates). Twenty-four hours later activated OT-I T cells were harvested and live cells were 

enriched over a Ficoll-paque gradient prior to re-seeding in 10% cRPMI (5 × 105 

cells/ml) +/- 100 µl hrIL-2 for 24 - 72 hours. 
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3.4.5 Flow cytometry 

Cells were stained for 30 min at 4°C with: Thy1.1 PE, Thy1.1 eFluor 450, 

Viability Dye eFluor 780, Thy1.2 APC, Thy1.2 eFluor 450, IFN-g APC, (eBioscience), 

OX40 PE, CD4 Brilliant Violet 605, CD8 Brilliant Violet 785, KLRG-1 PE-Dazzle, 

CD25 eFluor 488, CD25 Alexa Fluor 700, Thy1.2 PE, TNF-a PE-Cy7, Lag-3 Alexa 

Fluor 700, CD62L Alexa Fluor 700 (BioLegend), Ki-67 FITC (BD Biosciences), PD-1 

PE-Cy7 (Invitrogen), and/or Tim-3 PE (R&D systems). For intracellular staining, cells 

were fixed and permeabilized with the FoxP3 Staining Buffer Set (eBioscience) 

according to the manufacturer's instructions. Cells were analyzed with an LSR II flow 

cytometer using FACSDiva software (BD Biosciences) and analyzed by FlowJo software 

(v10.4). 

 

3.4.6 Intracellular mRNA detection 

Erdr1 mRNA expression was measured with the PrimeFlow RNA Assay 

(ThermoFisher), using ViewRNA probes following the manufacturer’s instructions. 

Positive and negative controls (Actb and dapB) were included in each assay.  

 

3.4.7 mRNA Analysis 

Naïve OT-I T cells were adoptively transferred into wild-type mice and then 

activated with soluble OVA and anti-OX40 or rat IgG Ab. Four days later, lymph nodes 

were harvested and donor OT-I T cells purified by magnetic bead separation using an 

AutoMACS (Miltenyi Biotec). Total RNA from the donor OT-I T cells was harvested 
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using RNeasy (Qiagen, Valencia, CA), according to the manufacturer’s instructions. Prior 

to submission to the Oregon Health & Science University Gene Microarray Shared 

Resource core facility (Portland, Oregon), the purity and quantity of the RNA was 

assessed by NanoDrop ND-1000 (Thermo Scientific, Wilmington, DE). The quality and 

quantity of RNA samples was further analyzed on the Bioanalyzer platform (Agilent, 

Santa Clara, CA). Labeled target cDNA was prepared from total RNA samples using the 

Ambion Message Amp Premier protocol (3’IVT assay). Each sample target was 

hybridized to a Mouse 430 2.0 Gene Chip array (Affymetrix, Santa Clara, CA). Image 

processing and expression analysis were performed using Affymetrix Gene Chip 

Command Console (AGCC) v. 3.1.1 and Affymetrix Expression Console v.1.1 software, 

respectively. Data from all biological replicates and conditions was imported into the 

Affymetrix Expression Console and normalized (RMA), annotated and exported to CSV 

files, which were then processed in Excel. Raw expression data is represented on a log2 

scale. 

 

3.4.8 Reagents 

Recombinant murine IL-2 was purchased from eBioscience and anti-mIL-2 mAb 

(clone S4B6) was obtained from Bio-X-Cell. IL-2/anti-IL-2 mAb complexes (IL-2c) 

were generated by mixing 2 µg IL-2 with 8 µg anti-IL-2 mAb for 20 min at 37°C and 

then mice received injections of IL-2c in 200 µl PBS (ip or sq) for 3 days.  
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3.4.9 Statistical analysis 

Statistical significance was determined by unpaired Student's t-test (for 

comparison between 2 groups) or one-way ANOVA (for comparison among >2 groups) 

using Prism software (GraphPad, San Diego, CA); a P value of <0.05 was considered 

significant. 
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Chapter 4: Immunohistochemistry in immunotherapy   
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1 Introduction 

Recently, immunotherapy has taken the center stage in the search to find better 

therapies for cancer. Immunotherapy is the treatment of disease by activating or 

suppressing the patient’s own immune system. An immune system that recognizes 

neoplastic cells can eradicate those cells by different processes that involve the innate 

and/or adaptive arms of the immune system. When successful, immunotherapy restores 

the patient’s antitumor immune response, leading to long-term remission and even cures 

in a subset of patients. In contrast, traditional cancer therapies including surgery, 

chemotherapy, radiotherapy, and endocrine therapy often induce initial responses in 

patients with metastatic disease, but the disease typically recurs and most patients will die 

from their cancer (265, 266). Despite the advancement and great success of cancer 

immunotherapy, especially immune checkpoint blockade, more than half of cancer 

patients do not respond to immunotherapy (163). In order to administer the appropriate 

immunotherapy to achieve optimal anti-tumor responses and potentially predict treatment 

outcome of (responder vs. non-responder), profiling the cancer patient’s immune system 

status needs to be incorporated into the current strategies to classify cancer. Currently, 

malignant tumors are classified by the TNM system: tumor burden (T), the presence of 

cancer cells in draining and regional lymph nodes (N), and evidence for distant 

metastases (M) (267). The TNM system is solely based on the tumor cells and does not 

take into account the potential contribution of the immune system. However, a closer 

look at histopathology analysis has revealed the presence of immune cells in the center of 

the tumor (CT), the invasive margin (IM), and tertiary lymphoid structures adjacent to the 

tumor to a various degree (268, 269). Identifying the status of the immune system and 
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predictive markers in the TME in patients are likely the keys for effective 

immunotherapies. Numerous studies have reported the importance of immune biomarkers 

in order to classify tumors such that we can better predict prognosis and response to 

therapy. Thus, an international consortium initiated a tremendous effort to incorporate 

immune scoring to a TNM-classification system in routine diagnostic and prognostic 

classification of tumors, to be named TNM-I (TNM-Immune) (270).  

Traditionally, the haematoxylin and eosin (H&E) staining method is used to 

determine TNM classification and can be also used to determine basic immune cell 

infiltration based on their morphology. The H&E dye combination can highlight the 

significant features of cells and tissues under low microscopic magnifications and has 

been used for more than a century as the gold standard of histology. Haematoxylin stains 

basophilic structures in the cell (nucleus, rough endoplasmic reticulum, and ribosomes) 

and eosin stains eosinophilic cellular organelles and extracellular matrix. The difference 

in the spectrum, intensity, and texture of colors of nuclei, cytoplasm, and granules 

observed in H&E stained cells can determine different basic cell types that have distinct 

morphological attributes (271). However, evaluating and distinguishing different subsets 

of immune cells is not possible using the H&E staining method. In order to distinguish 

and evaluate immune cells with specific markers, researchers use antibodies against 

specific immune markers in a process called immunohistochemistry (IHC) (272, 273). 

