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The granule exocytosis pathway has classically been described as our most potent
response to pathogens, cancers, as well as autoreactive disorders. This is executed by the
action of perforin and a family of granule-associated serine proteases known as
granzymes (Gzm). Many studies have shown that these proteases exert their effects by
killing affected cells, creating an obvious correlation with cytotoxic T cells (CTLs) and
natural killer cells (NK) greatly expressing GzmB. Studies have found that the tumor
cells ability to create a suppressive environment is dependent on Gzm expression by
regulatory T lymphocytes (Treg). Research has shown GzmB can target and cleave
extracellular molecules such as fibronectin, vitronectin and laminin. Bird et al published
data showing that GzmB aids in the transmigration of CTLs, however the ability of
GzmB to aid in the migration of non-T cells has not been investigated. We hypothesize
that GzmB secretion may cause extracellular matrix (ECM) remodeling in the tumor
microenvironment, aiding in the outgrowth of the tumor cells via promoting higher rates
of invasion and/or metastasis.

First, we designed experiments to test in-vivo and in-vitro conditions that generate
GzmB production in multiple cell types. We were able to induce GzmB production by
Tregs both in-vitro and in-vivo. We also identified multiple mechanisms that allow for
CD8 T cells to produce GzmB. We next investigated mechanisms that would allow for
GzmB to be found in the extracellular environment. We found that CD8 T cells have the
ability to secrete GzmB without the need of an immunological synapse. In fact, GzmB
secretion is not dependent on exogenous IL-2.
GzmB improves the migration and invasive potential of tumor cells. In Tregspecific GzmBko (Foxp3creGzmBfl/fl) mice, GzmB+ Tregs increase the rate of tumor
metastasis in the lungs of the mice. In addition, GzmB+ CD8 T cells can potentiate
tumor metastasis, in contrast to GzmB-deficient CD8 T cells. These findings shed light
on the protumorigenic potential of secretory GzmB, which could serve as a unique
biomarker for predicting metastasis.
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CHAPTER I: INTRODUCTION

Overview
The immune system is divided into two arms; the innate and the adaptive immune
system. The innate immune system is our rapidly responding population of cells
composed of neutrophils, dendritic cells (DC), natural killer cells (NK), macrophages,
monocytes, eosinophils, and basophils (Figure 1.1). These cells respond within minutes
to hours following a breach through the barriers of the body. The innate immune system
uses germline-encoded receptors known as pattern recognition receptors (PRRs) which
recognize conserved structures unique to pathogens, also known as pathogen associated
molecular patterns (PAMPs).
If the innate immune system is unable to clear the pathogen, antigen-presenting
cells (APCs) act as a bridge to initiate the activation of the adaptive immune system. The
adaptive immune system plays the role of our last line of defense and is composed of T
cells and B cells (Figure 1.1). Unique to their names, these cells use T cell receptors
(TCRs) and B cell receptors (BCRs) to recognize their targets. Unlike the PRRs described
in the innate immune system, the TCRs and BCRs are unique to each T or B cell. These
receptors are randomly generated and reorganized to create the widest range of cells that
can respond to a specific target. B cells specifically are responsible for the production of
antibodies. When B cells are activated, they can develop into plasma cells and secrete
antibodies, which are soluble forms of BCRs. During an immune response, APCs such as
dendritic cells, are activated by danger signals (PAMPs, DAMPS, cytokines). During
activation, dendritic cells phagocytose antigens and dying cells in the environment. The
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APCs present the antigens on major histocompatibility complex (MHC) molecules to
allow specific T cells to respond to the presented antigens. The activation of APCs is an
importance process. This upregulates the expression of MHC molecules as well as costimulatory molecules which are used to help activate T cells that respond to the antigens.
My studies during the past 4 years have focused on the role of Granzyme B
(GzmB), a protein largely known as a cytotoxic effector molecule utilized by several
types of innate and adaptive immune cells. Herein, I will start with introducing the major
cell types that have been implicated in GzmB expression and function, especially
emphasizing certain controversial aspects that my own research work has helped clarify.

Figure 1.1 Time Course of the Immune Response
Simple schematic of the immune response during an infection. Early during an infection,
the innate immune system plays a major role, while dendritic cells and NK cells bridge to
activating the adaptive immune system. From Peterfalvi A, Miko E, Nagy T, Reger B,
Simon D, Miseta A, Czéh B, Szereday L. Much More Than a Pleasant Scent: A Review on
Essential Oils Supporting the Immune System. Molecules. 2019 Dec 11;24(24):4530. 1
Under CC – 4.0 http://creativecommons.org/licenses/by/4.0/
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CD8+ T Lymphocytes
CD8+ T lymphocytes are T-cell receptor expressing cells that are generated in the
thymus. CD8+ T lymphocytes, often called cytotoxic T lymphocytes (CTLs), act as a
surveillance cell type as it recognizes peptides presented by MHC Class I molecules,
found on all nucleated cells. This is an important mechanism of defense against
intracellular pathogens including viruses and bacteria, and for tumor surveillance.
T cell Selection and Central Tolerance
In order for T cells to elicit cell killing without causing unanticipated damage to
the host, they undergo an amazing selection process that results in central tolerance. 2 T
cell development starts from the bone-marrow as progenitors migrate to the thymus to
commit to the T cell lineage. At this stage, named CD4/CD8 double-negative (DN), T
cells begin to rearrange their TCR genes, giving rise to either αβ or γδ progenitors (Figure
1.2). The cells committed to αβ give rise to a large number of CD4/CD8 double-positive
(DP) T cells. At this stage, somatic recombination of the TCR genes creates a broad
repertoire of distinct αβ TCRs with random specificity. This randomness allows for the
greatest combination of TCRs that could potentially recognize a pathogen-derived
peptide presented on an MHC. However, this same randomness could create two
unwanted scenarios; T cells that cannot even recognize the MHC complex regardless of
the peptide being presented, and T cells that would respond to MHC presenting selfpeptides. This may seem worrisome, however the next steps in central tolerance, positive
selection and negative selection, helps to decrease the likelihood of these unwanted
scenarios. The purpose of positive selection is for T cells to “audition” by expressing
3

their TCRs. These TCRs must be able to recognize self MHC molecules, the same protein
expressed on all nucleated cells (MHCI) and antigen presenting cells (MHCII). An
example would be having a handshake with your friends. If you meet a new person that
would like to be your “friend”, they need to be able to do the handshake. Positive
selection would be somebody being introduced to you but does not shake your hand. The
T cell would not receive the appropriate signals, leading to death by neglect. More than
90% of these cells undergo death by neglect, as they express useless TCRs. 3
The rare population of cells that make it pass positive selection must now undergo
negative selection. This selection process is intended to delete or alter the population of T
cells that will respond to self-peptide in the periphery. When a T cell expresses highaffinity TCR for self-peptide-MHC, it will either undergo clonal deletion or receptor
editing, a secondary gene rearrangement at the TCRα loci. 4–8 Think of this as a
handshake that was too strong, so strong that it gives the sense of an untrustworthy
friend. Less signal strength would allow the cell to edit the receptor, decreasing the
affinity for self-peptide-MHC interaction.
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Figure 1.1 Stromal cell interactions along the migratory route of developing T cells
T cell progenitors migrate to the thymus, entering through blood vessels near the
corticomedullary junction. They then undergo double-negative (DN) stages until T cell
receptor β-selection. At this stage cells become double-positive (DP) cells and undergo
positive selection in the outer cortex. After positive selection, cells will commit to a
single-positive (SP) lineage. In the medulla, these cells will undergo negative selection.
Cells that make it past the many medullary antigen-presenting cells will migrate through
the periphery. From Klein L, Hinterberger M, Wirnsberger G, Kyewski B. Antigen
presentation in the thymus for positive selection and central tolerance induction. Nat Rev
Immunol. 2009 Dec;9(12):833-44.9 with permission from Springer Nature.
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The mechanisms that contribute to the affinity-dependent selection are still not
fully agreed upon. One model follows that low-affinity and high-affinity ligands induce
distinct confirmations of TCR-CD3 complex, which recruits specific intracellular
substrates at a particular level, leading to activation of distinct signaling pathways. This is
shown by non-catalytic region of tyrosine kinase (NCK) binding to CD3ε epitope only
happens after TCR interaction with MHC. 10 Another model describes kinetic
discrimination, in which both high and low affinity ligands initiate TCR signaling, but the
high affinity interaction associates longer with the TCR, allowing for greater recruitment
of additional substrates, strengthening the activating signal (Figure 1.3). This is an
appropriate model because it has been shown that low affinity and high affinity TCR
interactions induce the same TCR-CD3 confirmational changes in the thymus, indicating
the first model of confirmational change is not a factor in central tolerance. 11
The decision to commit to either CD8 or CD4 lineage is conducted by an
interesting process. Initial TCR interaction at the DP stage leads to partial
downregulation of CD8, now CD4+CD8int, while upregulating TCR. The decrease in CD8
is to determine whether the TCR expressed is MHCI or MHCII restricted. If the decrease
in CD8 does not lead to a loss of signal, the cell is committed to CD4 and is MHCII
restricted. A loss of signaling will lead to CD8 commitment, downregulating CD4
expression while increasing CD8 expression, allowing for MHCI restricted TCR
expression.12 To go into more depth, the coreceptor interaction with MHC is believed to
be an additional important aspect in T cell selection. CD8 binds to MHCI with a much
stronger interaction than CD4 to MHCII. This can explain why the TCR binding to
peptide-MHC is stronger in CD4 T cells than CD8, balancing the weaker coreceptor
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interaction.13,14 This also explains the selection process for regulatory T lymphocytes
(Tregs) described further in this introduction. Interestingly, mice deficient for both
coreceptors in addition to MHCI and MHCII showed a significant decrease in T cell
numbers and frequency. The T cells that survived selection expressed TCRs that were not
MHC-restricted.15

Figure 1.3 Threshold versus sustained signaling models of thymic selection
A) Model showing how TCR signal strength dictates the outcome of a T cell. Too strong
of a signal will elicit apoptosis, while too weak of a signal will not receive signals to
survive. The blue dotted line shows the TCR strength of Treg generation. B) Model
showing the time of TCR engagement can also dictate the fate of a T cell. The strength of
the interaction is still important, however maintaining a sustained signal allows for
positive selection. Adapted from Moran AE, Hogquist KA. T-cell receptor affinity in
thymic development. Immunology. 2012;135(4):261-267.16 with permission from Wiley
Library
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Mechanism of function
When a CTL recognizes its antigen and becomes activated, it can now act on its
purpose: to kill the target cell. It does this using three major mechanisms of killing
(Figure 1.4). The first is the secretion of cytokines such as tumor necrosis factor alpha
(TNF-α) and interferon gamma (IFN-γ), which are known to be anti-viral and antitumoral. In 1975, TNF-α was isolated due to its ability to kill tumor cells in-vitro and
cause necrosis of transplantable tumors in mice. 17 The primary function of the TNF
superfamily molecules is to regulate cell survival, activate inflammatory response, or
initiate apoptosis or necrosis. For the purpose of this section, we will focus on apoptosis
and necrosis. TNF, secreted as a soluble homotrimer, works by binding to one or both of
its receptors, TNF receptor 1 (TNFR1) and TNFR2.18 There has recently been great
progress in the studies of the TNF superfamily indicating interactions between TNFTNFR regulate T cell responses. The interactions studied are between OX40 ligand and
OX40, CD70 ligand and CD27, 4-1BBL and 4-1BB, and TL1A ligand and death receptor
3 (DR3).19 Focusing on TNF-α, the activation of TNFR1 is responsible for the
inflammatory responses attributed to TNF-α. TNF-α, secreted homotrimer, binds to the
extracellular domain of TNFR1, releasing the inhibitory protein silencer of death domains
(SODD), from the intracellular domain of TNFR1. The intracellular domain now has
available regions to allow the TNF-receptor-associated death domain (TRADD) to bind. 20
This then recruits the receptor interacting protein-1 (RIP1) and TNFR-associated factor 2
(TRAF2 ) and cellular inhibitors of apoptosis proteins (cIAP1/2). 21,22 Pro-apoptotic
signaling is initiated when RIP1 is deubiquitylated or ubiquitylation is inhibited. RIP1
and TRADD are then released from TNFR1 and are now free cytosolic complex.
8

TRADD then recruits Fas associated death domain (FADD) through death domain (DD)
interactions. FADD recruits and binds with pro-caspase-8, resulting in autocatalytic
activation, activating caspase-8, initiating cell death.23–26
IFN-γ is a type II IFN, unique from type I IFNs in function, structure, and
receptor binding. IFN-γ, homodimer, binds to its receptor IFNGR. This receptor is
composed of two ligand binding IFNGR1 molecules that are associated with two signaltransducing IFNGR2 molecules. The ligand binding interaction allows for a
confirmational change, allowing IFNGR2 to bind to Janus tyrosine kinase 2 (JAK2). 27,28
JAK2 then autophosphorylates to activate itself. This then allows JAK2 to
transphosphorylate JAK1, which is bound to IFNGR1. 29 JAK1 then phosphorylates
tyrosines on IFNGR1, allowing signal transducer and activator of transcription 1
(STAT1) to bind.30,31 STAT1 is now phosphorylated by JAK2 and creates a
homodimer.29 At this point, the STAT1 homodimer dissociates from the receptor and is
translocated into the nucleus to begin regulating gene transcription. 31–33 One of the targets
upregulated for apoptosis is IFN regulatory factor 1 (IRF-1), which acts as a transcription
factor itself. IRF-1 upregulates caspase-1 which is the activating molecule for interleukin
1 beta (IL-1β), a cytokine released when a cell undergoes pyroptosis. 34–36
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Figure 1.4 CD8 T cells effector functions
Simple schematic showing mechanisms of function to induce cell death. Activated T cells
have the ability to secrete GzmB and Perforin which induces apoptosis inside of the
target cell. The secretion of TNF-α and IFN-γ allows for binding to each representative
receptor, leading to intracellular signals that promote cell death. Lastly, the binding of
FasL with its receptor induces apoptosis of the target cell. Created with Biorender.com
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The second mechanism of killing is using cellular contact through Fas/Fas ligand
(FasL) interactions. Activated CTLs express FasL on the cell surface, which binds to its
receptor, Fas, on the surface of the target cell. Fas, also known as CD95, is a member of
the aforementioned TNFR superfamily. The binding of Fas/FasL recruits additional Fas
molecules causing a trimerization. Similar to the apoptotic signaling of TNFα, clustering
of the receptors recruits FADD. This exposes another death fold domain in FADD, its
death effector (DED). The complex creates a caspase activation complex called deathinducing signaling complex (DISC), as the FADD DEDs bind to DED of pro-caspase-8.
This triggers their protease activity causing autocatalytic cleavage. These signaling
molecules activate the caspase cascade, ultimately resulting in apoptosis of the target cell.
As CTLs express both Fas and FasL, this mechanism of action is used to kill fellow T
cells, called fratricide, to eliminate effector cells during the contraction phase following
an immune response and maintaining homeostasis. 37 Fas/FasL interactions have also been
implicated in a broad range of physiologic roles in apoptosis for tissue cell turnover,
hematopoiesis, and tumor killing or escape.38–42
The third mechanism of killing is through the production and release of cytotoxic
granules. These granules primarily contain a family of proteins, such as perforin and
granzymes. Perforin acts by forming a pore on the membrane of target cells. It is
debatable if the pore is formed on the surface or in the endocytosed vesicle of the target
cell. Nevertheless, the pore formation allows for granzymes to be delivered into the
cytoplasm of the infected or malignant cell. The internalized granzymes then cleave
proteins inside the cell and ultimately lead to caspase cascade activation, resulting in
apoptosis of the target cell. The release of these cytotoxic granules is classically believed
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to be directed only towards the target cell, localized to the immune synapse, to avoid
damage to healthy surrounding tissue (Figure 1.5). This process is classically called the
“kiss of death”. Upon engagement with APCs or target cells, the immunological synapse
helps direct secretion of granules. The direction of the secretion is controlled by the
microtubule cytoskeleton and the microtubule organizing center (MTOC).

43

When the

TCR is stimulated, the MTOC polarizes towards the immunological synapse. The Golgi
apparatus associates with the MTOC which allows for direct secretion of proteins that
have been processed in the organelle (Figure 1.5). It has been demonstrated that lytic
granules are attached to the microtubule cytoskeleton and trafficked toward the MTOC at
the immunological synapse.44 This mechanism of secretion of GzmB has been the classic
dogma. However, in Chapter 4 of this dissertation, we hope to prove that an alternative
fashion of secretion of GzmB exists that is not directed at target cells post activation.
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Figure 1.5 The time course of T cell secretory responses
Simple schematic showing the process by which a T cell recognizes a target cell and
forms an immune complex to secrete GzmB into the target cell. Further in this
dissertation, we will show evidence that granule release is not always synapse dependent.
Beige, APC; gray, T cell; light blue oval, T cell nucleus; black lines, microtubules; black
dots, MTOC; green, Golgi apparatus; red, lytic granules; pink and blue, cytokinecontaining compartments destined for synaptic and multidirectional secretion,
respectively; yellow cytoplasm, early signaling responses; turquoise ring, IS formation.
Arrows indicate the directionality of secretion. From Huse M, Quann EJ, Davis MM.
Shouts, whispers and the kiss of death: directional secretion in T cells. Nat Immunol.
2008;9(10):1105-1111.43 with permission from Springer Nature.
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Regulatory T Lymphocytes
Regulatory T lymphocytes (Tregs) are a specific subset of CD4 + T cells that play
an important role in inducing and maintaining peripheral tolerance. These cells were
initially discovered in the early 1970s as tolerance inducing population of cells that were
thymus derived.45,46 It was not until 1995, when Sakaguchi and colleagues showed that
CD25, the high affinity IL-2 receptor α chain, could be a phenotypic marker for
suppressive CD4+ T cells. In 2003, studies identified the importance of the transcription
factor forkhead box P3 (FoxP3) in the development and function of CD4 +CD25+
regulatory T cells. Mice deficient in FoxP3 do not develop Tregs and also developed a
fatal lymphoproliferative disease. In fact, this is also observed in humans with FoxP3
mutations that lead to an autoimmune condition called immune dysregulation,
polyendocrinopathy, enteropathy, and X-linked (IPEX) syndrome. Overexpressing FoxP3
in mice leads to a greater number of suppressive cell subsets even in CD4 +CD25- and
CD8+ cells.
Treg Development
Tregs are classified as thymus-derived natural Tregs (nTregs) and locally induced
Tregs (iTregs). Like all T cells, nTregs arise from progenitor cells in the bone marrow
and migrate to the thymus to undergo lineage commitment and maturation. nTregs differ
in their central tolerance selection and are derived from clonal diversion. 47 nTregs are
positively selected on a TCR affinity/signal strength that would be in the negative
selection threshold for conventional T cells (Figure 1.3). 48 Interesting studies found
nTregs begin to migrate from the thymus to the periphery after 3 days of life, in fact
14

thymectomy of mice at day 3 results in lethal autoimmunity due to the lack of peripheral
Tregs.49 iTregs differentiate in the periphery from Foxp3- CD4+ T cells. This induction is
orchestrated primarily by IL-10 and transforming growth factor beta (TGF-β), two
cytokines that are also secreted by Tregs to exert their suppressive activity. 50,51 TGF-β
signal through its receptors, TGF-β type I receptor (TGFβR1) and TGF-β type II receptor
(TGFβRII), which are expressed on virtually all cell types.52 TGF-β is secreted as a dimer
and each side of the dimer binds to a homodimeric TGFβRII, which acts as a highaffinity receptor. This interaction causes a confirmational change between the receptor
and ligand, causing the availability of a new high-affinity binding site for TGFβRI to
bind to the initial receptor-ligand complex. This occurs until there is a TGFβRI associated
with both TGFβRII, ultimately ending in a dimer ligand and heterotetrameric receptor
complex.53 TGFβRII kinase then phosphorylates serine residues in the subdomain of
TGFβRI, activating its kinase. 54 TGFβRI kinase phosphorylates SMAD2 and SMAD3.
SMAD2 and SMAD3 then form a heterotrimer with SMAD4. This heterotrimer binds in
the FoxP3 locus, initiating FoxP3 expression.55–58 It was also found that TGF-β signaling
increases methylation of FoxP3 which induces expression and increases stability. 59 IL-10
signaling does not induce Treg generation by inducing FoxP3 expression. Studies
depleting IL-10 receptor in FoxP3+ cells reported no change in the expression of specific
transcription factors of Helper T cells 1 (Th1), 2 (Th2), and 17 (Th17) cells. In addition,
IL-10R signaling orchestrates IL-10 production in Tregs, which can explain why IL-10R
deficient Tregs are unable to inhibit Th17 responses. 60
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Suppressive function of Tregs
Tregs express a wide range of suppressive mechanisms (Figure 1.6). Tregs can
produce and secrete factors that are known to be suppressive such as TGF-β, IL-10, IL35, fibrinogen-like protein 2 (FGL2), and adenosine. Studies have shown that Treg cells
use TGF-β to suppress CD8+ T cell mediated autoimmune diabetes, although it is unclear
if this was due to suppression of proliferation, pro-inflammatory cytokine production or
secretion, or cytolytic activity.61 One group found CD8+ T cells with defective TGFβRII
showed greater cytolytic activity. This can also mean that TGF-β signaling suppresses
cytolytic activity of CD8+ T cells.62 IL-10 is another cytokine that helps induce Treg
differentiation. The suppressive activity is mediated by heterodimeric IL-10 receptor (IL10R1, IL-10R2) on the target cell. IL-10 has been shown to inhibit inflammatory bowel
disease (IBD), suppress Th1 responses, and decrease antigen presentation and
phagocytosis in APCs.63–65 Impaired IL-10 function leads to the development of
rheumatoid arthritis, systemic lupus erythematosus,66 psoriasis, multiple sclerosis,
transplant rejection, as well as cancer.67 IL-35, heterodimer composed of the subunits p35
and Ebi3, works with an ability to bind multiple forms of receptors. 68,69 This ability
confers cell specific responses. It can bind heterodimeric receptor CD130-IL12Rβ2 for
maximal suppression, as well as the two homodimers of the associated receptors for
partial suppression: CD130-CD130 and IL12Rβ2- IL12Rβ2. Following binding to its
receptor, its signal is transduced through STAT1 and STAT4. 70 Through the use of IL12a-/- and Ebi3-/- mice, it was discovered that Tregs with deficient IL-35 expression had a
significant reduction in their ability to suppress T-cell proliferation. 69 In fact, loss of IL35 expression has been shown to increase experimental autoimmune encephalomyelitis
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(EAE) severity, IBD, liver fibrosis, and lethal autoimmunity. 69,71,72,72–74 FGL2 binds to
the low affinity Fc gamma receptor IIB (FcγRIIB) receptor which inhibits DC maturation
and induces apoptosis of B cells.75 FGL2 can also suppress effector T cell response and
can control the expansion of effector T cells. 76 Tregs have the ability to use extracellular
adenosine as a suppressive mechanism.77,78 Tregs are found to express the nucleotidases,
CD39 and CD73.79–81 CD39 catalyzes degradation of ATP to AMP, and CD73 converts
AMP to adenosine. Adenosine then interacts with a family of receptors, such as A2A
adenosine receptor (A2AR) and A2B adenosine receptor (A2BR) which upon binding to
the receptor leads to an increase in cAMP levels which activates protein kinase A,
leading to inhibition of cell activation. Tregs have been shown to sequester the prosurvival cytokine, IL-2, as a suppressive mechanism. Tregs express the high affinity IL-2
receptor, CD25, which has a 100-fold higher affinity for IL-2 than CD122 and CD132. 82–
84

The presence of this receptor in the same environment of dividing T cells ultimately

deprives these T cells of the survival cytokine, resulting in apoptosis. Tregs also express
suppressive surface markers that work by cell-contact such as cytotoxic T-lymphocyte
associated protein 4 (CTLA-4), Galectin-1, lymphocyte-activation gene 3 (LAG-3), and
neuropilin-1 (NRP-1). CTLA-4 works by preferentially binding to CD80/86, shared
ligand of the co-stimulatory molecule CD28, on APCs. This CTLA-4 binding inhibits DC
activation by trans-endocytosis of CD80/86 and degradation in the Tregs. 85 This works
as a suppressive function by decreasing the available CD80/86 being expressed on APCs
which blocks the co-stimulation for T cell activation, ultimately diminishing the
activation of the cytotoxic lymphocytes. Studies have also found that CTLA-4 on Tregs is
used a method to suppress CD80/86 expressing CD4 T cells. LAG-3 is a transmembrane
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protein expressed by Tregs. LAG-3 works by engaging with MHCII, inducing an
immunoreceptor tyrosine-based activation motif (ITAM)-mediated inhibitory signaling
pathway, inhibiting DC activation.86 Another mechanism of suppression is through the
production and secretion of cytotoxic granules containing perforin and Granzyme B.

Figure 1.6 Suppressive mechanism of Regulatory T cells (Tregs)
General mechanisms of suppression by Tregs are listed and detailed involvement
mechanisms. The mechanisms include consumption of IL-2 from the environment,
production of TGFβ, IL-10 and IL-35, expression of checkpoint inhibitors and many
more. From Ohue Y, Nishikawa H. Regulatory T (Treg) cells in cancer: Can Treg cells be
a new therapeutic target? Cancer Sci. 2019 Jul;110(7):2080-2089. 87 Under CC BY-NC
4.0 https://creativecommons.org/licenses/by-nc/4.0/
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Myeloid Derived Suppressor Cells
Myeloid Derived Suppressor Cells (MDSCs) are a heterogenous population of
innate immune cells seen in different pathologies but with the similar function to
suppress inflammatory responses. 88 In solid tumors, generation and recruitment of
MDSCs to the tumor microenvironment occurs at the beginning stages of cancer
progression. This recruitment is termed myelopoiesis and can be induced through tumor
mediated expression of granulocyte macrophage colony stimulatory factor (GM-CSF),
macrophage colony stimulator factor (M-CSF), IL-6, toll-like receptor 2 (TLR2) ligands
and more. 89–92 This eventually leads to the generation of aberrant circulating MDSCs
which have the ability to create a suppressive niche conducive to metastatic outgrowth
and therefore indicates worse prognosis. 93
MDSCs can be classified into two distinct subsets: polymorphonuclear (PMNMDSCs) and monocytic (M-MDSCs). PMN-MDSCs show morphological and
phenotypic characteristics of neutrophils. In mice, these cells are CD11b +Ly6G+Ly6Clow;
while in humans, they are defined as CD14-CD11b+CD15+(CD66b+). M-MDSCs are
parallel to monocytes. In mice, these cells are CD11b+Ly6G-Ly6Chi while in humans,
they are defined as CD11b+CD14+HLA-DR-/loCD15-. 88,94
Suppressive Functions of MDSCs
Ligand/Checkpoint Inhibition
MDSCs have the ability to inhibit T cell responses via cell-to-cell contact by the
expression of programmed cell death protein ligand 1 (PD-L1) (Figure 1.7). PD-L1 binds
to its receptor PD-1 expressed on the surface of activated T cells. PD-1 was given its
19

name because it was shown to participate in and enhance apoptosis. 95 When PD-1 and
PD-L1 interact, this causes phosphorylation of tyrosine residues on the cytoplasmic
region of PD-1 in the activated T cell. This recruits Src homology 2 domain-containing
protein tyrosine phosphatase-2 (SHP-2). This allows further downstream proteins spleen
tyrosine kinase (Syk) and phospholipid inositol-3-kinase (PI3K) to become
phosphorylated, inhibiting activation, proliferation, and cytokine production. PD-L1
expression on MDSCs has been found to be induced by M-CSF, vascular endothelial
growth factor (VEGF), IFNγ, and hypoxia-inducible factor 1-alpha (HIF-1α). 96–98
Galectin-9 is a member of the β-galactoside-binding animal lectins. 99 It was
originally described as a chemoattractant for eosinophils, however there have been
studies that have demonstrated a suppressive role for Galectin-9, such as the polarization
of M2 macrophages in melanoma, expanding MDSCs, and apoptosis of effector T cells
and activated NK cells expressing T-cell immunoglobulin and mucin domain-containing
molecule-3 (TIM-3).100–103
Reactive Species
One major mechanism of suppression by MDSCs is through production of
reactive oxygen species (ROS). Though the presence of ROS is not always harmful, at
critical levels, the range of unintended damage can induce cellular pathologies and
potentially cell death. MDSCs have the ability to survive in these high levels. 104 ROS
includes superoxide anions which react with hydrogen peroxide, hydroxyl radicals,
peroxynitrite, hypochlorous acid and singlet oxygen to form ROS. MDSCs can use ROS
to modify TCRs and CD8 molecules. CD8 T cells lose their ability to bind to
phosphorylated MHC, a mechanism of tolerance of peripheral CD8 T cells. 105 Hydrogen
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peroxide which is formed through the superoxide released from MDSCs decreases the
expression of CD3ζ on T cells.106 This decreases the ability of T cells to become
activated which also decreases any ability to produce pro-inflammatory molecules such
as IFN-γ.107 An indirect mechanism of suppression is by expanding the population of
Tregs. This has been found in cancer and many other inflammatory conditions, with
Tregs being less susceptible to oxidative stress-induced death compared to other T cells
due to their ability to secrete greater levels of redox proteins such as thioredoxin and
hemeoxygenase1.108,109 Another indirect mechanism of suppression is by altering the
binding of antigens on tumor cell MHC. This decrease the binding, thus allowing tumor
cells to become ‘invisible’ to antigen-specific T cells.110
Nutrient Sequestration
Another interesting mechanism of suppression is through the sequestration of
nutrients important for T cell biology. MDSCs have the ability to sequester amino acids
such as L-arginine, L-cysteine, and L-tryptophan by the expression of enzymes such as
arginase-1 (Arg1), inducible nitric oxide synthase (iNOS/NOS2) and indolamine
dioxygenase (IDO).111,112 Arg1 mediated depletion of L-arginine is believed to inhibit
cellular proliferation as well as affect the metabolism, ultimately affecting effector
functions.113 Arg1 has also been found to decrease the expressing of CD3ζ through the
depletion of L-arginine, leading to decrease in T cell activation, similar to the
aforementioned hydrogen peroxide function.114,115 iNOS competes for the same
metabolite, L-arginine, to produce nitric oxide (NO) and L-citrulline. 116 NO can also lead
to T cell suppression by blocking the phosphorylation of downstream signaling of IL-2
receptors.117 IDO is involved in tryptophan oxidative metabolism, decreasing tryptophan
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levels. Due to tryptophan being an important amino acid, the depletion of tryptophan
decreases T cell proliferation and activation.118,119
Granzyme B and Perforin Production
Recent findings have shown that human MDSCs as well as human CD68 +
macrophages are able to produce GzmB, however the mechanism for this production has
yet to be established 120,121. There has been one study that reported the expression of both
GzmB and Perforin (Prf-1) in murine MDSCs 122. This group not only confirmed this
expression but found that this GzmB and Prf-1 secretion is essential for tumor growth.
Although there were no differences in their effect on T lymphocytes, MDSCs deficient in
GzmB cannot facilitate the migration of tumor cells compared to WT counterparts. This,
in addition to GzmB produced by mast cells, prompts the speculation that the production
and secretion of GzmB causes extracellular remodeling which aids tumor migration and
metastasis. As this cell population continues to be studied, one concept that still needs to
be addressed is the signaling mechanisms needed to produce and release GzmB in these
cell types. To generate this population of suppressive cells, the cytokines GM-CSF and
IL-6 are very important, however, the downstream signaling motifs are not classically
associated with GzmB production. In addition, the hypothesis that the MDSCs are
constitutively expressing GzmB without a ‘second’ signal should be a cause for concern
due to the potent effects of this cytotoxic molecule. If there are no additional signals to
help regulate the production or secretion of GzmB then this could lead to detrimental
effects in chronic inflammatory diseases such as cancer.
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Figure 1.7 Suppressive mechanisms of Myeloid Derived Suppressor Cells (MDSCs)
A) General mechanisms of suppression by MDSCs are shown in diagram. The
mechanisms include contact dependent binding of Tim-3 with Galectin-9, production of
NO and ROS, secretion of IL-10 and TGFβ. B) Mechanisms to expand Tregs and induce
FoxP3 expression. From Ochando JC, Chen SH. Myeloid-derived suppressor cells in
transplantation and cancer. Immunol Res. 2012;54(1-3):275-285. doi:10.1007/s12026012-8335-1 with licensing permission form Springer.
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Granzyme B
The text in this section of the chapter has been published as:
Tibbs E, Cao X. Emerging Canonical and Non-Canonical Roles of Granzyme B in
Health and Disease. Cancers (Basel). 2022 Mar 10;14(6):1436. 123 Under CC-4.0
https://creativecommons.org/licenses/by/4.0/
Since the initial discovery of Gzms, they were believed to be the executor of cell
death produced by CTLs and NK cells to target infected cells and transformed tumor
cells. Through the granule exocytosis pathway, with the additional help of perforin
creating a pore, Gzms traffic into the cytosol of the target cell and cleave critical
substrates, ultimately leading to apoptosis of that cell 124. GzmB in particular, targets
BH3 interacting domain death agonist (Bid) and inhibitor of caspase activated DNase
(ICAD) in the cytoplasm but can also translocate into the nucleus targeting lamin B and
PARP1125–129. GzmA, the other major granzyme, was thought to not play a primary role
in cytotoxicity, but recent findings show a function in pyroptosis, a proinflammatory
form of cell death 130. GzmA can also traffic into the nucleus and the mitochondrial
matrix to induce damage 131–134. Many members of the Gzm family, including GzmB and
GzmA, have been shown to regulate extracellular matrix remodeling, angiogenesis and
organized vascular degradation, all important processes in tissue repair and organ
development. Do we truly understand the multivariate story of GzmB? To address this
question, we review the classical and non-classical roles of GzmB outside of their
cytotoxic function, and novel approaches to utilize these new findings to address current
gaps in our understanding of the immune system and tissue development.
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Canonical roles of Granzyme B
CTLs and NK cells utilize GzmB and Prf-1 molecules in cytotoxic granules to kill
virally infected cells and tumor cells. In a classical scenario, APCs would present a
pathogenic antigen on its MHC along with costimulatory ligands to CTLs. This
interaction gives the CTLs the signal to migrate through the system surveying the
expression of this pathogenic antigen found on the MHC. 135 Once the CTL has come into
contact with a cell expressing this antigen, it will begin the process of killing through
creation of an immunological synapse. 44 Unlike CTLs, NK cells do not require antigenspecific recognition to kill target cells. NK cells have the ability to elicit cytotoxicity
against MHC class I deficient target cells, which is a response to viral infections and
tumor transformation. 136,137
In order for CTL and NK cells to induce their cytotoxic function utilizing GzmB,
they must form an immunological synapse and polarize their cytotoxic granules to the
site of membrane contact with the target cell (Figure 1.8). 138,139 The plasma membranes
between the target cell and killer cell form an area of tight contact in which an adhesion
ring is created. This adhesion ring allows for granules to polarize towards this location.
The granules are secreted at a site separate but in proximity of the signaling portion of the
immunological synapse, likely to decrease the possibility of the cytotoxic molecules to
disrupt the synaptic interaction. 44 These observations suggest that the direction of
secretion is dictated by the immunological synapse structure or, at minimum,
extracellular interaction to polarize granules to allow for a specific release to the target
cell. 140
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Figure 1.8 Schematic representation of canonical features of Granzyme B
Targeted killing of cancer cells by T cells through granule release while inhibiting selfinflicted damage caused by leaky granules. GzmB is introduced into a target cell leading
to apoptosis. GzmB leaked into T cell is inhibited by Serpin9. From Tibbs E, Cao X.
Emerging Canonical and Non-Canonical Roles of Granzyme B in Health and Disease.
Cancers (Basel).2022 Mar10;14(6):1436.123 Under-CC-4.0
https://creativecommons.org/licenses/by/4.0/
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As we study the importance of GzmB in the immune response, it is critical to
acknowledge the redundancy in the production mechanisms of these cytotoxic molecules.
For CTLs and NK cells, proinflammatory cytokines or activating chemicals correlate
with GzmB production. NK cells can generate GzmB by binding Type I IFN or IL-18, or
an increase in interaction with activating ligand, as well as antibody-dependent cellmediated activation using their Fcγ receptor (CD16). 141–143 CTLs utilize their TCR-MHC
interaction along with the co-stimulation molecule, and CD3 and CD28 stimulation.
147