IHC is widely used to understand the distribution and localization of biomarkers and 

differentially expressed proteins in different parts of a tissue and cells. Chromogenic 

IHC, a commonly used IHC technique, utilizes enzyme-catalyzed deposition of 

chromogens at the site of the antigen (Table 2). Single staining standard chromogenic 
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IHC with specific high-affinity antibodies provides a high signal:noise ratio and enables 

detection of immune cells subsets based upon various markers (272). Chromogenic IHC 

is used for predicting prognosis of cancer patients based on immune cells present in the 

TME (immunoscore), as well as for immunophenotyping the TME and assessing the anti-

tumor response pre- and post-therapy. Although chromogenic IHC allows for up to 

double marker staining (274), immunophenotyping the TME requires a larger panel of 

relevant markers. Immunophenotyping using standard IHC entails doing single staining 

on serial section of tissues, which is typically a huge limitation due to tissue availability. 

To extract colocalization information of different markers, single marker stained serial 

sections need to be reconstructed. This can be laborious and technically challenging. 

Researchers have overcome the standard IHC limitations by developing multiplex 

IHC (mIHC), which allows for staining of multiple markers on the same section. Thus, 

mIHC makes it possible to assess the spatial relationships between these different cell 

types within the heterogeneous TME. Thus, mIHC provides important prognostic and 

predictive information. For example, a recent meta-analysis study of 10 different tumor 

types in 8135 patients showed that mIHC had significantly higher diagnostic accuracy 

than PD-L1 IHC, tumor mutational burden, or gene expression profiling in prediction 

clinical response to anti-PD-1/PD-L1 therapy (275). mIHC can also provide 

colocalization and spatial orientation of target biomarkers, which allows for accurate 

analysis of the target biomarker’s subcellular location and relative proximity to other 

biomarkers (276).  In a quantitative spatial profiling of PD-1/PD-L1 interaction and 

HLA-DR/IDO-1 in predicting anti-PD-1 therapy outcome in metastatic melanoma study 

showed that PD-1/PD-L1 interaction score and/or IDO-1/HLA-DR coexpression was 
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strongly associated with anti-PD-1 response, whereas, individual biomarkesrs (PD-1, PD-

L1, IDO-1, HLA-DR) were not associated with response or survival (277). Due to these 

benefits, mIHC enables improved analysis and immunophenoyping, and thus, furthered 

our understanding of the TME. Several different types of mIHC have been developed in 

the recent years including brightfield and fluorescent multiplexing, which are the two 

main methods of mIHC. Here, I will briefly cover the brightfield multiplexing method 

and will explore the fluorescent multiplexing method of mIHC in depth. 
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1.1 Multiplex IHC 

1.1.1 Brightfield multiplex IHC 

The brightfield mIHC on formalin-fixed paraffin-embedded  (FFPE) tissues uses 

chromogenic deposition of several different chromogens and enzyme pairs as well as a 

counterstaining dye that enhances brightfield mIHC (Table 2) (278). The brightfield 

chromogenic mIHC method uses both direct and indirect detection strategies. In the 

direct detection strategy, antigens are detected by primary antibodies from the same or 

different species that are directly labeled with different chromogens (Table 2) (276), 

whereas, in the indirect detection strategy, antigens are detected with two or more layers 

of antibodies, generally a primary antibody against the antigen of interest, and a 

secondary antibody against the Fc region of the primary antibody. In some cases, with 

indirect detection, the secondary antibody can be conjugated to different chromogens. In 

other cases, the Avidin–Biotin Complex (ABC) and the Labeled Streptavidin–Biotin 

(LSAB) staining methods are used for detection. The main advantage of indirect staining 

over direct staining is the amplification of signals (276), however, indirect staining 

increases the possibility of non-specific staining, where the secondary antibody binds to 

the tissue in the absence of the primary antibody.  

Some of the disadvantages of the direct detection method include: low sensitivity 

for low abundance targets, high concentration of conjugated primary antibodies is 

required, and the risk of alteration of antibody activity by direct labeling process. To 

solve the cross-reactivity between primary antibodies, antibodies are inactivated through 

manual microwave heating, which could increase the risk of tissue damage or complete 

loss of tissue and producing heterogeneous results (279). To circumvent the limited 
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number of available antibodies from different hosts, the multiplexed 

immunohistochemical consecutive staining on single slide (MICSSS) approach was 

developed for FFPE samples by repetitive staining cycle of immunoperoxidase labeling, 

image scanning, then chemical stripping of the chromogenic substrates (280).  

 

1.1.2 Fluorescent multiplex IHC  

In fluorescent mIHC, the secondary antibody is conjugated to a fluorophore rather 

than to a chromogen. Fluorescent mIHC depends on the individual fluorophores’ 

excitation by one wavelength and emission at a longer, unique wavelength. Fluorescent 

mIHC is primarily done using the indirect labeling method, typically the fluorophore is 

conjugated to the secondary antibody. As with chromogenic staining, indirect labeling 

allows amplification of the fluorophore signal through either multiple secondary 

antibodies binding to a single primary antibody or through robust amplification 

approaches (278). While fluorescence 2-plex mIHC in FFPE tissues and quantum dot 

(nanocrystals with narrower emission peaks compared to fluorophores) 4-plex mIHC are 

relatively common (281, 282), there are still fundamental challenges in successfully 

performing mIHC. There are several fluorophores available for mIHC (Table 3), however 

their use in mIHC requires certain microscopes that are capable of proper visualization 

such as a bright light source, paired excitation, and an emission filter that is set specific to 

the fluorophores used. In addition, fluorescent mIHC faces the challenge of co-

localization of different fluorophores, which causes colors to mix and requires analysis 

software to un-mix the colors.  
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1.1.3 Challenges of multiplex IHC 

Brightfield and fluorescent mIHC both face significant challenges. In brightfield 

mIHC, chromogenic/enzyme pairs are sufficient to distinguish different cell types, 

however, they are insufficient for assessing cells’ subtypes or different targets within 

cells by localization (274). Another limitation of brightfield chromogenic mIHC is the 

lack of availability of antibodies that are raised in many different host species. If different 

antibodies raised in the same species are used against different antigens on the same 

tissue section, then it requires removal/inactivation of antibodies between each labeling 

cycle to avoid cross-reactivity between primary antibodies, which cannot be done in 

brightfield chromogenic mIHC (283). The issue of a limited number of available 

antibodies from different hosts for in brightfield mIHC was resolved with MICSSS 

approach (280). However, MICSSS is labor-intensive, prone to tissue degradation, and 

requires prolonged time for yielding results, which is not suitable for a routine clinical 

setting (278, 284).   

The origin of antibody species is also an issue in indirect labeling in fluorescent 

mIHC. Indirect labeling only allows one species of primary for each target of interest and 

is recognized by a specific secondary antibody conjugated with a specific fluorophore, 

which limits the multiplexing to a limited number of targets (278). This is a significant 

issue for protocols using more than one antibody from the same species. In addition to the 

limited availability of fluorophores that do not completely overlap, the fluorophores that 

are far enough from each other (spectrally) requires deconvolution of the multispectral 

images (MSI).  
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High noise to signal ratio (background) due to cross reactivity or nonspecific 

binding of antibodies is another challenge in mIHC. However, high background could be 

resolved by using antibodies with high specificity and affinity for its target, proper 

titration of the primary antibody, and/or sufficiently blocking to prevent nonspecific 

binding.   

 

1.1.4 Tyramide signal amplification system 

A relatively recent detection strategy, tyramide signal amplification (TSA), can 

circumvent the main challenges in fluorescent mIHC mentioned above (285). I will 

explore the TSA system, the methodology of using the TSA system to develop a 7-plex 

mIHC in human FFPE and zinc-fixed paraffin-embedded mouse tissues, image analysis, 

and mIHC advantages and limitations. The TSA system depends on tyramide, an organic 

phenol, bound to a fluorophore. When tyramide is in the presence of a catalyst, such as 

horseradish peroxidase (HRP), it becomes activated and covalently binds electron-rich 

regions, such as tyrosine residues, present in proteins. In the TSA system, HRP 

conjugated to a secondary antibody catalyzes the deposition of tyramide-fluorophore 

molecules at the site of the antigen (285, 286). Because the deposited tyramide 

conjugated to a fluorophore is inactive and bound covalently to tyrosine residues, this 

allows for removal of the primary/secondary antibody complex, which leaves the 

fluorescence signal associated with the target protein (286) and makes it possible to use 

antibodies from the same species in serial staining in mIHC. This alleviates one of the 

most challenging technical aspects of mIHC. The removal of primary/secondary complex 

also minimizes potential cross-reactivity between antibodies. In addition, using a polymer 
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of HRP-conjugated secondary antibody generates high density for tyramide labeling and 

it is the reason for the exceptionally enhanced sensitivity of the TSA system. Moreover, 

the TSA system enhances the signal to noise ratio by reducing background (287). Several 

available fluorophores conjugated to tyramide in the TSA system (Table 3) can be 

spectrally resolved in a composite multiplex image with dedicated software analysis 

programs. The TSA system has been successfully utilized in performing 3-plex 

fluorescent mIHC (286, 288).  

 While considerable effort has been dedicated to developing mIHC protocols for 

immunophenotyping in human tissue (289, 290), by 2017 relatively little progress had 

been made to develop mIHC protocols for FFPE murine tissues. This lagging 

development of mIHC in murine tissues was due, in part, to a more limited availability of 

antibodies against murine antigens. In addition, the issue of fixation-sensitive epitope 

detection in FFPE tissue had been resolved in human tissue (291-294); however, this 

issue persisted in FFPE murine tissues. In our study, we validated the use of TSA-based 

mIHC in murine tissue for sensitive epitopes (295), by optimizing the mIHC protocol for 

murine tissue. We compared multiple fixation and antigen retrieval methods, in order to 

optimize the use of TSA-based mIHC for detecting sensitive epitopes, such as CD4, 

CD8a, and CD19 in murine tissue.  

There are many different protocols and fixatives to denature and cross-link tissue 

sections (296). Among the fixatives, 10% neutral buffered formalin (10% NBF) has been 

predominantly the fixative of choice. Although 10% NBF fixation and heat-mediated 

antigen retrieval had been used successfully for epitopes such as CD3, many formalin 

fixation-sensitive epitopes such as CD4 and CD8a are difficult to detect on murine 
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tissues. The detection of formalin-sensitive epitopes has mainly relied on frozen tissue, 

with the cost of intact tissue morphology. Periodate-lysine-paraformaldehyde (PLP) is a 

lysine residue cross-linking fixative that has been shown to be suitable for detecting 

many epitopes (297, 298). Zinc-based fixation has been also used as an alternative to 

formalin fixation to resolve epitope masking in human tissue (294, 299). To detect 

sensitive epitopes of CD4 and CD8a while maintaining the morphology of murine tissue, 

we examined PLP and zinc-based fixation methods compared to 10% NBF. We were able 

to detect only CD3 in murine spleen fixed with 10% NBF, but not CD4 or CD8a (Fig. 

18). In PLP fixed murine spleen, we detected CD3 and CD4 with a weak intensity but not 

CD8a (Fig. 18). Interestingly, in murine spleen fixed with zinc-based fixation, we 

detected CD3, CD4, and CD8a epitopes with a good intensity (Fig. 18). The staining of 

CD4 and CD8+ T cells were validated in CD4 and CD8 transgenic mouse spleen tissue 

(295). In addition, there was no noticeable difference in the integrity of tissue fixed with 

10% NBF and zinc-based fixation (295).  

To optimize TSA-based mIHC in murine tissue, the TSA-based mIHC protocol 

previously developed for human tissue was used as the starting protocol (300). The TSA-

based mIHC protocol for human tissue sections includes: 1. antigen retrieval, 2. stain 

with a primary antibody against the antigen of interest, 3. stain with secondary antibody 

conjugated with HRP-polymers, and 4. stain with TSA conjugated to a fluorophore 

(Diagram 1). These steps were followed by heat-mediated antigen stripping to remove the 

primary and secondary antibodies, and then a new staining cycle was started. Heat-

mediated antigen retrieval and the removal of primary and secondary antibodies between 

each staining cycle has been successful in human FFPE tissue. However, in mouse tissue 
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Figure 18. (Reprinted from Feng Z, et. al. JI, 2016) Zinc-based buffer is 
superior in detection of CD4 and CD8a. Spleen sections were fixed for 24 h in 
each condition and 4-mm sections were cut and prepared. Ag retrieval was 
performed on formalin-fixed tissues but not on PLP or zinc-fixed tissues. Tissue 
sections were imaged at 20X with a PerkinElmer Vectra platform. 
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heat-mediated antigen retrieval and antibody removal reduced CD3 staining and resulted 

in non-T cell CD8a staining, because after heat-mediated antigen retrieval, CD3 staining 

did not colocalize with CD8a staining. Similarly, after heat-mediated antibody stripping 

CD4 and CD19 also had incomplete detection (Fig. 19). Thus, to be able to use the TSA 

system in murine zinc-fixed tissue, we examined acidic (pH 2) and basic (pH 10) 

antibody stripping buffers to remove primary and secondary antibodies in order to resolve 

the heat-mediated antigen stripping issue. Using pH 10 antibody stripping buffer for 

antigen retrieval and removing primary and  
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Diagram 1. TSA-based mIHC staining steps. 
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secondary antibodies between each cycle of staining allowed for a superior detection and 

multiplexing CD4, CD8, and CD19 compared to pH 2 stripping buffer (Fig. 20). Thus, by 

optimizing the basic stripping buffer for antigen retrieval and antibody removal, we were 

able to perform subsequent staining cycles with the TSA-based mIHC in zinc-fixed 

murine tissues.  