144–

A chemical approach with phorbol 12-myristate 13-acetate (PMA) and ionomycin, or

high dose IL-2 or IL-15 without an antigen can also activate both NK and CTL cells to
produce GzmB and Perf-1. 148–152 Receptors for these two cytokines share a common
gamma chain (γc, CD132) and β chain (IL-2Rβ, CD122). 153 Signaling through either IL2 or IL-15 receptor transmits intracellularly via JAK1/3-STAT3/5 pathway. 154
Granzyme B Regulation in CTL and NK cells
Although there is redundancy in the production mechanisms of GzmB, due to its’
cytotoxic nature, GzmB production and secretion is strongly regulated at both the
transcriptional and translational levels. Within T lymphocytes, the first step is the
transcriptional activation of GzmB involving activation of the T cell receptor and costimulation along with cytokines. 144–147 GzmB protein is still held within the activated T
cell until the second step, appropriate stimulation of its TCR with the infected target cell.
Although using different signaling mechanisms to elicit killing, NK cells must undergo a
similar series of steps to release GzmB into the extracellular environment. 155,156
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Regulating self-inflicted damage
As one can imagine, equipping and storing such a cytotoxic molecule is a risk to
the cell secreting it. There have been several studies that investigate the production of
GzmB potentially causing self-inflicted damage or even self-killing (suicide). One group
discovered that in-vitro activated human Tregs generate GzmB along with its inhibitor,
Serine Protease Inhibitor 9 (Serpin9). However Serpin9 levels did not fully prevent Tregs
from undergoing apoptosis. 157 They also discovered that this accumulation of GzmB
intracellularly was through granule leakage, which induces cleavage of cytoplasmic and
nuclear substrates, indicative of apoptosis pathway activation. Serpin9 inhibits GzmB by
an irreversible suicide substrate mechanism, locking the protease with the inhibitor
(Figure 1.8). 158 When CTLs were deficient of Spi6, mouse homolog of Serpin9, there
was a defect in survival that was GzmB dependent. 159 These results were also found in
Regulatory T cells (Tregs) and invariant Natural Killer T cells. 160,161 In fact, the Spi6
deficient Tregs were rescued from apoptosis with the addition of a GzmB inhibitor. 160 In
our attempts to understand these findings, there seems to be an evolutionary shift to not
alter the ‘leakiness’ of cytotoxic granules but create mechanisms to address the
consequences from the said leakiness.
Transcriptional Regulation
GzmB transcription is regulated by the binding of transcription factors upstream
of its’ promoter region, including the activating transcription factor (ATF) and cyclic
AMP-responsive element-binding protein (CREB) interaction, activator protein-1 (AP-1),
Ikaros, core-binding factor (CBF/PEBP2), Runx3, and T-box factors (T-bet). 162–166 These
28

transcription factors help to regulate the expression of GzmB in a synergistic fashion. In
fact, a mutation or deficiency in any transcription factor or binding site may diminish the
expression of GzmB. 165–167 It is important to note that the expression of a few
transcription factors for GzmB production in mature cells are also important for the
differentiation of CTLs, such as Runx3, T-Bet, and Eomesodermin (Eomes).

166

However, Runx3 has also been found to be critical for the generation of certain myeloid
lineages. 168,169 When analyzing the expression of GzmB in non-lymphocytes, it is critical
to establish transcription factors that are indicative of its expression. Due to its regulation,
determining the co-expression of known or novel transcription factors in nonlymphocytic GzmB producing cells is a tedious, yet necessary task to progress the field to
study this cytotoxic molecule.
The post-transcriptional regulation of GzmB is evident in the described cell types,
although the mechanisms involved in this regulation are not fully understood. Resting
mouse NK cells have a large amount of GzmB transcripts made, but no GzmB protein
expressed or secreted. 170 The reason has not been investigated, however, one reason
could be through the licensed/unlicensed NK cell paradigm, in which a certain percentage
of NK cells can be quick to begin killing without the need to be primed. 171 However,
once these NK cells have been activated, there is a significant increase in GzmB protein
levels, with relatively little change in the transcript levels. 170 In the context of a highly
cytotoxic cell type producing a powerful cytotoxic molecule, it would make sense to
create a two-step authentication to allow production and release; first priming then
activation. In contrast, human mast cells express high levels of GzmB transcripts and
relatively low levels of GzmB protein following stimulation. 172 Regardless of the cell
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type expressing GzmB, there must be strict regulation of the production and secretion of
this cytotoxic molecule, to confirm that damage to neighboring cells is necessary.
Translational Regulation
Lastly, the post-translational regulation of GzmB is done in a similar approach to
many other potent proteases. GzmB is synthesized as a propeptide and trafficked to acidic
secretory lysosomes through the mannose 6-phosphate receptor (M6PR) pathway.

173,174

At this point, GzmB is then activated by the dipeptidyl peptidase Cathepsin C before
degranulation to its target cell. 175,176 Each point in this pathway is dictated by a critical
protein or enzyme. If novel cells are producing GzmB, it is important to decipher what
form of GzmB is being made and if these necessary steps are being initiated in the cell
types of interest.
Non-lymphocytic Granzyme B Production
Mast Cells
Many studies have investigated the production of GzmB by mast cells. Mast cells
are long-lived cells derived from hematopoietic stem cells. These cells migrate to their
destined tissue while in their immature state, maturing once at the determined location.
Due to these locations being near surfaces exposed to the environment, mast cells are one
of the first type of cells of the hematopoietic-immune system to come into contact with
allergens and other antigens. 177 Murine mast cells derived from bone marrow have been
shown to produce and release the enzymatically active form of GzmB upon ligation of
FcεR1. 178 Release of GzmB was independent of Prf-1 which induced anoikis, a form of
cell detachment. Anoikis has been shown to play a critical role in Prf-1-independent
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killing. 179 This production and release of GzmB has been shown to be a pro-tumoric
factor by decreasing the efficacy of vascular endothelial growth factor receptor (VEGFR)
targeted anti-angiogenic therapies. 180 They found that GzmB can induce the release of
fibroblast growth factor (FGF-1) and GM-CSF from the extracellular matrix. These data
correlate with a study that found GzmB can release VEGF from the extracellular matrix.
181

One way to elicit the production of GzmB by these mast cells is through antibody-

mediated activation. Binding of the antibody to killer-cell Ig-like receptor 2DL4
(KIR2DL4/CD158d) induced GzmB secretion from laboratory of allergic diseases 2
(LAD2) and peripheral blood (PB) mast cells while the use of a SHP-2 inhibitor
significantly decreases this phenotype by decreasing the rate of degranulation as well as
the rate of GzmB production. 182
Signaling Mechanisms for Granzyme B production in non-lymphocytic cells
To fully understand the roles of GzmB we must look at the enzyme in many
contexts. One context would be the discovery of human plasmacytoid dendritic cells
(pDC) that express GzmB following IL-3 stimulation. 183 This stimulation through the IL3 receptor complex is JAK1-STAT3/5 dependent. It is also found that IL-10 stimulation
following IL-3 increases the population of GzmB producing pDCs while TLR7/9 and
CD40 stimulation decreases this effect. As IL-10 utilizes the JAK1-STAT3/5 pathway, it
does not seem to be redundant as IL-3 prior to stimulation is required to enhance GzmB
production. 183,184
The results show an interesting concept in that CD40 stimulation is a normally a
pro-inflammatory signal, but under GzmB producing conditions in pDCs, CD40
stimulation leads to a decrease in GzmB production. Once ligation occurs, there is
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recruitment and trimeric clustering of TRAFs, with TRAF6 being most important in
dendritic cells. 185,186 Normally, TRAF6 recruitment leads to the production of proinflammatory cytokines such as IL-12p40 and IL-6. 187 CD40 can synergize with TLR9
signaling to enhance the production of Type I IFN. 188 JAK1-STAT3/5 signaling in one
cell type means the production of cytotoxic molecules, while a similar signaling cascade
in another cell type does not. To add another layer of complexity, the classically antiinflammatory signal IL-3, which utilizes the JAK1-STAT3/5 pathway, now leads to the
production of GzmB, a classically cytotoxic molecule. There needs to be more
investigation in the signaling mechanisms of GzmB by non-lymphocytic cells.
Non-canonical Roles of Granzyme B
Role of Granzyme B in inhibiting infectious diseases
One topic that has not been heavily investigated is the ability of GzmB to play
antipathogenic roles that are independent of cellular apoptosis. There are historic data of
GzmB in clearing infections due to the apoptosis of infected cell types, however GzmB
has been found to cleave multiple viral proteins that play a critical role in viral replication
and/or host evasion, such as herpes simplex virus (HSV) ICP27, HSV ICP4, varicellazoster virus (VZV) ORF4, and VZV ORF62. 189 This is believed to be a secondary
mechanism of inhibiting viral spread due to HSV and VZV being able to inhibit both
intrinsic and extrinsic apoptotic pathways. 190 GzmB has also been shown to cleave
eIF4G3, host protein that is involved in viral translation, independent of caspase activity.
191

Another mechanism of suppressing viral replication was found when GzmB disrupts

splicing of newly synthesized mRNAs in a caspase-dependent manner. 192
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GzmB with the help of Prf-1 and Granulysin (GNLY) is delivered to intracellular
parasites and bacteria inducing the generation of ROS. 193,194 For parasites the generation
of superoxide anions disrupts the mitochondrial potential, inducing apoptosis.
Interestingly, death of the intracellular parasite occurred independently, and before, host
cell death, a potential way to limit parasite spreading. In the case of bacteria, GzmB
proteolytically disrupts electron transport chain complex I and superoxide dismutase
(SOD), inflicting irreparable damage and inhibiting any oxidative stress response of
aerobic bacteria. In another study, it was found that GzmB disrupts bacterial protein
synthesis and metabolism through ribosome disassembly, allowing the infected cell to
undergo apoptosis. 195 GzmB has also been found to decrease bacterial virulence through
cleavage of multiple secreted and membrane-exposed virulence factors from Listeria
monocytogenes, Salmonella typhimurium, and Mycobacteria tuberculosis. 196
Cytotoxicity towards other Immune Cells
Outside of the use of GzmB to kill targeted infected or cancerous cells, there has
been studies that show GzmB being used as a tool to suppress the immune response,
particularly by Tregs. It was found that Tregs suppress B cell proliferation by inducing
death via a granzyme-dependent pathway. The results also show that Tregs preferentially
kill B cells that present specific antigens rather than through a bystander effect. 197 In
another set of experiments, it was found that Tregs inhibit the process of tumor
progression by killing leukemic B cells in-vitro. 198 This is an interesting finding because
the common belief is that Tregs aid cancer, but since this is a cancer of the immune
system, Tregs may view them as a chronic immune response and mediate suppression.
We can surmise this as a mechanism to inhibit the induction of autoimmune antibodies.
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Another example of this suppressive mechanism is the ability of human Tregs to kill
immature myeloid dendritic cells and CD14+ monocytes. Following a 4-hour coculture,
there was significant cell death of the dendritic cells. Interestingly, maturation of myeloid
dendritic cells significantly decreased the cell death. 199 Although these results are critical
in understanding the roles of Tregs in immunity, one concept that still needs to be
addressed is how Tregs receive the signal for cytotoxic granule release. The killing of
dendritic cells was not antigen specific nor was it established that an immunological
synapse was formed to elicit this killing.
Another interesting finding of GzmB is its role in contracting the clonal
proliferation of T cells through the expression of M6PR (Figure 1.9). M6PR is
upregulated on activated T cells and has been shown to aid in recruitment of protein
kinases towards the immunological synapse. 200 As a versatile receptor, M6PR has been
shown to bind to GzmB to uptake it into the cell. 201 M6PR expression correlates with
Treg-dependent GzmB-mediated apoptosis in that high expression led to greater
apoptosis and low M6PR expression resulted in a significant decrease of apoptosis in
effector T cells. 202 In the early phase of Listeria monocytogenes infection, majority of
antigen specific CTLs were M6PR high expressing while CTLs that were M6PR low
expressing survived the early phase of contraction. 202 Although these findings have been
shown to be mediated by Tregs, the mechanism for the release of GzmB into the
extracellular environment has not been investigated. Antigen-specific T cells were killed
in a GzmB dependent process, however the dependence of an immunological synapse for
this killing has not been investigated.
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Understanding the mechanism behind this receptor-mediated uptake of GzmB
could help overcome the obstacles in targeted delivery of GzmB. Over the past decade,
there has been promising data supporting specific delivery of GzmB using genetic fusion
with an antibody or derivative of natural ligands to extracellular surface receptors as a
therapeutic tool to combat cancer by increasing expression of pro-apoptotic genes and
decreasing tumor burden in mice. However, one common theme is presence of off-target
effects. 203–206 Studying the receptors that bind to GzmB could allow investigators to
develop the better combination of a fused GzmB-antibody/ligand with mutations in sites
that would not allow receptors of off-target cells to engage.