The TSA-based mIHC protocol for murine zinc-fixed tissues has been applied in 

order to develop several antibody panels for different tumor models. For example, we 

stained for CD3, CD4, CD8, FoxP3, and F4/80 using our TSA-based mIHC protocol in 

MCA310 (a sarcoma tumor model), and we stained for PD-L1, CD4, CD8, FoxP3, and 

DAPI in a SCCVII (squamous cell carcinoma) tumor model (295). In another study, to 

evaluate the TME of a mammary carcinoma model, TUBO, after combinatorial 

immunotherapy that included aOX40/aCTLA-4 and vaccination with anti-HER2/DEC- 

 
 
FIGURE 19. (Reprinted from Feng Z, et. al. JI, 2016) Heat-mediated Ag retrieval 
diminishes CD4, CD19, and CD8 staining. Heat-mediated Ag retrieval with Biogenex 
Citra buffer was performed using a microwave. Slides were microwaved for 25 s to 
bring to a boil on high power and maintained for 10 min on 10% power. Ab staining 
were performed with (B, D, F, and H) or without (A, C, E, and G) Ag retrieval. (I) 
Merge of CD3 and CD8 after Ag retrieval. Original magnification 200X. 
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FIGURE 20: (Reprinted from Feng Z, et. al. JI, 2016) Multiplex IHC with CD4, 
CD8, and CD19. Slides were stained with CD8 (yellow) and exposed to Ag-stripping 
buffer (100 mM glycine, 0.5% Tween) of pH 10 (A) or pH 2 (B). Slides were stained 
for CD4 (green), followed by Ag stripping and CD19 staining (magenta). (C–F) 
Higher magnification of the slides stripped with pH-10 buffer. Original magnification 
200X. 	
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205 mAb (dendritic and epithelial cells, 205 kDa)–HER2 (human epidermal growth 

factor receptor 2 vaccine), we stained the tumor for CD8 T cells using the TSA-based 

mIHC protocol for murine zinc-fixed tissues (301). This mIHC, in support of flow 

cytometry data, revealed that mice treated with combination immunotherapy plus HER2 

vaccination increased CD3+ lymphocyte infiltration throughout the tumors relative to 

mice treated with monotherapy or controls (Fig. 21). In another ongoing study, we 

evaluated the TME of MCA205 (a fibrosarcoma model) in a Eomes-GFP model after the 

treatment of combination immunotherapy comprised of aOX40/aCTLA-4 mAbs. We 

stained for CD3, CD4, CD8, GFP, and DAPI. Our mIHC data supported our flow 

cytometry data, showing the Eomes-GFP expressing CD8+ T cell infiltration into the 

tumors (Fig. 22).  
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Figure 21: Combination therapy with vaccination induces robust effector T-cell 
infiltration into the tumor (adapted from Linch et. al.. PNAS, 2016). TUBO 
mammary carcinoma cells were implanted into the flanks of female BALB/c mice on 
day 0. Tumor-bearing mice were given control rat IgG on days 10 and 14 (A and E), 
vaccine [anti–DEC 205/HER2/poly(I:C)] on days 10 and 14 (B and F), combination 
immunotherapy with aOX40 on days 10 and 14/aCTLA-4 on days 10, 12, and 14 (C 
and G), or both vaccine and combination immunotherapy (D and H). Tumors were 
harvested on day 21 and were analyzed by immunohistochemistry.Images depict 
sections of paraffin-embedded slides stained using H&E (A–D) or anti-CD3 plus 
DAPI (E–H). A-D 20X and E-F magnification 200X. 
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Figure 22. Tumors from aOX40/aCTLA-4 treated Eomes-GFP transgenic 
mice harvested and stained for CD3, CD4, CD8, GFP and DAPI using the 
mouse TSA-based mIHC protocol.	Original magnification 200X	
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1.2  Multispectral image analysis 

MSIs require software analysis capable of deconvolution, among other analysis 

tools. InForm (Perkin Elmer) was one of the first image analysis software platforms for 

TSA-based mIHC. InForm Tissue Finder package software is specifically designed for 

processing images taken by the Vectra microscope. The slides are scanned at 10X 

magnification in order to select for MSI at 20X using the Phenochart software which is 

part of the Vectra imaging software. InForm allows for unmixing MSI, manual tissue 

segmentation (tumor vs. stroma), setting signal thresholds, colocalization of different 

makers, cell segmentation, phenotyping, batch processing, and scoring. An algorithm is 

designed on a representative MSI based on pattern recognition of cytokeratin (CK)-

positive tissue (tumor) and CK-negative tissue (stroma). After tissue segmentation, cells 

are segmented based on all cells’ counterstain, DAPI. To phenotype the cells, 5 or more 

representative cells per phenotype (marker) need to be selected and cell selection needs to 

be repeated until the software recognizes and phenotypes all cells properly. Using the 

algorithm, batch analysis can be performed on all MSI.  

Even though InForm is useful software for TME analysis, it is laborious and takes 

hours to train the algorithm on the representative MSI and even longer for processing 

about 10 MSI in a batch analysis. There has been a surge in the field of digital pathology 

in developing new systems that are capable of deconvoluting MSI produced by mIHC, 

segmenting tissues, phenotyping, and scoring faster and better. Currently, there are few 

automated digital pathology systems in use in the field that can analyze mIHC images 

with more than three color stains, such as HALO (Indica labs, Corrales, NM, USA), 

Aperio Color Deconvolution Algorithm or SlidePath (Leica Biosystems,Wetzlar, 
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Germany), Automated Cellular Imaging System (ACIS III, Dako, Glostrup, Denmark), 

BLISS workstation (Bacus Laboratories, Lombard, IL, USA), Mirax HistoQuant 

(3DHistech, Budapest, Hungary), and Tissue Studio® 4.0 (Definiens, Munich, Germany). 

However, big issues in the mIHC imaging software still persist; they are laborious, time- 

consuming, and most are limited to analysis of regions of interest only (6). 

An open source imaging software, QuPath, has been developed and improved to 

allow researchers to visualize and annotate a whole slide in real time. QuPath is evolving 

through the contributions of users who face issues in analysis of complex tissue images 

and through the adding of the solutions and new algorithms to this platform (302). 

QuPath has resolved the two major issues of time and coverage of a whole tissue slide 

analysis (302). However, QuPath has not yet acquired the tool for deconvolution of 

multispectral images, and it is limited to processing only 4-color panels of mIHC MSI.  