Figure 1.9 Schematic representation of novel roles of Granzyme B in T cell
development
Left, Mannose-6 Phosphate receptor expression orchestrates the amount of GzmB
introduced into the cell, allowing for robust activation of caspase and clonal contraction.
Right, theoretical mechanism of leaky granule release resulting in the production of IFN
genes through minor DNA damage, skewing T helper frequency. IRF-3, Interferon
Regulatory Factor 3; GzmB, Granzyme B; IFN, Interferon. From Tibbs E, Cao X.
Emerging Canonical and Non-Canonical Roles of Granzyme B in Health and Disease.
Cancers (Basel). 2022 Mar 10;14(6):1436. 123 Under CC-4.0
https://creativecommons.org/licenses/by/4.0/

35

Cell Type Differentiation
Recent studies have shown that there may be an important role of GzmB in
immunological development. Cells that are developed to become naturally cytotoxic may
lead to inherently greater levels of the Spi6/Serpin9 to inhibit possible programmed cell
death or even fratricide, the killing of neighboring cells during expansion. This could also
be achieved by cells that are not classically cytotoxic. For example, one group found that
Th2 cells are induced by the help of vasoactive intestinal peptide (VIP). The effect of VIP
on these cells prevents the upregulation of GzmB and also promotes a survival effect by
decreasing FasL and Prf-1 expression. 207 Recent discoveries can add onto this
immunological development concept. Hoek et al. found that GzmB skews CD4+ T cells
away from Th17 phenotype during differentiation. In-vivo activation of GzmB-deficient
CD4+ T cells resulted in a significant increase in IL-17 production, graft-vs-host disease
severity, as well as an increase in donor-derived T cell reconstitution. 208 These data not
only represent a novel role of GzmB in T cell differentiation, but a potential suppressive
role. Not having GzmB present during the proliferation and differentiation seems to
exacerbate pathogenic responses. Another group discovered that GzmB can have
intracellular mechanisms that are Prf-1-independent. In fact, they found that this Prf-1independent mechanism results in nonlethal DNA damage, which leads to
phosphorylation of IRF-3. 209 These results could connect with what Hoek et al.
published. Early GzmB production during CD4+ T cell differentiation may augment the
immune response, via nonlethal DNA damage, creating a feedforward loop to create
more Th1 cells (Figure 1.9). This also coincides with data that suggest the expression of
GzmB before the expression of Prf-1. 210,211 There are still questions that should be
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addressed if this concept does prove to be true. Are the cells that develop to be
autoinflammatory express different levels of Spi6/Serpin9? Does GzmB expression by T
cells play a greater role in peripheral suppression outside of Tregs?
Extracellular Matrix Remodeling
The formation of an immunological synapse, as described earlier, has classically
been associated with a directed secretion of GzmB. However, there may be more novel
mechanisms for GzmB being released into the environment that are worth investigating.
During the progression of infection and inflammation, there is an increase in
extracellular GzmB in circulation. 212,213 This is most likely caused by the constitutive
release of GzmB from primed NK and CTL cells without synapse formation at a target
cell or a release as a result of binding to extracellular matrix (ECM) proteins.

140,174,214

In

fact, one group found GzmB to be critical for lymphocyte migration due to basement
membrane remodeling. GzmB allows for CTL transmigration in postcapillary venules
and homing to the site of infection (Figure 1.10). 215 Although GzmB deficient CTLs
were able to penetrate the capillary vessel walls, they were incapable of completely
passing through. It would suggest that GzmB facilitates the remodeling of the basement
membrane to allow for the rigid nucleus of the lymphocyte to pass through. In fact, this
aligns with the concept that the multilobular nuclei of the neutrophil allow for the cell to
transmigrate through smaller holes with ease and without the need for membrane
remodeling. The release of GzmB into the environment in this manner is separate of the
immunological synapse formation but may be similar to synaptic release in which a cleft
formation allows for granule polarizing for release. 44 However one problem that was
mentioned but not addressed is that when degranulation was inhibited, the CTLs had
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impaired transmigration but to a lesser extent than GzmB deficient CTLs. This suggests
that there is yet another mechanism for the release of either enzymatically active GzmB
or a proenzyme form that is activated in the environment. Protocols using CD3 and CD28
stimulation results in significant production and release of GzmB into the media. This
would suggest that the classical immunological synapse is not required but the cleft
formation could still occur and elicit degranulation.

Figure 1.10 Schematic representation of non-canonical features of Granzyme B
Extracellular interaction polarizes granules for release resulting in cleavage of
extracellular factors such as fibrinogen and laminin. These cleavages increase the rate of
transmigration of T cells. Serpin9, Serine Protease Inhibitor 9. From Tibbs E, Cao X.
Emerging Canonical and Non-Canonical Roles of Granzyme B in Health and Disease.
Cancers (Basel). 2022 Mar 10;14(6):1436. 123 Under CC-4.0
https://creativecommons.org/licenses/by/4.0/
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As research progresses, scientists should use new resources to take a closer look
into the past. One example is by utilizing prediction programs to find protease cleavage
sites on proteins that are not known to be targeted by GzmB, such as GraBCas and
PROSPERous. 216,217 We may view GzmB as a similar protein to Spi6, in that Spi6 will
not undergo its function if there is no available target. We must focus on potential targets
of GzmB while being attentive to the function after interacting with the targets. With the
recent discoveries of Gzms playing a role outside of cell death, it is not too farfetched to
think it may affect cellular development. Our lab in fact had this idea due to observing
larger lymphocytic colony formation in cells deficient of GzmB compared to WT.
Speculating that GzmB may be affecting Notch1 signaling, we analyzed the cleavage
sites on the Notch1 receptor and found that there are many potential sites where GzmB
can target. Notch undergoes trans-activation through binding of one of its ligands,
Jagged1/2 or DLL1-4. 218–221 To our surprise, we saw a similar trend in cleavage sites of
the ligands of Notch1 such as JAGGED and DLL4, as well as other known ligands. In
addition, one group using in-vitro system shows that GzmB can affect Notch1
transcriptional activity. 222 If this is to be studied further, it would be important to
determine exactly where GzmB is acting on Notch1 as it has three domains spanning the
membrane and two cleavages that must occur to allow for Notch1 intracellular domain
(NICD) nuclear translocation. If GzmB is acting on NICD, then this must be a perforin
dependent mechanism, while if GzmB is acting on the extracellular domain then it is
perforin independent. These two different mechanisms could lead to completely different
stories to help bring light into how GzmB may affect cellular development.
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Granzyme B in relation to Cancer
The study of the tumor microenvironment (TME) is a constantly growing and
evolving field. The ability of the tumor to manipulate the microenvironment to aid in
growth as well as facilitate metastasis represents one of the most significant barriers to
the development of treatments to target cancer especially in late-stage diagnosis.
In this introduction, we have summarized data that focus on the specific cellular
production and regulation of GzmB, some promoting cancer growth. Our classical
understanding of GzmB is that it is needed to suppress tumor activity; however, some
studies have shown something different. In recent findings, Tregs use the perforingranzyme pathway as a mechanism to suppress the function of immune cells. It has been
shown that human Tregs expressed GzmA and/or GzmB and could kill autologous
immune cells, as well as murine Treg cells can suppress B cell proliferation in a GzmB
and perforin-dependent fashion. 197,199 In fact, a study focusing on oral squamous cell
carcinoma, there were higher prevalence of GzmB expressing Tregs compared to normal
patients.223 Using a congenic tumor model, it was discovered that GzmB + Treg frequency
increased as tumors grew as a mechanism for suppressing tumor reactive NK and CD8 + T
cells. 224 This increase for the duration of tumor growth and GzmB + frequency allows the
tumor cells to gain a survival advantage.
In addition to the findings of GzmB in Tregs, this has also been found in MDSCs.
Recent discoveries have shown that MDSCs also use another mechanism for T cell
suppression; the expression of GzmB and Perf-1. In the circumstance of Myelodysplastic
syndromes (MDS), MDSCs collected from patient’s blood and incubated with erythroid
precursors resulted in GzmB production and targeted apoptosis of these precursors. 120
These findings have been recapitulated in a murine model. New data show that MDSCs
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isolated from melanoma-bearing mice in addition to bone-marrow derived MDSC (BMDMDSC)-like culture system, express GzmB leading to decreased T cell activation when
co-cultured. It is also seen that culturing MDSCs deficient of GzmB with B16-F10
melanoma cells decreases the cancer’s invasive potential. 122
The recent findings of cell types expressing GzmB that are not classically
cytotoxic gives way to a more complex role that GzmB may play. This in addition to the
findings of GzmB aiding immune cell transmigration created the story of this thesis.
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Description of the study and Specific Aims:
The goals of this thesis were to 1) investigate the mechanisms that would allow
Granzyme B to be found in the tumor microenvironment and 2) delineate how such a
mechanism could promote tumor invasion and metastasis. I hypothesize that T cells can
release Granzyme B without the need of an immune synapse, thus aiding in tumor
invasion and metastasis (Figure 1.11).
In the first part of this project, we tested in-vivo and in-vitro conditions that would
generate GzmB production in different immune cells. We were able to stimulate CD8 T
cells and Tregs to produce GzmB in-vitro and in-vivo. In the second part of this project,
we investigated mechanisms that would allow for GzmB to be found systemically. We
found that CD8 T cells have the ability to secrete GzmB without the need of an
immunological synapse. Using multiple in-vitro methods, we found that the presence of
GzmB improves the migration and invasive potential of tumor cells. In addition, we also
found this to be true in-vivo. Using Treg-specific GzmB KO mice, we found that Treg
expressing GzmB increases the rate of metastasis in the lungs of the mice. We also found
that CD8 T cells have the ability to increase metastasis using GzmB while mice with
GzmB-deficient CD8 T cells resulted in significantly less metastasis. These findings shed
light on the pro-migratory ability of secretory GzmB and helps us understand an
unanticipated role of GzmB as a pro-tumoral factor.
Aim 1: Characterize cell types that produce GzmB under tumor conditions and
define relevant signaling pathways for its expression and release.
Hypothesis: Granzyme B can be secreted into the extracellular environment without an
immunological synapse, regardless of the cell type.
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i.

Test culture conditions and in-vivo methods that stimulate GzmB production.

ii.

Test the ability of the cells described to secrete GzmB into the extracellular
environment without the formation of an immunological synapse.

Aim 2: Determine the mechanisms by which GzmB promotes tumor migration and
metastasis.
Hypothesis: Granzyme B secreted can alter the tumor microenvironment through
degradation of extracellular matrix proteins, increasing tumor cell migration, invasion,
and metastasis.
i.

Evaluate the effect of GzmB to aid tumor migration and invasion using invitro methods.

ii.

Test the ability of GzmB to alter the tumor microenvironment to aid in
invasion and metastasis using in-vivo mouse models.
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Figure 1.11 Schematic showing novel roles of GzmB in promoting tumor migration
and metastasis. This figure highlights the specific aims and sub-aims for this project.
We will test the hypothesis that GzmB production and release can enhance extracellular
remodeling of the tumor microenvironment, aiding in the migration and metastasis of
tumors. Created with BioRender.com
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Chapter II: Materials and Methods

Bone-Marrow MDSC
Conditioned media (CM) was harvested from B16-F10-GMCSF, B16-F0, or 4T1
cells, centrifuged for 5 minutes at 1500rpm and filtered with 0.2-micron strainer and used
to differentiate bone marrow cells into MDSCs. Briefly, 10 x 10 6 bone marrow cells were
cultured for 6 days in 75% CM and 25% Iscove’s Modified Dulbecco’s Medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco), 100 units Penicillin/ 100ng
Streptomycin/ml (Sigma), and 2mM L-glutamine (Sigma) in non-TC-treated petri dish
plates (CELLTREAT, 229693). B16-F0 MDSCs were cultured in 15ng/ml murine GMCSF (Biolegend, 713704). Cells were then harvested for flow cytometry or RNA
extraction. Supernatant was used for ELISA as described below.

Mice
Wild-type mice were obtained from Jackson Laboratories (C57BL/6J and
BALB/C). B6 mice were bred. Pmel-1 transgenic mice were a kind gift of Dr. Eduardo
Davila, University of Colorado Denver (B6.Cg-Thy1 a/Cy Tg(TcraTcrb)8Rest/J) and bred
with GzmBko (B6.129S2-Gzmbtm1Ley/J), Perfko(C57BL/6-Prf1tm1Sdz/J), and GzmB-Perfdko.
GzmBfl mice were obtained from Cyagen Inc. Lyz2cre mice were obtained from Jackson
Laboratories (B6.129P2-Lyz2tm1(cre)Ifo/J) and bred with GzmBfl mice to create
homozygous Lyz2creGzmBfl/fl mice. FoxP3cre mice were obtained from Jackson
Laboratories (B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J). All mice were maintained in specific
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pathogen–free housing, and all experiments were conducted in accordance with the
animal care guidelines from the Office of Animal Welfare Assurance at the University of
Maryland School of Medicine Veterinary Resources using protocols approved by the
Institutional Animal Care and Use Committee.

Primary Lymphocyte Isolation
Mice were euthanized by cervical dislocation and spleens and/or lymph nodes
(inguinal, axillary, brachial, mesenteric) were collected into sterile buffer (1xPBS
supplemented with 5% FBS) and processed to single cell suspension by mashing tissues
through sterilized 100µM nylon mesh.

Magnetic cell selection
CD4+ and CD8+ T cells (purity >95%) were purified from the spleens by using
Pan T isolation Kit II, mouse (Miltenyi Biotec). In the situation in which we selected for
CD4, CD8, or CD25- we included Biotin conjugated antibodies to CD4 (RM4-5)(BD
Biosciences), CD8 (53-6.7)(BD Biosciences), and CD25 (7d4)(Ebioscience). Splenic and
tumor infiltrating MDSCs were sorted using EasySep Mouse CD11b Positive Selection
Kit II (Stem Cell Technologies) to allow for most pure population to measure GzmB
transcripts. NK and T cells were depleted from bone marrow cells by culture cells in
biotin conjugated antibodies to CD3 (100304)(Biolegend) and NK1.1 (553163)(BD
Biosciences).
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Ex-vivo T cell activation and culture
One million T cells were cultured on αCD3-αCD28 coated plate for 48hrs in T
cell media (TCM) (RPMI-1640, 10% FBS, 100 units Penicillin/ 100ng Streptomycin/ml
(Sigma), 2mM L-glutamine, 0.05mM 2-Mercaptoethanol) Cells were washed with fresh
TCM and split 1:1 and plated on fresh non-coated plate for 3 days, with media being
replaced after two days. On the 5th day, cells were again split 1:1 and plated on newly
coated αCD3-αCD28 plate. The addition of cytokines and antibodies for generating
specific subsets were detailed in the figure legend. Cells were then harvested for flow
cytometry or RNA extraction. Supernatant was used for ELISA as described below.

Table 2.1 Cytokines and Antibodies used for cell culture and stimulation
Cytokine Source

Cat. #

GM-CSF
IL-12
IL-2
IL-23
IL-6
TGFβ

AF-315-03
577004
212-12
589002
570802
763102

Peprotech
Biolegend
Peprotech
Biolegend
Biolegend
Biolegend

Antibody Clone

Source

IFNγ
IL-2
IL-4

Biolegend
Biolegend
Biolegend

H22
Jes6-1A12
11b11

Cat. #
513207
503706
504122
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Proliferation dye labeling
For T cell suppression assays, T cells were labeled with 0.3mM
carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen, C34554), incubated in 37 oC
incubator for 10 min, quenched with 30ml of cold TCM and further incubated for 5 min
on ice. The assays were setup by adding a variable number of CD11b-sorted MDSCs
(5x104-2.5x105;1:1-1:5) to a constant 5x104 T cells on αCD3-αCD28 coated black plates
for 72hrs. Then cells were harvested for flow cytometry.

Flow Cytometry Staining
Briefly, cells were washed using flow buffer (PBS with 2% FBS), and Fc
receptors were blocked with the addition of unlabeled anti-CD16/CD32 (BD Biosciences,
553142) for 20 min in 4°C. Extracellular markers and fixable LIVE/DEAD Fixable Aqua
(Invitrogen, L34966A) were stained together in PBS for 40 min in 4°C and washed two
times with flow buffer. Intracellular stains were performed using the eBioscience
FoxP3/Transcription Factor Staining Buffer Set (Invitrogen, 00552100). Cells were fixed
overnight in 4°C using the Intracellular Fixation Buffer. Cells were resuspended in 1×
permeabilization buffer and incubated for 5 min. Cells were washed using 1x
permeabilization buffer and potential intracellular Fc receptors were blocked with the
addition of unlabeled anti-CD16/CD32 for 10 min in 4°C. Samples were split, and test
Abs or isotype control Abs were added and incubated for 1 hr in 4°C and washed twice in
1× permeabilization buffer before resuspending in flow buffer. Where indicated in figure
48

legend when staining for T-bet or RORγt, samples were first fixed using BD
Cytofix/Cytoperm (554714) solution on ice for 20 minutes. Next, we washed the cells
using flow buffer twice. We then continued the following steps using the eBioscience
FoxP3/Transcription Factor Staining Buffer Set. Samples were run on the Aurora spectral
flow cytometer (Cytek Biosciences) in the Center for Innovative Biomedical Resources at
the University of Maryland School of Medicine. Unmixed samples were analyzed using
FlowJo software (FlowJo). Background staining was assessed with unstained controls,
stained isotype controls, and experimental negative controls when possible.