 

1.3  Discussion 

1.3.1 mIHC in research and clinical trials 

mIHC using the TSA technique has been implemented successfully by researchers 

for human and animal tissues (303, 304). TSA-based mIHC has also been successfully 

utilized to predict the success of culturing TIL from human melanoma samples (300). 

The TSA-based mIHC staining protocol from the melanoma study was used to examine 

TIL frequencies and PD-L1 expression in prostate cancer and non-small cell lung cancer 

(NSCLC) specimens. For the first time, evidence of the anti-tumor activity of PD-1 

inhibitor (pembrolizumab) was shown in men who have metastatic castration-resistant 

prostate cancer (mCRPC) and who have shown progression with enzlutamide. TSA-
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based mIHC showed the infiltration of CD3+CD8+ T cells and CD163+ macrophages and 

expression of PD-L1 in the baseline biopsies of the two responders (Fig. 23, published 

Graff JN, Oncotarget, 2016). We observed differential TIL and PD-L1 expression 

between the liver and lymph node biopsies. There was pronounced T cell and 

macrophage infiltration and PD-L1 expression by CK+ cells in the lymph node biopsy. 

While in the liver biopsy, there was a pronounced macrophage infiltration and PD-L1 

expression associated with macrophages rather than CK+ cells. Thus, these data provided 

evidence of pre-existing leukocyte infiltration in the baseline liver biopsy of one of the 

responders. The pronounced lymphocyte infiltration in the lymph node was difficult to 

interpret since lymphocytes reside in the lymph node. However, the presence of 

lymphocytes was detected in the tumor deposit itself (305), suggesting potential immune-

mediated recognition of the cancer cells.  

Another phase Ib clinical trial (NCT02523469) was designed to assess the safety 

of the combination of ALT-803 (a pharmacological grade IL-15/IL-15Rα complex fused 

to an IgG1 Fc) and nivolumab (anti-PD-1 monoclonal antibody), and their anti-tumor 

activity in patients with NSCLC. In ALT-803, IL-15 is mutated (asn72asp) to enhance 

the biological activity and agonism of the IL-2 and IL-15βγ receptors (306). This study 

used TSA-based mIHC to determine the expression of immune markers (CD3, CD8 and 

CD163), tumor (cytokeratin), and PD-L1. The multispectral images from TSA-based 

mIHC pre-treatment biopsy samples showed the relation between CD8+ T cells and PD-

L1-expressing tumor and immune cells (Fig. 24). This data supported the post-hoc 

analysis of patients based on PD-L1 positive and negative tumors, where the ALT-803 
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combined with anti-PD-1 monoclonal antibody might help overcome resistance to anti-

PD-1 monoclonal antibody treatment in PD-1 refractory patients (307). 
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Figure 23: (Reprinted from Graff NJ, Oncotarget, 2016) Multi-spectral 
imaging reveals leukocyte infiltration in biopsies from men with 
metastatic castrate-resistant prostate cancer (mCRPC). A-C) Lymph node 
(LN) and D-F) liver biopsies were obtained from men with mCRPC. A) H+E 
and B) single-color images (plus nuclear stain; DAPI) of CD3, CD8, CD163, 
PD-L1, cytokeratin (CK), DAPI and C) merged image from a LN biopsy of 
patient A. D) H+E, E) single-color, and F) merged from a liver biopsy of 
patient B. Note: images depicted in (B-C and E-F) were selected from 
representative "hot spots" of leukocyte infiltrates in each biopsy. A, D) H+E 
images 20X; B, C, E, F) multi-spectral images 200X. 
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Figure 24: (Reprinted from Wrangle JM, Lancet, 2018) Multi-spectral 
imaging of pre-treatment biopsies from patients with NSCLC. Tumor 
biopsies (FFPE) from two patients were obtained prior to treatment. 
Representative single- color images (plus DAPI) of CD3, CD8, CD163, FoxP3, 
PD-L1, and cytokeratin (CK) staining and merged images are shown. Images 
were selected from representative “hot spots” of leukocyte infiltrates in each 
biopsy. Quantification was determined using InForm analysis software 
(PerkinElmer). All images are 200X. 
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1.3.2 Advantages and limitations of mIHC  

There has been tremendous effort to develop new and improved protocols for 

mIHC in human and murine tissue. Improved mIHC could be implemented in the TNM-I 

classification of tumors, and in diagnostic and prognostic routine clinical workflow. This 

would help obtain maximum data per tissue section, which is important due to the 

common issue of sample limitation. The ability of mIHC to provide co-expression 

analysis and single-cell quantification with the spatial relationships of different targets 

while preserving tissue integrity on the same section gives mIHC an edge over other 

multiplex approaches, such as MICSSS and fluorescent mIHC (276, 308). Chromogenic 

IHC and fluorescent mIHC face similar technical issues due to method similarities (309). 

Pre-analytic variables that still need to be still standardized, such as type of fixative, 

duration of fixation, dehydration, paraffin embedding, drying and storage of the slides are 

the potential challenges that mIHC faces (309, 310). Reproducibility is another hurdle 

which requires well-characterized antibodies that will not cross-react (311). For mIHC to 

be suitable for clinical use, there needs be a validated and characterized single staining 

positive tissue control for each marker due to tumors’ cellular and spatial heterogeneity, 

and variation in immune cell’s infiltration and immune markers, such as PD-L1 

expression (312). Even the heterogeneity across the tumor alone calls for high resolution 

multiplexed analysis for the whole tumor sections rather than ROIs (264, 313). 

Automation of mIHC for routine use in a clinical setting is important, but has been 

proven to be a difficult task due to poor reproducibility.  
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1.3.3 Up and coming technological improvements on mIHC 

Recently developed multiplexed technologies, such as multiplexed ion beam 

imaging (MIBI) (IONpath, Inc., Menlo Park, CA, USA), imaging mass cytometry (IMC-

CyTOF) (Fluidigm, South San Francisco, CA, USA), and digital spatial profiling (DSP) 

technology (NanoString Technologies, Inc., Seattle, WA, USA) (308, 314, 315), could be 

a potential replacement for mIHC. MIBI and IMC-CyTOF are both platforms use 

secondary ion mass spectrometry to image antibodies tagged with isotopically pure 

elemental metals in FFPE tissue (314). Theoretically, MIBI and IMC-CyTOF capable of 

detecting more than 50 targets stained simultaneously (308). DSP technology uses target-

specific barcodes conjugated either with primary antibodies via a UV-cleavable linker or 

nucleic acid probes that are liberated by a UV laser. Target-specific barcodes are counted 

using the nCounter platform and mapped back to tissue location, thus allowing for target 

detection. DSP is theoretically capable of detecting up to 800 targets simultaneously 

(308). These upcoming high throughput platforms will also face some challenges and 

limitations that need to be overcome, such as file sizes, data analysis, and visual 

verification of staining quality and specificity.  

 

1.4 Material and Methods  

1.4.1 Tissue fixation and processing 

Calcium acetate (0.5 g), zinc acetate (5 g), zinc chloride (5 g), and Tris (0.1 M, 

pH 7.4) was added to 1L double distilled water and mixed to make 1L zinc-fixation 

buffer. The final pH of 1L zinc-fixation buffer was 6.5–7. PLP was prepared by mixing 

Lysine HCl solution (13.7 g Lysine HCl in 375 ml double distilled water pH was adjusted 
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to 7.4 with Na2HPO4 and 15.6 ml 16% paraformaldehyde). A total of 2.14 g sodium 

periodate was added, and the solution was brought up to 1L with 0.1 M phosphate buffer. 

Spleens and tumors were harvested and fixed for 24h at RT. Spleens and tumors were 

processed using a Tissue-Tek automated tissue processor for formalin (70% ethanol 30 

min, 95% ethanol 30 min two times, 100% ethanol 30 min three times, xylene 40 min 

two times, paraffin 35 min four times), on Zinc setting for zinc- and PLP-fixed samples 

(the tissue process was started on 70% ethanol and skipped formalin fixation) and 

embedded with a Leica tissue embedder. The embedded paraffin blocks were chilled for 

10 minutes before cutting 4µM thick sections using the microtome and floated onto Plus 

slides in a tissue flotation bath set at 40°C. Slides were allowed to dry at RT overnight 

and stored at 4°C until use.  

 

1.4.2 Deparaffinization 

To deparaffinize the slides for staining, slides were placed on a staining rack in a 

Leica autostainer, and a deparaffinization protocol was run. Samples were marked with 

ImmEdge hydrophobic pen and allowed to dry in order to prevent overflow of antibody, 

TSA and other solutions during staining steps. 

 

1.4.3 TSA-based mIHC staining method for murine tissue 

After deparaffinization, slides were transferred to a rack in double distilled water. 

Then, slides were rinsed once with 1X TBST (to make 10X TBST solution: 88g of 

Trizma base and 24g of NaCl was dissolved in double distilled water and adjusted the pH 

to 7.60 with 37% HCl (approximately 47.5mL for 1L 10X TBS)) and blocked with 
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Rodent Block M solution for 10 min. Primary Ab was diluted in Renaissance Ab diluent 

(PD905; Biocare Medical). The dilutions used were 1:50 for CD3 (SP7, M3074; Spring 

Bioscience), CD4 (RM4-5, 550280, BD Biosciences; GK1.5, 14-0041-85, eBioscience), 

CD8 (53-6.7, 550281; BD Biosciences), CD19 (1D3, 553783; BD Biosciences), and PD-

L1 (ab58810; Abcam). Primary Abs were incubated for 45 min on an orbital shaker at 

RT. Abs were subsequently removed by vacuum, and slides were washed three times for 

30 s in TBST. Anti-rabbit secondary Ab (87-9623; Life Technologies) or anti-rat (MP-

7444-15; Vector Laboratories) was added drop-wise to slides to cover the tissue area. 

Slides were incubated for 10 min at RT and washed three times for 30 s in 1X TBST. 

TSA-conjugated fluorophore (NEL791001KT, PerkinElmer; T20950, Life Technologies) 

was added to slides at 1:100 dilution in Amplification plus buffer (NEL791001KT; 

PerkinElmer) and incubated for 10 min at RT; TSA-conjugated fluorophore was 

vacuumed off, and slides were washed three times for 30 s in 1X TBST. For multiplex 

imaging, antibody stripping buffer (100 mM glycine plus 0.5% Tween was adjusted to 

pH 10 using NaOH) was added to slides and incubated for 10 min at RT. Slides were 

rinsed with 1X TBST, blocked briefly with Rodent Block M solution, and incubated with 

primary Ab at the desired dilution and time. DAPI (D1306; Life Technologies, 1 mg/ml 

stock) was diluted 1:500 in 1X TBST and added to slides. Slides were incubated for 5 

min at RT and washed twice for 30 s in 1X TBST. Slides were rinsed with double 

distilled water, coverslipped with VECTASHIELD Hard Mount, painted with nail polish 

and stored at 4°C in a covered slide box. Slides were imaged at 4X and 20X using Vectra 

imaging software, and phenotyped from 20X fields using inForm analysis software. 
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1.4.4 TSA-based mIHC staining protocol for human FFPE tissue 

After deparaffinization, samples were bordered with ImmEdge hydrophobic pen 

and rinsed in double distilled water. Slides were then immersed in 1X Citra antigen 

retrieval buffer in a container, covered, and heated in the container for 1 min on 100% 

power, followed by 12 min on 10% power. The dish was let cool for at least 15 min. 

Slides were blocked with Ventana antibody diluent for 10 minutes. Approximately 100 

µl, diluted Cell Signaling Technology rabbit anti-PD-L1 (E1L3N, 13684) antibody in 

Ventana antibody diluent at 1:250 ratio was added per slide and incubated for 30 minutes 

at RT, shaking at 110 rpm. After 30 min, the primary antibody was vacuumed off and 

washed the slides 3X for 3s in 1X TBST. Anti-rabbit secondary antibody was added drop 

wise to cover the tissue area and incubated for 10 min at RT, shaking at 110 rpm. After 

10 min, secondary antibody was vacuumed off and washed the slides 3X for 3s in 1X 

TBST. TSA-conjugated fluorophore was diluted 1:75 in amplification buffer and added at 

approximately 100 µl per slide to cover the tissue and incubate for 10 min at RT, shaking 

at 110 rpm. The TSA was then vacuumed off and the slides were washed 3X for 3s in 1X 

TBST. The steps were repeated from antigen retrieval to TSA-conjugated fluorophores 

for all the markers. The markers and dilution were used in the following order after PD-

L1 staining cycle: Spring Biosciences rabbit anti-CD8 antibody (SP239, M5394) 1:50, 

Abcam mouse anti-FoxP3 antibody (236A/E7, AB20034) 1:100, Spring Biosciences 

rabbit anti-CD3 antibody (SP7, M3070), Ventana mouse anti-CD163 antibody (MRQ-26, 

760-4437) prediluted (100 µl), and DAKO mouse pan-cytokeratin (AE1/AE3) 1:50. After 

all the staining was done, DAPI (1 mg/ml stock) was diluted 1:500 in D-PBS and added 

at 100 µl per slide to cover the tissue area and was incubated for 5 min at RT, shaking at 
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110 rpm. DAPI was then vacuumed off and washed 3X for 30 s in 1X TBST. The slides 

were cover slipped with Vectra Shield Hard Mount and the edges of the slides were 

sealed with nail polish and stored slides at 40C in cover slide box. 
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Chapter 5: Conclusions 
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5.1  Summary 

A better understanding of the immune system and discoveries about cellular and 

humoral immunity intensified the investigation of an immune-driven anti-tumor response. 