RNA extraction and RT-qPCR
Tumors were disrupted using enzymatic digestion as described above. Splenic
MDSCs were disrupted and brought to single cell suspension as described above. RNA
from CD11b+ cells from splenic and tumor infiltrating MDSCs, as well as BMD-MDSC
and activated T cells were extracted using RNeasy Micro Kit (Qiagen), according to
manufacturer’s instructions. RNA was reversely transcribed using the PrimeScript RT
Reagent Kit (TaKaRa). cDNA was then used as template in the quantitative real-time
PCR (qRT-PCR). Primers specific for mouse Actin-B (ActB), Granzyme B (GzmB),
Arginase-1 (Arg-1), inducible Nitric Oxide (iNOS) were used and relative gene
expression was determined using iTaq Universal SYBR Green Supermix (Bio-Rad
Laboratories). The comparative threshold cycle method was used to calculate gene
expression normalized to ActB as a reference gene.
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Table 2.2 Antibodies used for Flow Cytometric Analysis
Antibody Fluorochrome Manufacturer Catalag #

Clone

Arg-1
CD11b
CD25
CD3
CD4
CD8
FoxP3
GR-1
GzmB
GzmB
IFNγ
IL-10
IL-17A
iNOS
Live Dead
RORγt
T-bet
T-bet
TCRβ
TGFβ
TNFα

a1exf5
M1/70
PC61
17a2
rm4-5
53-6.7
Mf-14
RB6-8C5
GB11
GB11
XMG1.2
Jes5-16e3
Tc11-18h10.1
CXNFT
L34957
Q31-378
4b10
4b10
H57-597
TW7-16B4
MP6-XT22

PE
BV605
APC
PE/dazzle 594
FITC
PerCP/Cy5.5
AlexaFluor 700
PacBlue
PacBlue
APC
APC
PacBlue
PE
PE
Aqua
BV650
BV605
PE
BV711
FITC
PE

Ebioscience
Biolegend
Biolegend
Biolegend
Ebioscience
Biolegend
Biolegend
Biolegend
Biolegend
Invitrogen
Biolegend
Biolegend
Biolegend
Ebioscience
Invitrogen
BDBioscience
Biolegend
Ebioscience
Biolegend
Biolegend
Biolegend

12-3697-82
101257
102012
100246
11-0042-85
100733
126422
108430
515408
GRB05
505810
505019
506903
12-5920-82
564722
644817
12-5825-82
109243
141413
506306
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In-vivo Treg Expansion and Activation
Murine IL-2 cytokine (Peprotech) was incubated with IL-2mAb (JES6-1A12)
(BioXCel) at a 5µg:1µg ratio for 30 minutes at 37 oC. We then brought up the solution to
200µl in 1xPBS and injected peritoneally for 3 consecutive days. For Treg expansion in
the subcutaneous tumor model, we injected every other day for 4 total injections.

ELISA
Following culture conditions as described above, supernatants of BMD-MDSC
cell culture (100µl) and activated T cells (1µl in 99µl reagent diluent) were collected and
the production of GzmB was quantified using a Granzyme B kit (Duoset) (R&D systems)
according to the manufacturer’s instructions. The absorbance at 450nm was analyzed
using a microplate ELISA reader (Synergy HTX).

ELISPOT
T cells were stimulated then plated on enzyme-linked immunospot PVDF
membrane coated with anti-GzmB antibody at various densities and cultured for various
of times as indicated on figure legend, in 37oC and 7% CO2. The production of spots
using the GzmB ELISPOT (R&D systems) according to manufacturer’s instructions. The
number of blue-black colored spots were counted with ImmunoSpot CTL. Pictures were
taken using Zeiss Stemi 508 Stereomicroscope.
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xCelligence Migration/Invasion Assay
CIM-Plate 16 (Aligent) was used for xCelligence migration and invasion assay.
Serum containing media (DMEM + 10% FBS) was added to the lower chamber to allow
for electrodes to acclimate in 37oC for 30 minutes. 40,000 B16-F10 cells were then added
to the top chamber in serum depleted media and allowed to migrate for 72 hours. When
including Th1 cells, we added 30,000 B16-F10 cells and 10,000 Th1 cells. When
measuring invasion, Matrigel was added to the top chamber at 1:20 ratio with DMEM
and allowed to solidify for 6 hours. We then followed the above instructions to measure
invasion.

Gelatin Degradation
Poly-L-lysine slides were gifted from the laboratory of Dr. Stuart Martin, which
was purchased from IBIDI. Glutaraldehyde was added to chamber for 15 minutes at RT
and washed with 1x PBS. We heated Cy-3 labeled gelatin (EMD-Millipore) at 60 oC for 5
minutes and diluted gelatin with 1x PBS and unlabeled gelatin mix to 1x Cy3-gelatin. We
then plated gelatin in chambers and allowed to solidify for 5 minutes. We washed with 1x
PBS and added 70% EtOH to kill any potential bacterial growth for 30 minutes. We then
plated 5,000 B16-F10 cells per well.
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In-vivo Tumor Growth
To determine growth kinetics and obtain tumors for MDSC characterization, 2 x
105 , B16-F10, B16-GMCSF, LLC, or 4T1 tumor cells were injected subcutaneously in
the right flank. Tumor growth was measured daily using an automated caliper. Tumors
were allowed to grow to 4200mm3 or 20mm in any dimension for survival studies. Upon
endpoint, mice were euthanized, and lungs were harvested to measure metastasis. Tumors
of 600 +/- tc100 mm3 were isolated and reduced to single cell suspensions using
enzymatic digestion as described. 225 Resected tumors were separated for RNA extraction
and flow cytometry. MDSCs present in these cell suspensions were characterized by flow
cytometry.
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Chapter III: Diversity of Granzyme B Producing Cell Types

3.1 Introduction
Since the discovery of GzmB, it has classically been associated with killing by
CD8 T cells and NK cells. However, it has been discovered that GzmB is not restricted to
these cell types, and is expressed by B cells, mast cells, macrophages, dendritic cells,
MDSCs and Tregs.226 GzmB may play a larger role in cancer immunosurveillance,
eliciting dual opposing roles depending on the cell source and the relative abundance of
these cells in the tumor microenvironment.
3.1.1 Immunosuppression utilizing Granzyme B
Regulatory T cells
Tregs are a highly suppressive subset of CD4+ T cells that are essential for
maintaining peripheral tolerance by inhibiting immune responses. The generation and
function of Tregs are extremely important during early development for maintaining
tolerance later in life. Depletion of thymic derived Tregs after birth results in severe
multi-organ autoimmunity. 227 It is well document that Treg deficiency or dysfunction
can lead to severe autoimmunity. 228 Although Tregs are important for the prevention of
autoimmune diseases such as type 1 diabetes and the suppression of chronic
inflammatory diseases such as asthma, this suppressive strength works in a balancing
act.229 230 231,232 Tregs have also been shown to greatly suppress antitumor immunity and
in some cases to prevent the killing of certain pathogens. 62 233,234 In addition, in patients
with malignant pathologies, increased level of peripheral Tregs before therapy correlates
with shorter progression free survival, whereas elevated Tregs in circulation and tumor
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tissues of patients with breast cancer, non-small cell lung carcinoma (NSCLC), ovarian
cancer, and hepatocellular carcinoma are associated with poorer prognosis and higher risk
of recurrence.

235–238

Myeloid Derived Suppressor Cells
MDSCs are a heterogenous population of innate immune cells observed different
pathologies, and function to suppress inflammatory responses. In solid tumors, generation
and recruitment of MDSCs to the tumor microenvironment occurs at the beginning stages
of cancer progression. This eventually leads to the generation of aberrant circulating
MDSCs, which have the ability to create a suppressive niche conducive to metastatic
outgrowth and therefore indicates worse prognosis. 93 MDSCs have a variety of ways to
induce their suppressive function; expression of PD-L1 leading to T cell anergy or cell
death, production of ROS to induce dissociation of CD3ε from the TCR, H 2O2 mediated
loss of zeta chain, NO mediated IL-2R signaling inhibition, as well as the depletion of
vital T cell nutrients such as arginine by using Arg-1 to inhibit T cell activation. 239,240
3.1.2 Chapter Summary
In this chapter, we examine the ability of immune cells to produce GzmB. We
tested various culture conditions and in-vivo stimulations required for different cell types
to produce and secrete GzmB. We show that MDSCs do not produce GzmB protein or
RNA transcripts under in-vitro and in-vivo conditions. We are able to generate in-vitro
Th1 cells that are able to produce significant amounts of GzmB. We also reveal the
ability to generate in-vitro Tregs that are able to produce GzmB. We show that using an
in-vivo model, we are able to use an IL-2 complex to activate both Tregs and CD8 T cells
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to produce GzmB. Lastly, using a transgenic TCR model, we were able to activate CD8 T
cells to undergo autopilot and produce significant levels of GzmB. The data shown in this
chapter acts as the foundation for which the following chapters will build upon.
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3.2 Results
The MDSC section of the chapter has been published as:
Tibbs E, Cao X. Murine myeloid derived suppressor cells possess a range of suppressive
mechanisms-Granzyme B is not among them. Cancer Immunol Immunother. 2022 Feb 7.
doi: 10.1007/s00262-022-03162-z.
Reprinted with permission.
3.2.1 MDSCs do not express Granzyme B as an intracellular protein
We generated MDSCs phenotypically similar to those found in tumor bearing
mice in-vivo by culturing bone marrow cells isolated from WT or GzmB ko mice in tumor
conditioned media (CM) of B16-F10 cells that have been retrovirally altered to secrete
high levels of GM-CSF. Following culture conditions, we collected cells and performed
flow cytometry to assess surface markers as well as intracellular markers. These BMDMDSCs are not only phenotypically similar but also express suppressive markers
consistent with previously published data such as TGF-β and Arg-1 (Figure 3.2.1), and
are able to suppress T cell proliferation and activation (Figure 3.2.2). However, among
the many molecules being expressed, GzmB was not one of them (Figure 3.2.1). As
proper controls, we included BMD-MDSCs from GzmB ko mice and CD8+ T cells that
have been activated and cultured from the same mice (Figure 3.2.3). The WT CD8 + T
cells showed a range of GzmB being produced, while GzmB ko CD8+ T cells showed no
GzmB expression. We tested these findings in two additional cell lines, B16-F0
supplemented with murine GM-CSF and 4T1. Both models generated MDSCs but did not
show GzmB expression (Figure 3.2.3). Furthermore, to ensure the lack of GzmB
expression by BMD-MDSCs was not due to the methods of generation, we studied
MDSCs isolated from the tumor and spleen of mice bearing B16-GMCSF melanoma and
the spleen of mice bearing 4T1 breast cancer. The flow cytometry analysis shows that
tumor infiltrating and splenic MDSCs did not express GzmB (Figure 3.2.3).
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Figure 3.2.1 Depleting T cells and NK cells from BMD-MDSC culture does not
significantly alter MDSC phenotype
A) Representative plots showing important surface markers for cell subset selection. B)
Representative graphs showing the Mean Fluorescence Intensity of labeled Flow
Cytometry markers. BMD-MDSCs were generated by culturing bone marrow cells
obtained from WT or GzmBko mice in B16-GMCSF conditioned media for 6 days. T
cells and NK cells were depleted and labeled TCD.
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Figure 3.2.2 Murine BMD-MDSCs suppress T cells in-vitro in a Granzyme Bindependent fashion
A) Representative plot showing suppression of T cell proliferation. B) Representative
graphs showing suppression of T cell proliferation or activation gated on CD8 T cells. T
cells were labeled with CFSE, activated using αCD3-CD28, and cultured with or without
indicated BMD-MDSCs.
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Figure 3.2.3 Granzyme B protein is not expressed in murine MDSCs
in-vivo or in-vitro
Representative plots showing important surface markers for cell subset selection.
Representative histogram plot of GzmB expression. BMD-MDSCs were generated by
bone marrow cells cultured in B16-GMCSF, B16-F0 supplemented with murine GMCSF,
or 4T1 conditioned media for 6 days. Splenic and Tumor-Infiltrating (TI) MDSCs were
generated by euthanizing representative B16-GMCSF or 4T1 tumor bearing mice that
have reached endpoint. TI-MDSCs were collected by percoll gradient selection followed
by CD11b+ sorting. T cells were generated by sorting for Pan-T cells from naïve mice
and activating via αCD3-CD28 stimulation for 6 days.
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3.2.2 Granzyme B released in culture media originates from T cell and NK cells.
Due to the lack of expression of GzmB intracellularly, we wanted to investigate if
GzmB was already being released by the BMD-MDSCs prior to our flow cytometric
analysis. We used the media of the BMD-MDSC culture and conducted an ELISA to
measure the amount of GzmB in the media. As proper controls, we included the media
from the WT and GzmBko CD8+ T cell culture. We found a significant amount of GzmB
in the media of WT CD8+ T cells, however the amount of GzmB found in WT BMDMDSCs were detectable but at very low levels compared to the T cells (Figure 3.2.4).
This is understandable due to the profile of the cell types. As they are not classical GzmB
producing cell types, we can assume that if GzmB is being produced, it would be at a
fraction of the expression compared to CTLs. However, we were concerned with the
possibility of CTL or NK cells from the BM producing and releasing small amounts of
GzmB during the BMD-MDSC culture. The small population of lymphocytes still present
could lead to the release of GzmB in the media. To address this, we depleted T cells and
NK cells prior to the BMD-MDSC culture conditions. We found that depleting T cells
and NK cells resulted in undetectable amount GzmB in the media (Figure 3.2.4). The
phenotype of the MDSCs were not altered following T cell depletion (Figure 3.2.1).
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Figure 3.2.4 Granzyme B protein is secreted from in murine BMD-MDSCs
Representative plot showing the concentration of secreted GzmB in the supernatant of
indicated culture system. The graph shows the mean ±SEM of at least three data points.
Experiments were performed twice. A student’s t-test was used to calculate the statistics.
BMD-MDSCs were generated by bone marrow cells cultured in B16-GMCSF
conditioned media for 6 days. T cells were generated by sorting for Pan-T cells from
naïve mice and activating via αCD3-CD28 stimulation for 6 days.
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3.2.3 MDSCs do not express Granzyme B transcript
Since we were attempting to reproduce the work done by Dufait et al., we were
puzzled that we could not detect GzmB protein within these MDSCs in-vivo or in-vitro
122

. Due to the highly regulated nature of GzmB, we examined whether the GzmB mRNA

transcript was expressed. We conducted qPCR on CD11b sorted cells following in-vitro
MDSC generation and measured GzmB expression as well as other known mechanisms
utilized by MDSCs. We found that the GzmB mRNA transcript expression of MDSCs
was similar to that of GzmBko T cell expression; virtually non-detectable (Figure 3.2.5).
We were curious of the cell types generated from our MDSC culture. Although the
phenotype is consistent to published data, it is crucial to measure the functional
mechanisms that would delineate MDSCs from non-suppressive neutrophils and
monocytes. We found Arg-1 mRNA transcripts to be highly upregulated (Figure 3.2.5),
indicating that the generated MDSCs are consistent with the previous data supporting
suppressive mechanisms of MDSCs.
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Figure 3.2.5 BMD-MDSC and ex-vivo MDSCs do not express Granzyme B
mRNA transcript
Summarizing graph showing fold change, as measured by quantitative PCR of GzmB,
Arg-1, and iNOS of cultured cells and ex-vivo MDSCs from WT or GzmBko mice. The
fold change for GzmB is normalized to activated GzmB ko T cells. The fold change for
Arg-1 and iNOS were normalized to activated WT T cells. The graph shows the mean
±SEM of at least three data points. Experiments were performed twice. A student’s t-test
was used to calculate the statistics. BMD-MDSCs were generated by culturing bone
marrow cells in B16-GMCSF conditioned media for 6 days. TCD indicates T cell and
NK cell depleted bone marrow that was then cultured in tumor conditioned media. T cells
were generated by sorting for Pan-T cells from naïve mice and activating via αCD3CD28 stimulation for 6 days.
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3.2.4 Myeloid specific deletion of Granzyme B does not impact tumor growth and
metastasis
Lastly, we wanted to determine whether genetic deletion of GzmB in MDSCs has
any impact on tumor growth and antitumor immune response. We generated
Lyz2creGzmBfl/fl mice which would specifically delete the GzmB gene from the Myeloid
lineage (Figure 3.2.6). This does not alter the expression of GzmB in T cells in the same
mice (Figure 3.2.7). We then injected B16-GMCSF cells into WT or Lyz2 creGzmBfl/fl
mice and measured the tumor growth as well as potential metastasis to the lungs. We
found that there was no difference in tumor burden and survival between these two
groups (Figure 3.2.8), while MDSCs harvested from the spleens of these tumor bearing
mice express other markers such as TGFβ, Arg-1 and iNOS (Figure 3.2.8) and were able
to inhibit T cell activation (Figure 3.2.9). With these results, we can conclude one of two
scenarios: murine MDSCs do not produce GzmB under any scenario, or if they do GzmB
is not produced or secreted at a functional amount that would affect the growth of tumors.