Specifically, the discovery of T lymphocytes and their key role in anti-tumor responses 

grabbed the attention of immunologists. Discoveries of checkpoint inhibitors and 

costimulatory receptors on T lymphocytes and their modulation with specific antibodies 

have led cancer immunotherapy to join surgery, cytotoxic chemotherapy, radiation, and 

targeted therapy as the fifth pillar of cancer therapy (135). It has been predicted that 

immunotherapy will be the leading cancer treatment for all cancers within a decade due 

to its ability to drive a response against cancers that do not respond to chemotherapy or 

radiation therapies, to improve anti-tumor responses in combination with other therapies, 

and to generate durable responses with potentially long-term tumor-specific immunity 

(136).  

Cancer immunotherapies that are currently FDA approved include CAR T and B cell 

therapy and mAbs against checkpoint inhibitors CTLA-4, PD-1, and PD-L1. However, 

costimulators, such as OX40, 4-1BB, GITR, and ICOS, while not approved by the FDA, 

have had limited success in human clinical trials. The preclinical activity of surrogate 

OX40 agonists alone or in combination with other agents, such as immune checkpoint 

antibodies, targeted inhibitors, and cancer vaccines in murine tumor models led six 

different pharmaceutical companies to develop OX40 agonist antibodies that entered 

clinical trials in a short period of time (167, 172). However, in these cases, few objective 

clinical responses were observed. These studies raised the question of how to optimally 

combine OX40 with the other agents and achieve OX40-mediated anti-tumor responses 
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in humans. In clinical trials, dosing, scheduling and combinations also need to be 

carefully considered. A deeper understanding of the therapeutic mechanism of the OX40 

pathway is required to achieve maximum therapeutic benefits of combinatorial therapies 

in patients.  

Our studies from Chapter 3 contribute to a better understanding of OX40 agonists 

and a critical component of the OX40 pathway, Gal-3, in OX40-induced CD8+ T cell 

development and survival. OX40-OX40L signaling induces the expansion and survival of 

memory CD8+ T cells (72, 119, 245-247), and here we show that intracellular Gal-3 

contributes to agonist aOX40-induced CD8+ T cell survival and memory formation. Gal-

3-/- CD8+ T cells receiving aOX40 therapy underwent a similar expansion and activation 

as WT cells early in the response, however, Gal-3-/- CD8+ T cells treated with aOX40 had 

significantly reduced survival by days 14 and 29, suggesting a crucial role for Gal-3 in 

regulating OX40-induced CD8+ T cell survival (Fig. 8). The reduced survival of Gal-3-/- 

CD8+ T cells later in the response was also observed following IL-2c therapy and 

attenuated Lm-OVA vaccination plus aOX40 therapy.  

Agonist aOX40 has been shown to promote CD8 T cell memory formation (316). 

Interestingly, we observed a significantly higher percentage of Gal-3-/- CD8+ T cells 

remained in an effector or effector memory phenotype by day 14 post-aOX40 therapy, 

indicating a key role for intracellular Gal-3 in facilitating the development of central 

memory CD8+ T cells through an OX40-mediated pathway (Fig. 8). Moreover, Gal-3-/- 

CD8+ T cells treated with aOX40 exhibited higher death by apoptosis compared to WT 

cells. We found a correlation between Gal-3-/- CD8+ T cell apoptosis and higher 
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expression of Erdr1 mRNA in Gal-3-/- CD8+ T cells compared to WT cells. However, we 

were not able to determine how Erdr1 induces apoptosis in Gal-3-/- CD8+ T cells. 

CD8+ T cells are a key component of a robust anti-tumor response and CD8+ T 

cell memory formation is important for maintaining durable responses with potentially 

long-term tumor-specific immunity. Gal-3-/- CD8+ T cell-mediated adoptive therapy plus 

aOX40 treatment of B16-OVA tumor-bearing mice showed a significantly lower survival 

compared to WT CD8+ T cell adoptive therapy plus aOX40 treatment. These data suggest 

that the defect in memory development of Gal-3-/-  CD8+ T cells and reduced survival of 

Gal-3-/-  CD8+ T cells negatively affect the generation of an effective anti-tumor response 

(Fig. 12E). 

Multiplex IHC, discussed in Chapter 4, is a vital tool for analyzing the TME. 

Multiplex IHC has made it possible to look at the extent of infiltration of different 

immune cells, markers, and cytokines within the TME in situ. This ability to better 

evaluate the TME immune milieu has led researchers to design better cancer 

immunotherapies. Our studies from Chapter 4 resulted in the development of the first 

protocol to perform successfully TSA-based mIHC in zinc-fixed paraffin embedded 

murine tissues. The TSA-based mIHC protocol for murine tissue has enabled a deeper 

understanding of the TME in murine tumor models in preclinical studies. Furthermore, 

TSA-based mIHC has the potential to play a crucial role in selecting cancer patients that 

will benefit the most from a particular immunotherapy or clinical trial. 
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5.2  Future directions  

5.2.1 Does Gal-3 induced Akt phosphorylation contribute to OX40 

induced survival? 

OX40 has a critical role in mediating memory CD8+ T cell formation following 

infection with pathogens including Listeria monocytogenes expressing OVA (Lm-OVA) 

or vaccinia virus (245, 252). One mechanism for OX40-induced survival is through 

engagement of the OX40 signaling pathway leading to expression of anti-apoptotic 

proteins that help the T cells survive long-term and transition into memory cells (124, 

257-259). We show that OX40 ligation sustains Gal-3 mRNA expression over time (Fig. 

6B) and in the absence of Gal-3, OX40 signaling does not induce the long-term survival 

of CD8+ T cells, suggesting a connection between Gal-3 and CD8+ T cell survival. 

Interestingly, both OX40 and Gal-3 contribute to Akt activity, which has an essential role 

in regulating T cell longevity (259); OX40 maintains Akt activity, and Gal-3 upregulates 

Akt phosphorylation (260). One possibility is that the connection between Gal-3 and 

OX40 induced survival is reliant on Akt-mediated signaling. Currently, whether there is a 

defect in the phosphorylation of Akt in Gal-3-/- CD8+ T cells after aOX40 therapy is not 

known. The phosphorylation status of Akt in Gal-3-/- CD8+ T cells can be determined 

through western blot or phospho-specific intracellular flow cytometry at different time 

points following aOX40 therapy. These experiments would reveal whether Akt activity is 

altered as a result of Gal-3 deficiency, which would be the first step in determining 

whether Gal-3 regulation of Akt phosphorylation following OX40 ligation contributes to 

increased CD8+ T cell survival. 
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5.2.2 Do Gal-3-/- CD8+ T effector cells die or are they unable to 

transition to central memory cells? 

Gal-3 can inhibit Fas-dependent apoptosis in Jurkat T cells (201) and, in addition, 

Gal-3 has been shown to suppress apoptosis through inhibition of caspase-9 and caspase-

3 activation (197). Indeed, as expected based on Gal-3’s role in the inhibition of 

apoptosis, we found Gal-3-/- CD8+ T cells to be significantly more apoptotic in vitro and 

in vivo (Fig. 15). Furthermore, the extent of Annexin V expression among the TE, TEM 

and TCM Gal-3-/- CD8+ T cells subsets was significantly higher in the TE subsets of Gal-3-

/- CD8+ T cells treated with aOX40 compared to wild-type TE CD8+ T cells (day 14). 

Thus, the increased apoptosis of Gal-3-/- CD8+ T cells appears to be associated with Gal-

3-/- CD8+ T cell skewing towards a short-lived effector cell phenotype and failure to 

generate central memory cells (Fig. 8). However, whether reduced long-term survival of 

Gal-3-/- CD8+ T cells is due to increased cell death of the effector cell phenotype or if 

they are simply unable to develop into central memory cells following aOX40 therapy is 

unclear. Single cell gene expression profiling assays may be useful in elucidating the 

underlying mechanisms regulating the deficiencies in the generation of memory Gal-3-/- 

CD8+ T cells. This assay will allow to assess comprehensive sets of pro-apoptotic and pro 

survival genes in Gal-3-/- CD8+ T cells treated with aOX40 therapy early in the response 

(day 4) which will help in determining the fate of T effector cells. Assessment of T cell 

differentiation-associated gene expression in Gal-3-/- CD8+ T cells treated with aOX40 

therapy would also help determine whether there is a defect in forming memory cells. 

Another way to determine whether the reduced long-term survival of Gal-3-/- CD8+ T 

cells is due to increased cell death of effector cells or if they are simply unable to develop 
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into central memory cells following aOX40 therapy is to produce inducible Gal-3 

knockout mice. Gal-3 could be induced in these mice at different time points following 

aOX40 therapy and would help determine where the defect in the long-term survival of 

Gal-3-/- CD8+ T cells lies. Knocking out Gal-3 early in the aOX40 therapy response in 

inducible Gal-3 knockout mice can be expected to mimic the reduced long-term survival 

in Gal-3-/- CD8+ T cells as seen in our current model. If Gal-3 deficiency is causing a 

defect in CD8+ T cells memory development, knocking out Gal-3 on day 7 post-aOX40 

therapy should rescue CD8+ T cell long-term survival since CD8+ T cells would have 

already become memory cells or poised to become memory cells by then. If the defect in 

Gal-3-/- CD8+ T cells is not in the memory development, then knocking out Gal-3 on day 

7 post-aOX40 therapy would mimic the reduced long-term survival phenotype that we 

originally observed in Gal3-/- CD8+ T cells. 

 

5.2.3 Does Erdr1 trigger apoptosis in Gal-3-/- cells?  

Erdr1 induces T cell apoptosis via a Fas-dependent pathway (256), while 

intracellular Gal-3 inhibits apoptosis in a Fas-dependent mechanism. Erdr1 mRNA 

expression is significantly increased in Gal-3-/- CD8+ T cells, suggesting that higher 

levels of Erdr1 in Gal-3-/- CD8+ T cells might be triggering apoptosis. However, it 

remains to be determined whether and how Erdr1 triggers apoptosis in Gal-3-/- CD8+ T 

cells. To investigate this, one might determine Fas/FasL expression and its association 

with Erdr1 in Gal-3-/- CD8+ T cells, which would shed light on whether Erdr1 acts 

through a Fas-dependent pathway to trigger apoptosis. Second, due to the reciprocal 

relation between Gal-3 and Erdr1 expression, knocking down the increased expression of 
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Erdr1 in Gal-3-/- CD8+ T cells via shRNA or similar techniques and then looking at 

changes in the extent of apoptosis should reveal whether the increased apoptosis in Gal-3-

/- CD8+ T cells is induced by Erdr1. The opposing contribution of both Erdr1 (induces) 

and Gal-3 (prevents) to Fas-dependent apoptotic pathways suggest that there is a 

regulatory connection between Gal-3 and Erdr1. To determine this relationship, one 

could look upstream of Gal-3 and Erdr1 genes to see if there is transcription factor that 

potentially co-regulates these genes.  

 

5.2.4 How are CD8+ T cell tumor responses affected by the lack of Gal-

3? 

We showed that Gal-3-/- CD8+ T cell-mediated adoptive therapy plus aOX40 

treatment of B16-OVA tumor-bearing mice led to significantly reduced survival 

compared to WT CD8+ T-cells plus aOX40 treatment. It is not known whether Gal-3-/- 

CD8+ T cells are additionally influenced by other tumor induced immune suppressive 

mechanisms within the TME, such as expression of checkpoint ligands, secretion of 

inhibitory cytokines and inhibition of metabolic pathways. In addition, it will be crucial 

to see if Gal-3-/- CD8+ T cells traffic to the tumor and retain their effector function to a 

similar extent as wild-type CD8+ T cells. These questions can be answered by harvesting 

the TIL from tumor-bearing mice treated with Gal-3-/- vs. wild-type CD8+ T cells plus 

aOX40 at days 7, 14 and 29 post-transfer and then determining the phenotype and 

differentiation status of the donor CD8+ T cells.  
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5.3 Conclusions 

The function and role of extracellular Gal-3 has been studied extensively in both 

tumors and immune cells, however, little is known about the intracellular function of Gal-

3 in immune cells, especially CD8+ T cells (reviewed in Chapter 2). Our studies in 

Chapter 3 are the first, to our knowledge, to describe the role of intracellular Gal-3 in 

OX40-induced survival and development in CD8+ T cells. In contrast to the negative role 

of Gal-3 described in pathology, our studies point out the importance of intracellular Gal-

3 in regulating CD8+ T cell responses and warrants consideration in cancer therapies 

combined with modulation of intracellular Gal-3 to potentially improve CD8+ T cell 

survival and the formation of long-lived memory cells. Overexpression of Gal-3 in CD8+ 

T cells along with CD8+ T cell costimulation could potentially enhance the CD8+ T cell 

response and survival, thus supporting better anti-tumor efficacy.  

Our studies raise the question about the role of Gal-3 in other costimulatory and 

checkpoint blocked therapies, especially PD-1/ PD-L1 and CTLA-4 therapies. PD-1, PD-

L1, and CTLA-4 are all FDA approved drugs for multiple tumor types, but they do not 

work for every patient. Because we show a critical role for Gal-3 in aOX40-induced 

CD8+ T cell memory formation and survival, it will be important to investigate the role of 

Gal-3 following checkpoint blockade immunotherapy. Future studies will be needed to 

address this important issue.  
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