65

Figure 3.2.6 Generation of Lyz2-Cre X GzmBflox mice.
A) Schematic of mouse lines used to characterize the expression pattern. Lyz2-Cre driver
line was crossed with GzmBflox/flox. In the presence of Cre recombinase, GzmB will be
deleted. B) A Lyz2 PCR yields a 700-bp for the cre recombinase allele (top). A 307-bp
for the GzmB LoxP allele and 194-bp for WT lacking LoxP allele (middle). When the
constitutive LoxP allele has been deleted PCR will yield a 338-bp allele. (bottom).
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Figure 3.2.7 Confirmation of specificity of Cre-LoxP system.
A) Representative flow cytometry plots showing GzmB expression is not altered in T
cells following GzmB deletion from the myeloid lineage. Mice were injected
intraperitoneally with IL-2 complex for 3 consecutive days. 5 days following first
injection, mice spleens were harvested and stained for flow cytometry. Plots shown were
gated on live single cells. B) Representative flow cytometry plots showing no difference
in GzmB expression in CD11b+GR-1+ cells in WT and Lyz2 creGzmBfl/fl mice. Cells were
collected following B16-GMCSF experimental endpoint.
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Figure 3.2.8 Myeloid cell-specific deletion of Granzyme B does not affect
tumor growth in-vivo
A) Representative tumor growth curve of mice inoculated with B16-GMCSF as measured
by caliper. The graph was shown until day 29. The mean ± SEM of at least 10 data points
is shown. All experiments were repeated at least once. B) Representative survival curve
of mice inoculated with B16-GMCSF. Mice were either found succumb to tumor or
sacrificed upon tumor size endpoint as established through IACUC protocol. n=12-16
mice for each group pooled from 2 independent experiments. C) Representative graphs
showing the Mean Fluorescence Intensity (MFI) of labeled Flow Cytometry markers.
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Figure 3.2.9 Murine BMD-MDSCs suppress T cells in-vitro in a Granzyme Bindependent fashion
A) Representative plot showing suppression of T cell proliferation. B) Representative
graphs showing suppression of T cell proliferation or activation gated on CD8 T cells.
Splenic MDSCs were harvested from sacrificed mice upon tumor size endpoint. T cells
were labeled with CFSE, activated using αCD3-CD28, and cultured with or without
indicated splenic MDSCs.
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3.2.5 IL-2 complex activates both CD4, CD8 conventional T cells and Tregs in-vivo
We investigated the ability of IL-2 complex to activate Tregs. We incubated 5µg
of murine IL-2 cytokine and 1µg of IL-2 monoclonal antibody (JES6-1A12) for 30
minutes at 37oC to allow the antibody to form a complex with the cytokine (IL-2c). We
then injected the complex, or PBS and isotype control (rat IgG2a,k), intraperitoneally into
mice once a day for 3 consecutive days. Five days following the first injection, we
collected the spleen to measure the phenotypic changes. We found that the IL-2c
increases the frequency of FoxP3+ cells as well as increasing GzmB expression in the
FoxP3+ cells (Figure 3.2.10). Interestingly, we found that the IL-2c biased for Treg
activation also activates CD8 T cells, inducing GzmB expression.
Due to the increase GzmB expression in FoxP3 + cells and CD8 T cells, we used
this IL-2c method to test the efficiency and specificity of our FoxP3 creGzmBfl/fl mouse
model. We found that GzmB has specifically been deleted from FoxP3 + cells, while not
affecting the expression of GzmB in CD8 T cells (Figure 3.2.11). This data is pivotal for
our Treg dependent tumor study found in Chapter 5.
Due to the rare nature of Tregs and GzmB expression within the Tregs, we
conducted an additional experiment to confirm the specificity and efficiency of our CreloxP model. On day 5 following the first IL-2c injection, we selected for CD4 and CD8 T
cells and plated 2x106 cells on αCD3-αCD28 coated plates for 48 hours. Following the
culture, we conducted flow cytometric analysis and found that GzmB expression to be
upregulated in both CD4+ and CD4- T cells (Figure 3.2.12). GzmB expression is also
found in FoxP3+ cells in the WT mice but was not found in both GzmB-Perfdko and
FoxP3creGzmBfl/fl mice.
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Figure 3.2.10 Inducing Granzyme B Expression in-vivo
IL-2 complex was injected for 3 consecutive days. Five days following the first injection,
the spleens of mice were harvested to analyze cellular frequency and phenotypes.
Representative flow plots. A) Frequency of Tregs (Gated on Live Cells) B) Frequency of
CD8 T cells (Gated on Live Cells) C) GzmB expression in Tregs (Gated on CD4+ Cells)
D) GzmB expression in CD8 T cells (Gated on TCRβ + Cells)
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Figure 3.2.11 Inducing Granzyme B to test for Cre Efficiency
Plots to test for the efficiency and specificity of Cre-loxP mice models. Mice receiving
daily intraperitoneal injections of Treg-biased IL-2 complex for three days shows
activation of Tregs and CD8 T cells. Five days after first injection, splenocytes were
stained for T cell markers and intracellular FoxP3 and GzmB. A) Representative plots of
live T cells showing the activation of CD4+ and CD4- T cells. This confirms the
specificity of FoxP3creGzmBfl/fl B) Representative plots of live cells showing CD4+
FoxP3+ cells. From the double positive population is a representative plot of CD25 and
GzmB.
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Figure 3.2.12 Inducing Granzyme B to test for Cre efficiency – ex-vivo
Plots to test for the efficiency and specificity of Cre-loxP mice models. Mice receiving
daily intraperitoneal injections of Treg-biased IL-2 complex for three days shows
activation of Tregs and CD8 T cells. Five days after first injection, splenocytes were
harvested and cultured T cells on αCD3-αCD28 coated plates for 48 hours. Following the
culture, we stained for T cell markers and intracellular FoxP3 and GzmB. A)
Representative plots of live T cells showing the activation of CD4+ and CD4- T cells.
This confirms the specificity of FoxP3creGzmBfl/fl B) Representative plots of live cells
showing CD4+ FoxP3+ cells. From the double positive population is a representative plot
of GzmB.
73

3.2.6 In-vitro generated T-Helper-1 cells
We next investigated a method to induce Th1 generation as well as GzmB
production within these cell types. We coated plates with 5µg of αCD3 and αCD28. We
plated 5x105 CD4+CD25- T cells with 10ng of IL-12, 5ng of IL-2 and 10µg of αIL-4 for 3
days. Following the 3 days we replaced media with fresh media and cultured for an
additional 2 days. At the end of the culture, we stimulated some of the cells with PMA/Io
for 3hrs and measured the phenotypic changes.
We found that the culture induced significant T-bet expression, a transcription
factor that is a classic marker for Th1 cells (Figure 3.2.13). We also found a significant
expression of IFN-γ and GzmB. We also measured GzmB in the serum and found
significant GzmB secreted during the culture.
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Figure 3.2.13 In-vitro generated T Helper-1 cells
A) Plots representing the expression of GzmB in in-vitro generated Regulator T cells.
Cells were gated on Live cells, TCRβ , CD4, T-bet. B) Percentage of CD4 T cells that are
T-bet positive. C) Percentage of T-bet+ CD4 T cells that are GzmB positive. D) ELISA
measuring GzmB secretion for the duration of culture condition. Plates were coated with
5µg of αCD3 and αCD28. 5x105 CD4+CD25- T cells were plated with 10ng of IL-12, 5ng
of IL-2 and 10µg of αIL-4 for 3 days. Following the 3 days we replaced media with fresh
media and cultured for an additional 2 days. At the end of the culture, we stimulated
some of the cells with PMA/Io (Restimulated) for 3hrs and measured the phenotypic
changes.
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3.2.7 In-vitro generated Regulatory T cells
We next investigated an in-vitro method to induce Treg generation as well as
GzmB production within these cell types. We coated plates with 2µg of αCD3 and
αCD28. We plated 2.5x105 CD4+CD25- T cells with 3ng of TGF-β, 20ng of IL-2, 10µg
of αIFN-γ and 2µg of αIL-4 for 4 days. Following the 4 days of culture, we split the cells
1:1 and plated on a new uncoated plate with fresh media and cultured for an additional 3
days. At the end of the culture, we stimulated some of the cells with PMA/Io for 3hrs and
measured the phenotypic changes.
We found that the culture induced significant FoxP3 expression in the T cells
(Figure 3.2.14). We also found a significant expression of TGF-β and GzmB. In addition,
we measured GzmB in the serum and found significant GzmB secreted during the
culture.
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Figure 3.2.14 In-vitro generated Regulatory T cells
A) Plots representing the expression of GzmB in in-vitro generated Regulator T cells.
Cells were gated on Live cells, TCRβ , CD4, FoxP3. B) Percentage of CD4 T cells that
+
are FoxP3 positive. C) Percentage of FoxP3 CD4 T cells that are GzmB positive. D)
ELISA measuring GzmB secretion for the duration of culture condition. Plates were
5
+
coated with 2µg of αCD3 and αCD28. 2.5x10 CD4 CD25 T cells were plated with 3ng
of TGF-β, 20ng of IL-2, 10µg of αIFN-γ and 2µg of αIL-4 for 4 days. Following the 4
days of culture, we split the cells 1:1 and plated on a new uncoated plate with fresh media
and cultured for an additional 3 days. At the end of the culture, we stimulated some of the
cells with PMA/Io (Restimulated) for 3hrs and measured the phenotypic changes.
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3.2.8 In-vitro generated T-Helper-17 T cells
We next investigated an in-vitro method to induce Th17 generation as well as
GzmB production within these cell types. We coated plates with 5µg of αCD3 and
αCD28. We plated 5x105 CD4+CD25- T cells with 1ng of TGF-β, 50ng of IL-6, 5ng of
IL-23, 10µg of αIFN-γ and 10µg of αIL-4 for 3 days. Following the 3 days of culture, we
refreshed the media and cultured for an additional 2 days. At the end of the culture, we
stimulated some of the cells with PMA/Io for 3hrs and measured the phenotypic changes.
We found that the culture induced significant RORγt and IL-17 expression in the
T cells (Figure 3.2.15). Under these conditions, IL-17 producing T cells did not express
GzmB.
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Figure 3.2.15 In-vitro generated T Helper-17 cells
A) Plots representing the expression of GzmB in in-vitro generated Regulator T cells.
Cells were gated on Live cells, TCRβ , CD4, RORγt. B) Percentage of CD4 T cells that
are RORγt positive. Plates were coated with 5µg of αCD3 and αCD28. 5x10 5
CD4+CD25- T cells were plated with 1ng of TGF-β, 50ng of IL-6, 5ng of IL-23, 10µg of
αIFN-γ and 10µg of αIL-4 for 3 days. Following the 3 days of culture, we refreshed the
media and cultured for an additional 2 days. At the end of the culture, we stimulated
some of the cells with PMA/Io (Restimulated)for 3hrs and measured the phenotypic
changes.
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3.2.9 TCR Transgenic Model to study CD8 autopilot activation
Lastly, we conducted an experiment to use for our autopilot experiments in
Chapter 4. We harvested the spleen of Pmel-1 mice and cultured 4x10 6 splenocytes with
1µg/ml of gp-100 antigen in 2ml of TCM for 3 days. Following this culture, we selected
for T cells and cultured in 0.25x106 for an additional 3 days in 10ng of IL-2. We found
that almost all CD8 T cells produced GzmB (Figure 3.2.16). What was interesting was
that a small frequency of CD4 T cells also was found to be GzmB+, however the
mechanisms that allow for this expression still needs to be addressed. The pmel-TCR
recognizing gp-100 antigen is MHCI-restricted and does not directly activate CD4 T
cells.
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Figure 3.2.16 Inducing Granzyme B in TCR Transgenic Mouse model
Plots to show the expression of GzmB in CD8 T cells. Spleen of Pmel-1 mice were
6
harvested and 4x10 splenocytes were cultured with 1µg/ml of gp-100 antigen in 2ml of
6
TCM for 3 days. Following this culture, we selected for T cells and cultured in 0.25x10
for an additional 3 days in 10ng of IL-2. Following the culture, we stained for T cell
markers and intracellular GzmB.
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3.3 Chapter Discussion
We chose to expand on previous studies to decipher culture conditions that would
induce GzmB production by non-classical cell types. We show using in-vitro methods
that we can generate Th1 and Treg cells that produce measurable levels of GzmB. We
also show that we can push CD8 T cells to such an activation status that the large
majority of CD8 T cells produce GzmB. However, we did not detect GzmB in Th17 or
MDSCs.
The results we acquired were at first glance concerning since published data
demonstrated significant expression of GzmB by murine MDSCs. 122 However upon
rigorous analysis, our data consistently show that neither GzmB protein nor mRNA
transcript is detectable in the models classically known to produce highly suppressive
MDSCs. In addition, our in-vivo analysis to decipher the function of GzmB producing
MDSCs using the cleanest possible model confirms that there is no functional expression
due to no difference in tumor growth or survival in wild-type vs. myeloid specific GzmB
deleted mice. Therefore, we conclude that murine MDSCs do not express functional
levels of GzmB as an additional suppressive mechanism. 241
We reason that the findings reflecting the expression of GzmB by cells in the
myeloid lineage can be explained by a few potential reasons. The first being a simple
explanation that the mechanisms that regulate GzmB expression are not conserved
between human and mice. This can be equated to the findings of human B cells
expressing GzmB, while murine models to confirm it are unsuccessful. 242 Another
reason could be by confounding factors such as engulfment or trafficking from activated
lymphocytic cell populations. Further studies are required to define whether MDSCs can
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actually uptake GzmB and use it to impact inflammation and tumor immunity. We expect
new models to be developed that can delineate how GzmB can be transferred into
MDSCs, which will contribute to better understanding of novel roles of GzmB as well as
possible receptors that bind on the cellular surface. These other pathological findings
would help propel our understanding of unknown roles that GzmB may play in relation to
cancer and inflammation, however this dissertation will not decipher the relationship of
MDSCs to GzmB.
We provide evidence that GzmB+ Tregs can be generated in-vitro, however the
small percentage of cells that express GzmB is not surprising. The frequency of Tregs
found in-vivo is very rare while the frequency of GzmB expressing Tregs is even more
sparse. In addition, the signaling mechanisms that elicit GzmB production in Tregs still
needs to be elucidated. The cytokines included in our culture, IL-2 and TGF-β, may play
a direct role in the production of GzmB. IL-2 has been shown to induce GzmB
transcription and translation in T cells. 243 TGF-β has been shown to upregulate the
expression of Runx3, a key transcription factor that binds upstream of GzmB promoters.
244

However it has not been shown that TGF-β signaling directly generates GzmB

proteins. Because we did not do flow cytometry during each day of the culture, what we
could be seeing is that GzmB could be produced from the initial stimulation prior to the
skewing into Treg subset. This is highly speculative but this GzmB could potentially still
be held within the same cells prior to the expression of FoxP3.
For the first time, we have shown evidence that IL-2c can activate Tregs to
produce GzmB. IL-2 is a growth factor for T cells and drives these cells to proliferate and
differentiate into their effector phenotypes. IL-2 predominantly binds to its high affinity
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receptor which is composed of three chains, IL-2Rα (CD25), IL-2Rβ (CD122) and IL2Rγ (CD132). 245 The trimeric complex is constitutively expressed on Tregs but can be
expressed on NK cells and Memory CD8 T cells post activation. 246,247 Studies have
found that Tregs can be selectively expanded using immune complexes. 248 One
particular IL-2 mAb, JES6-1, caused selective expansion of Treg cells with little to no
change in other cells. 249 In fact, this approach was found to treat asthma and
experimental autoimmune encephalomyelitis. 249,250 What was not investigated was the
production of GzmB within these cell types as well as other T cells. Although they found
no change in the frequency of CD8 T cells, we did find GzmB was significantly
upregulated in CD8 T cells. This may explain the findings that the use of this Treg-biased
IL-2c does not elicit a change in tumor growth compared to the control group.

251

The

activation of CD8 T cells may counteract the activation of Tregs, leading to no change in
the tumor growth kinetics. We address this concern in Chapter 5 of this dissertation by
depleting CD8 T cells prior to beginning our tumor studies.
Lastly, we were quite surprised how efficient activating pmel-1 transgenic CD8 T
cells were and the finding of GzmB in the CD4 subsets. This was an interesting result
because the development of the transgenic mouse model preferentially generates CD8 T
cells in which greater than 95% express the transgenic TCR. This TCR is designed to
specifically recognize and respond to amino acids 25-33 of gp100 presenting by MHC-I.
Due to this model not being absolute, there is a presence of CD4 T cells, however these
cells would not be activated because the gp-100 antigen is MHC-I restricted. It could be
possible that the addition of IL-2 along with other factors secreted by cells during
activation could activate CD4 T cells, however we also believe the GzmB found in the
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CD4 T cells is due to the extracellular levels being so high that they are actually engulfed
and internalized from the extracellular environment. With this data, we chose to sort out
CD4 T cells for the future autopilot experiments found in Chapter 4.
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Chapter IV: Non-synaptic Granzyme B Release by Lymphocytes

4.1 Introduction
The current model for GzmB release involves degranulation following the
formation of a tightly bound immunological synapse. This synapse polarizes granzymes
for release. The granules are believed to be secreted at a site separate from but in
proximity to the signaling portion of the immune synapse, likely to decrease the
possibility of the cytotoxic molecules to disrupt the synaptic interaction. 44 This classical
concept does not explain the ability to detect GzmB in serum or tissue fluids in patients.
252,253

Little is known regarding the source of secretory GzmB. However it is likely

caused by the constitutive release of GzmB from primed NK and CTL cells, wherein
GzmB is intercellularly delivered to target cells in a perforin-dependent manner or
without synapse formation at a target cell or a release as a result of binding to ECM
proteins. 140,174,214,254
However, in the many studies that focused on killing by T cells, the details behind
the necessity of an immunological synapse have not been investigated. In fact, one group
found GzmB to be critical for lymphocyte migration due to basement membrane
remodeling. GzmB allows for CTL transmigration in postcapillary venules and homing to
the site of infection. 215 Although GzmB deficient CTLs were able to penetrate the
capillary vessel walls, they were incapable of completely passing through. The release of
GzmB into the environment in this manner is separate from immunological synapse
formation but may be similar to synaptic release in which a cleft formation allows for
granule polarizing for release. 44 However, one problem that was mentioned but not
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addressed is that when degranulation was inhibited, the CTLs had impaired
transmigration, but to a lesser extent than GzmB deficient CTLs. This suggests that there
is yet another mechanism for the release of either enzymatically active GzmB or a
proenzyme form that is activated in the environment. We were curious of the process by
which T cells use GzmB to aid in transmigration and tested the mechanism by which
GzmB is being produced and secreted without additional stimulations.
4.1.1 T cell Autopilot
In order to understand how GzmB would be found in the environment even when
there is no available antigenic stimulation, we began to investigate a process called T cell
autopilot. This is a process by which CD8 T cells encounter an antigen, activating the T
cell. Once activated, these T cells are developmentally programmed to continue to divide
uninterrupted and differentiate in the absence of further antigenic stimulation. 255,256 This
program is initiated by the activation of parental CD8 T cells, which guide the daughter
cells into their respective roles, either effector or memory T cells, independent of
additional antigenic stimulation. This model suggests that in low antigen levels, CD8 T
cells that become activated are still able to conduct their specific roles; a model that
would mimic infections and certain vaccines. This model confirms the findings of other
studies in which the clearance of viral and bacterial infections can be cleared prior to the
peak of CD8 T cell response and proliferation.257,258 The CD8 T cell population continues
to rise in the absence of antigen, increasing the number of memory CD8 T cells for future
pathogen recognition. It was also found that the CD8 T cells initiating autopilot were
producing IFNγ at high amounts. 255 However, the production of GzmB was not
investigated.
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4.1.2 Chapter Summary
In this chapter, we investigated for the first time the mechanisms by which GzmB
can be found systemically and in the media following stimulation. We modeled a T cell
autopilot condition by using Pmel-1 mouse model, in which TCR-Tg CD8 + T cells
specific to gp-100 antigen, simulating the activation mechanism of T cells while
examining a uniform population. We revealed that the secretion of GzmB is not strictly
controlled by a TCR-MHC stimulation, or neighboring cellular contact. We also revealed
that although IL-2 stimulation is important for cellular survival, it does not control GzmB
secretion into the environment. Lastly, we found Tregs can secrete GzmB without TCRMHC stimulation using an ex-vivo approach by activating Tregs in-vivo using IL-2c and
selecting for Tregs. In addition to these findings, this work allows for a greater
understanding of the results found in the remaining chapter in which GzmB can be found
in the environment, aiding tumor migration and metastasis.
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4.2 Results
4.2.1 CD8 T cells undergoing autopilot continuously produce and secrete Granzyme B
We first tested the idea of GzmB secretion by causing the T cells to undergo
autopilot. We harvested the spleen from Pmel mice and cultured splenocytes in 24 well at
4x106 cells per ml. We then activated the cells using gp-100 at 1ug/ml for 3 days. On the
third day, we selected for T cells (99% TCRβ+) and cultured cells in 24 wells at either
1x106 or 2.5x105 cells per ml. We then cultured the cells for a total of 9 days. We
included enough wells to use conditioned media for GzmB ELISA and cells for flow
cytometry. We observed a contraction of the T cell population for the first day, and then
an increase in proliferation until day 4, followed by another contraction stage until day 6
followed by proliferation (Figure 4.2.1). We believe that this contraction/expansion
process is mediated by the addition of IL-2 as it is critical to promote cell survival. What
we found remarkable was the constant increase in GzmB secreted into the media. When
the media was replaced, we saw even greater GzmB concentrations in the media the
following day. The cells secreted GzmB at a constant rate, increasing the concentration,
no matter how much media was replaced. This also correlates to intracellular GzmB
expression using flow cytometry. The percentage of GzmB expressing CD8 T cells began
to taper at 3 days, however the expression increased greatly by day 6. This is our first
evidence of GzmB secretion not being an immunological synapse-dependent process.
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Figure 4.2.1 Pre-activated CD8+ T cells undergoing autopilot (without further TCR
stimulation) autonomously express and secrete Granzyme B
Plots of T cell number, GzmB secreted, and GzmB expressed after sorting CD8+ T cells
and removing activating ligand following gp-100 activation of Pmel spleen cells for
72hrs. T cells were plated at 0.25x106 and 1x106 per well. T cell number showed an
increase as well as contraction at a high concentration. GzmB expression and secretion
constantly increased regardless of replacing media. Arrows represent media replacement
and the addition of IL-2 (10ug/ml).
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4.2.2 Exploring molecular mechanisms of immunological synapse-independent Granzyme
B release
To help decipher the molecular mechanisms of GzmB release, we used a lipid
tethering technique (TetherChip). This novel tool developed by the lab of Dr. Stuart
Martin, addresses the challenges of imaging non-adherent cells which cause a barrier to
understanding immune cells as well as tumor cell responses to non-adherent
microenvironments such as the bloodstream and lymphatics. The development of this
device creates an optically-clear, thermal-crosslinked polyelectrolyte multilayer
nanosurface and a terminal lipid layer that simultaneously tethers the cell membrane for
improved spatial immobilization without altering intrinsic cellular responses 259,260. We
plated CD8 T cells on day 3 of their autopilot on the TetherChip for 30 minutes and fixed
the cells to allow for immunofluorescent staining. From our results, we see that CD8 T
cells can, in fact, tether using this technique, ultimately immobilizing the lymphocytes to
study GzmB release. We see that cells that do not have cellular contact will polarize their
granules towards the TetherChip. Cells that do congregate and have cellular contact will
polarize GzmB towards another (Figure 4.2.2). This data helps shed light in that the
neighboring cells may polarize GzmB release through cellular contact that is not TCR
dependent, however the polarizing of GzmB towards the bottom of the cell still needs to
be investigated, as this polarization may lead to GzmB release. To test this, we collected
CD8 T cells on day 3 of their autopilot and plated them on an ELISPOT at various
concentrations overnight (Figure 4.2.3). We see that the number of spots is dictated by
the number of cells plated. The remarkable result is that even when 10 cells are plated,
we find spots where GzmB has bound. This low cellular concentration suggests that
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GzmB secretion is not dependent on cell-cell interaction and thus is immune synapse
independent.
What these results do not decipher is the relevance of exogenous IL-2 signaling
triggering GzmB release. Although IL-2 was added at low dose to increase cell survival,
it has been shown to increase GzmB protein expression 243. Due to the nature of the
autopilot experiment, the precise contribution of exogenous IL-2 on GzmB release is
unknown and is still a factor to consider in our results (Figure 4.2.2).
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Figure 4.2.2 Pre-activated T cells polarize Granzyme B towards neighboring T cells
or the bottom parts of isolated T cells after removing TCR stimuli, revealed by lipid
tethering imaging technique
CD8+ T cells purified from gp100-activated Pmel spleen cells were cultured for an
additional 48hrs. T cells were then allowed to tether for 2hrs to allow for polarization of
granules to occur. Cells were intracellularly stained with GzmB and LAMP1 and
analyzed with confocal microscopy. Cells that did not have cell-to-cell contact polarized
their granules towards the bottom of the cell. Cells that had neighboring cell-to-cell
contact polarized their granules toward each other. 3D image is a representative z-stack
confocal image of the 2D image (rendering of around 25 separate images stacked
together).
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Figure 4.2.3 Density of cells and presence of IL-2 does not control
Granzyme B secretion
A) Plots showing percentage of T cells pre and post selection after culturing total
splenocytes with gp100 for 3 days. Gated on Live cells. B) ELISPOT images following
overnight culture with indicated number of cells plated. C) Plot showing number of spots.
D) ELISPOT images following overnight culture of 1,000 T cells cultured with indicated
concentration of IL-2. E) Plot showing number of spots.
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4.2.3 Granzyme B release is not dependent on exogenous IL-2
We set to address the dependence of IL-2 for GzmB release. We first tested this
by culturing autopilot T cells in various IL-2 concentrations (10ng – 0.01ng) for 3 days.
On day 3 we plated the 1,000 T cells on an ELISPOT overnight. We see that 10ng IL-2
results in the greatest secretion of GzmB (Figure 4.2.3). Surprisingly, we find the
concentrations of 1ng-0ng to not show a significant difference in the release of GzmB.
We take this to demonstrate that IL-2 is important for the survival of T cells however it is
not important for GzmB release at low doses. This could mean IL-2 at 10ng results in
high production of GzmB, ultimately generating more than the T cell can withhold,
resulting in the release of GzmB into the environment. This was also seen when inhibited
degranulation by using brefeldin-A (BFA). We found that even when degranulation was
inhibited, there were high levels of GzmB in the media (Figure 4.2.4).
We next tested the dependence of IL-2 stimulation for GzmB degranulation. We
pushed T cells to undergo autopilot, however we cultured the Perf ko and GzmB-Perfdko T
cells in 1ng/ml during the autopilot stage. On day 2, we plated 1,000 T cells in the
presence of PMA/Ionomycin, 10ng/ml IL-2, or just TCM for 3hrs or 1hr. Remarkably,
there was no difference in the GzmB secretion when cultured in PMA/Io, IL-2, or just
TCM (Figure 4.2.5). This was similarly shown between the 3hr and 1hr group.
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Figure 4.2.4 Inhibiting Degranulation was not efficient in inhibiting
Granzyme B secretion
GzmB secreted, and GzmB expressed after sorting CD8+ T cells and removing activating
ligand following gp-100 activation of Pmel spleen cells for 72hrs. T cells were plated at
0.25x106 per well. On Day 2, cells were washed and serum was replaced by indicated
inhibitory cocktail (Red Arrow) and cultured overnight. On Day 3, cells were washed and
replaced with fresh media (Black Arrow) and cultured for 24hr. Cells and media were
collected on Day 4. Control did not have cells washed or media replaced for the duration
of experiment.
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Figure 4.2.5 Exogenous IL-2 stimulation does not significantly enhance
Granzyme B secretion
Cells were pushed to undergo autopilot and cultured in 1ng/ml of IL-2 to promote cell
survival. On Day 3 of autopilot, cells were plated on ELISPOT at 1,000 cell density at
indicated cell concentration with indicated culture conditions. A) Images of ELISPOT
following indicated stimulation. B) Plot showing number of spots.
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4.2.4 Regulatory T cells can release Granzyme B without antigen specific interactions
In addition to the non-synaptic GzmB release found from CD8 T cells, we chose
to investigate the release of GzmB from Tregs. We activated Tregs in-vivo by injecting
IL-2c for three consecutive days in WT, GzmB ko and FoxP3creGzmBfl/fl mice. Five days
following the first injection (Day 6), we harvested the spleen from the mice and selected
for CD4+CD25+ T cells. Due to the small percentage of GzmB expression within the rare
Treg population, we chose to plate 100,000 cells on an ELISPOT plate overnight in
TCM. Our selection quality for CD4 T cells was successful (65% CD4 + to 93% CD4+),
however the quality of CD25+ was less effective (10% CD25+ to 66% CD25+) (Figure
4.2.6). We were surprised to find such a high number of spots following the overnight
culture. The impurity of the CD25 selection could explain the number of spots in the
ELISPOT for the FoxP3creGzmBfl/fl group, however there is still a large decrease in the
GzmB spots compared to WT. We can surmise that this decrease is due to GzmB gene
being deleted when FoxP3 is expressed while the remaining GzmB found is due to
activation of CD4+ CD25- T cells, which are likely to be FoxP3-.
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Figure 4.2.6 In-vivo activated Tregs can secrete Granzyme B without
additional stimulations
A) Plots showing sorting percentage of CD4+CD25+ T cells pre and post selection. Gated
on Live cells. B) ELISPOT images following overnight culture with 10,000 cells plated
C) Plot showing number of spots.
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4.3 Chapter Discussion
In this study, we present evidence demonstrating the complexity of GzmB
secretion. We showed that granules containing GzmB can be polarized towards
neighboring cells, eliciting GzmB degranulation. We also showed that GzmB secretion
can be controlled by high doses of IL-2 during culture, however, even at low doses we
found high GzmB secretion regardless of the stimulation. This phenomenon of GzmB
secretion without an additional TCR-MHC stimulation is also found in Tregs following
in-vivo stimulation. These data further suggest that under certain stimulating conditions,
T cells can continuously secrete GzmB into the extracellular environment, potentially
exacerbating other conditions.
During an acute infection, if a naïve CD8 T cell receives the appropriate three
signals, it will begin to transition into effector or memory T cells. The first signal is
provided by TCR recognition of presented peptide on MHC molecule. 261 As was
described in Chapter 1, this signal is antigen-specific and is critically important to
confirm that only T cells that recognize the antigen will be activated. 262 The second
signal is known as the costimulation. This is an extremely important signal that confirms
that the T cell should be activated. Ligands expressed on APC, such as CD80/86, CD70,
and 4-1BBL, are able to bind to the costimulatory receptors found on the T cell which
bind to CD28, CD27, and 4-1BB. This interaction is required with signal one to avoid T
cell anergy or tolerance. 263,264 This is an important signal because T cells undergo
surveillance. The expression of the costimulatory ligand is caused by the activation of the
APC. An APC has no reason to express the costimulatory ligand if it is just presenting a
self-antigen. The likelihood of an autoimmune response would drastically increase if
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APCs would constitutively express a costimulatory ligand. The third signal is the
inflammatory cytokines produced by activated cell types, such as IL-12 and type 1 IFNs.
262,265,266

Following these three signals, the expansion and the commitment is dependent

on the concentration of antigen present, the strength of the TCR interaction, as well as the
local cytokine milieu.
What follows the initial activation should be investigated more thoroughly. After
commitment into effector or memory CD8 T cells, many cells will produce GzmB at
large amounts in prepackaged granules to be released for killing targeted cells. Upon
finding the target cell expressing the pathogenic antigen on MHC, the T cell forms a
close contact immune synapse. This has been the classic dogma for close to 20 years.
However, it has been shown that GzmB can be secreted in small amounts to help the T
cell migrate throughout the host. The mechanisms behind this secretion have yet to be
elucidated, however it is suggested that the CD8 T cells interacting with the extracellular
matrix polarizes the granules of the T cells towards the interactions, causing GzmB
release into the environment. In addition to the data we have shown, we believe that the
mechanisms that elicit GzmB release is not as strictly regulated as we once thought.
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Chapter V: Granzyme B Enhances Tumor Migration and Metastasis

5.1 Introduction
The study of the TME is constantly growing and evolving. The ability of the
tumor to manipulate the microenvironment to aid in growth as well as facilitating
metastasis represents one of the most significant barriers to the development of
treatments to target cancer especially in late stage diagnosis. 267 Production of GzmB by
NK cells and CTLs has been associated with better prognosis in inhibiting the growth of
tumors. However, it was recently reported that GzmB can be produced by suppressive
cell types.
Through the granule exocytosis pathway, with the additional help of perforin
creating a pore, Gzms traffic into the cytosol of the target cell and cleave critical
substrates, ultimately leading to apoptosis of that cell. During the progression of infection
and inflammation, there is an increase in extracellular GzmB in circulation.

213,268,269

This

correlates to the activation of primed NK and CTL cells. However, the presence of
elevated GzmB systemically is thought provoking. Our current understanding of the
cytotoxicity of GzmB is due to the help of perforin along with a regulated immune
synapse formation. The plasma membranes between the target and killer cell form an area
of tight contact in which an adhesion ring is created. This adhesion ring allows for
granules to polarize towards this location. The granules are secreted at a site separate but
in proximity of the signaling portion of the immune synapse, likely to decrease the
possibility of the cytotoxic molecules to disrupt the synaptic interaction. 44 While some
escape of GzmB from the synapse may be expected, an increase in GzmB in circulation
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may be due to an unappreciated role of GzmB as an aid for migration for the cytotoxic
lymphocytes and thus may also allow for greater tumor migration.
We make this speculative leap due to the remodeling of the ECM by GzmB. The
tumor microenvironment contains an abundant amount of serine proteases that are
produced by stromal and cancer cells. These proteases cleave ECM proteins, modulating
angiogenesis and metastasis. In fact the remodeling of ECM has been characterized in
wound healing, skin aging, and cardiovascular diseases. 270–274 GzmB has been shown to
have a role extracellularly by cleaving proteoglycans, vitronectin, fibronectin, decorin, as
well as laminin. 275–277 Cleavage of fibronectin by GzmB releases VEGF which enhances
angiogenesis. 181 This cleavage can also release fibronectin fragments that can actually
enhance cancer cell proliferation and survival. 278 Decorin is believed to interfere with
cancer progression by blocking metastasis, cell cycle, and angiogenesis.
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This suggests

that GzmB cleavage of decorin might enhance tumor metastasis. It has also been shown
that the cleavage of decorin releases TGF-β from the ECM, which has properties to
promote epithelial-mesenchymal transition (EMT) and cancer progression.

277,280

In fact, one group discovered that upon engagement with postcapillary venules,
CTLs secretes a minor amount of GzmB, allowing transmigration and homing to the site
of infection. 215 Although GzmB deficient CTLs were able to penetrate the capillary
vessel walls, they were not able to completely pass through as efficiently. This suggests
that GzmB facilitates the remodeling of the basement membrane to allow for the rigid
nucleus of the lymphocytes to pass through. Considering the multilobular nuclei confer
neutrophils with an enhanced ability to migrate, then the ability to use GzmB to aid in
migration of larger cells, such as tumor cells, is not farfetched.
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If we incorporate the concept of tumor-promoting suppressive cells expressing
GzmB, the production of GzmB may not only inhibit the antitumor response but can also
aid in tumor progression and metastasis. Th1 cells should also be considered in the
context of a tumor. Although the expression of GzmB is remarkably lower than in
classical cytotoxic lymphocytes, there is still a measurable amount of GzmB being
produced and secreted. During the priming and differentiation of Th1s by contact and
cytokine skewing from DCs, Th1s begin production of their effector cytokines.
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These

Th1 cells may act similarly to the CTLs found to secrete GzmB as they are migrating to
the site of infection. 215 If there is no TCR-MHCII interaction, it is possible that Th1 cells
will constitutively release their primed GzmB until they are fully suppressed by
mechanisms in the tumor microenvironment. One group found that Th2 cells, not Th1
were able to clear metastasis from B16-Ova melanoma line.282 They equated this due to
the recruitment of eosinophils that help clear tumors, however what was not investigated
was why Th1 group had significantly worse metastatic burden than Thi group (activated
but non-polarized CD4+). Also, what was not investigated was the production of GzmB
in the skewing of the CD4 subsets. We believe that GzmB plays a major role in
increasing the metastatic burden. We provide evidence that a non-directional release of
GzmB without the formation of an immune synapse can allow for this pro-tumoral role.

5.1.1 Chapter Summary
In this chapter, we investigate for the first time the mechanisms by which GzmB
can aid migration and metastasis of tumor cells. We reveal that extracellular GzmB
increases the rate of invasion in a perforin-independent process. This increases in
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invasion could be caused by the degradation of the Matrigel or gelatin structure, or by
eliciting an extrinsic change to the tumor cells. We also revealed that GzmB secretion by
Tregs is important for spontaneous metastasis and tumor burden in the lungs. Lastly, we
found that even activated CD8 T cells can secrete GzmB at such a high level systemically
that the GzmB increases tumor cell migration.
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5.2 Results
5.2.1 Granzyme B promotes tumor cell migration and invasion
We first tested the ability of GzmB to promote migration by using a scratch
wound healing assay. We plated 1x106 cells per well in a 6well plate. After 3hrs to allow
the B16 cells to attach, we made a single scratch down the center of the plate, removed
the non-adherent cells and took photos of the scratch. After photos were taken, we added
the indicated concentration of recombinant GzmB. For Th1 results, we added 5x10 5 invitro generated WT or GzmBko Th1 cells. We then took pictures at the indicated time
points. As tumor cells migrate, the area created by the scratch decreases. This means that
the change in the area will decrease overtime. We saw that the wells that contained
varying concentrations of recombinant GzmB closed the wound at a higher rate than the
wells with B16 cells alone (Figure 5.2.1). In fact, we also found that GzmB ko Th1 cells
cultured with B16 cells showed a decrease in migration compared to WT Th1. The WT
Th1 cell culture showed a similar ability to close the scratch compared to B16 cells alone.
These data suggest that GzmB promotes the migration of tumor cells. This data showed
that we were on the right track, however the scratch assay has limitations such as
sensitivity.
We then conducted a similar experiment by using an xCelligence migration assay,
a more sensitive approach to measure migration. This works as a transmigration system
in which we plate 40,000 cells in the upper chamber and in the lower chamber we include
media containing a chemoattractant. Serum containing media is used as a chemoattractant
for these studies. In between the chambers, there is an 8µm pore with gold electrodes on
the under portion. When adherent cells migrate through the pore, they remain attached on
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the bottom of the pore. The migration through the pore as well as the attachment to the
electrodes on the bottom gives a reading to the device as a cell index. The greater the cell
index, the more cells that have migrated. We found that the addition of recombinant
GzmB enhanced migration similar to the wound healing assay, although this difference
was not statistically different (Figure 5.2.1). In fact, the addition of in-vitro generated
Th1 cells showed that B16 cells cultured with Th1 cells reduced the rate of migration.
However, B16 cells cultured with WT Th1 showed greater migration than with GzmB ko
Th1 cells.
Due to the trend of an increase in migration when recombinant GzmB is added,
we next tested the ability of GzmB to aid in invasion. We tested this by adding a 1:20
Matrigel layer at the bottom of the upper chamber. When B16 cells were cultured with
recombinant GzmB, regardless of the manufacturer, there was a significant increase in
the invasion compared to B16 cells alone (Figure 5.2.1). In fact, when calculating the
slope during the 72hr period, we found a significant increase of the groups that included
recombinant GzmB compared to B16 cells alone. We believe that this change in invasion
is due to an increase in matrix degradation when GzmB is added. We tested this by
conducting a gelatin degradation study. We cultured B16 cells on Cy3-labeled-gelatin. As
the cells begin to degrade the gelatin, there is a decrease in the uniformity, like holes in
the gelatin. Using ImageJ program, we measure the change in the fluorescent
background. The decrease in the fluorescence indicates an increase in degradation. We
first cultured the B16 cells on the gelatin overnight. Following this culture, we added the
indicated concentrations of recombinant GzmB and cultured overnight. We found that
there was not significant difference in the percent gelatin degraded (Figure 5.2.2). We
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believe this was due to the tumor cells already degrading the gelatin prior to the addition
of the GzmB. To address this, we cultured B16 cells on red-labeled gelatin and
immediately added recombinant GzmB. We found an increase when Peprotech was
added, however we saw a significant increase when GzmB from Biolegend was included.
We also tested the degradative potential when in-vitro generated Th1 media was added.
Similar to what was seen in the wound healing assay, the addition of WT Th1 media did
not significantly impact the degradation compared to B16 alone. However, there was a
significant increase in degradation when WT Th1 media was included compared to
GzmBko Th1 media.
Lastly, we examined whether GzmB causes an extrinsic change in the phenotype
of B16 cells. We cultured B16 cells with 0.2ug/ml recombinant GzmB overnight. We
then washed the cells multiple times then plated them on the xCelligence assay with
Matrigel to measure invasion. We found that there was a significant increase in invasion
of B16 cells cultured with GzmB compared to B16 cells that was not (Figure 5.2.1). We
also saw a significant increase in the slope for both GzmB manufacturers compared to
B16 alone for the duration of the experiment.
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Figure 5.2.1 Granzyme B containing media resulted in an increase in rate of tumor
cell migration and ECM degradation in a xCelligence assay.
A) Percent change in the area following scratch. As cells migrate, the percentage
decreases. B) Cell index of B16-F10 cultured in regular media and treated with
recombinant GzmB protein or WT or GzmB-/- Th1 cells. C) Cell index and D) Slope of
change in cell index of B16-F10 cultured with added Matrigel layer and treated with
recombinant GzmB. E) Cell index and F) Slope of change in cell index of B16-F10 preincubated overnight with indicated recombinant GzmB. Increase in cell index and slope
indicates increased rate of invasion through Matrigel layer. A student’s t-test was used to
calculate statistics. For invasion assay, the last three values (15 min intervals) were used
in the t-test. P-value * ≤ 0.05, ** ≤ 0.01, ***≤0.005. GzmB. GzmB. Pepro=GzmB from
Peprotech. Bio=GzmB from Biolegend.
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Figure 5.2.2 The presence of Granzyme B allows for greater gelatin degradation by
tumor cells
A) Representative images of Cy3-labeled gelatin following culture with B16 cells. The
lack of uniformity in the red channel is due to degradation by B16 cells. B) Plot showing
the percentage of gelatin that has been degraded. Tumor cells were plated for 24hrs then
indicated GzmB protein was added on top for an addition 24hrs. C) Plot showing the
percentage of gelatin that has been degraded. Tumor cells and indicated GzmB protein
was added to the gelatin simultaneously and cultured for 24hrs. A student’s t-test was
used to calculate statistics. P-value * ≤ 0.05 Pepro=GzmB from Peprotech. Bio=GzmB
from Biolegend.
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5.2.2 Depleting CD8 T cells and activating Regulatory T cells promotes Spontaneous
Metastasis
Due to the promising in-vitro results discovered, we began to investigate methods
to test the ability of GzmB to promote tumor growth and metastasis in-vivo. We first
tested the ability of tumor cells to grow in WT vs GzmB deficient mice. We injected
2x105 B16-F10 cells in the flank of WT, GzmBko, or GzmB-Perfdko mice. We found that
there was no difference in the tumor growth or the survival of these mice (Figure 5.2.3).
This data was initially disappointing. However, we hypothesized a global deletion
of GzmB would mask the complex contribution of specific cell types. Based on results
presented in Chapter 3, we evaluated if the simultaneous activation of CD8 T cells and
Tregs would counteract any pro-tumoral effect we would anticipate happening from
injecting Treg-biased IL-2c. We conducted an experiment to test this. We subcutaneously
injected 2x105 B16-F10 cells in the flank of C57Bl/6 WT mice. Two days prior to the
injection, mice were either injected intraperitoneally with 200µg of CD8α depleting
antibody or the isotype control, rat IgG2a,k. Five days following the tumor inoculation,
mice were intraperitoneally injected with IL-2c or PBS and isotype control, rat IgG2a,k,
once every other day for 4 total injections. These combinations give us a total of 4
groups; Control, CD8-depleted, Treg-expanded, CD8-depleted-Treg-expanded. We
surprisingly found that there was no difference in the tumor growth between the different
groups (Figure 5.2.4). We did see a significant difference in the Treg-expanded group
compared to the others. This may be due to the activation of CD8 T cells slowing down
the tumors ability to kill the mice. The most interesting result we found was that the
CD8-depleted-Treg-expanded group showed the greatest percentage of spontaneous
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metastasis, 4 mice out of the 5 had metastatic nests in the lungs. These results suggest
that GzmB secretion by the increasing frequency of Tregs can increase the metastatic
burden of B16-F10.
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Figure 5.2.3 Tumor challenge without inducing Granzyme B production does not
change tumor burden or survival
WT, GzmBko, or GzmB-Perfdko mice were injected with B16-F10 cells subcutaneously
and tumor size was measured for the duration of the experiment. A) Plot showing the
tumor volume for the duration of experiment. B) Survival curve

113

Figure 5.2.4 Depletion of CD8 T cells while expanding Tregs increases metastatic
burden
WT mice were injected with B16-F10 cells subcutaneously and injected with the
indicated solutions intraperitoneally every other day for 4 total injections. Tumor size
was measured for the duration of the experiment. A) Plot showing the tumor volume for
the duration of experiment. B) Survival curve. C) Shows representative images of lungs
harvested from mice that succumbed to tumor. D) Plot showing percentage of mice that
developed metastasis in the lungs at endpoint (tumor size or upon death) between day 3546.

114

5.2.3 Regulatory T cell specific Granzyme B promotes Metastasis
In order to test the contribution of Treg-expressed GzmB, we generated a novel
mouse model to specifically delete GzmB from FoxP3 expressing Tregs
(FoxP3creGzmBfl/fl). We then conducted the same experiment as in 5.2.2 focusing on the
CD8-depleted-Treg-expanded condition in WT, GzmB fl/fl, FoxP3cre, and
FoxP3creGzmBfl/fl mice. Unexpectedly, we found there was no difference in tumor growth
and survival between the different groups (Figure 5.2.5). However, we did find that the
FoxP3creGzmBfl/fl group had a decrease in the percentage of mice with metastatic burden
in the lungs (20%), compared to the WT and control groups (60%, 80%, 80%).
These were very interesting results, however the timing of lung harvest and
methods to metastasis were variable. We next conducted a similar experiment by
depleting CD8 T cells but injecting 3x105 B16-F10 cells intravenously to measure direct
metastasis into the lungs. We also injected IL-2c intraperitoneally for three consecutive
days. We found that there was a 50% decrease in metastatic nests at day 8 and day 16
following intravenous injection although the small sample size (n=3) did not demonstrate
statistical significance (Figure 5.2.6). Remarkably, we found that day 21 led to a
significant difference in metastatic nests, weight of the lung, as well as the area of the
lung infiltrated with tumor (Figure 5.2.7). Considering the metastatic burden on the lungs,
we were surprised to find no difference in the survival of the different groups. We
conducted a second experiment to try and distinguish the survival and the metastatic
burden. We repeated the above experiment but injected fewer tumor cells intravenously.
We found that the FoxP3creGzmBfl/fl mice survived significantly longer than the WT mice

115

(Figure 5.2.8). From these studies, we conclude that GzmB production by Tregs
contributes to an increase in metastatic burden and a reduced overall survival.
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Figure 5.2.5 Deleting Granzyme B from Tregs decreases spontaneous metastasis
WT or FoxP3creGzmBfl/fl mice were depleted of CD8 T cells and injected with B16-F10
cells subcutaneously. Following tumor injection, mice were injected with IL-2c
intraperitoneally every other day for 4 total injections. Tumor size was measured for the
duration of the experiment. A) Plot showing the tumor volume for the duration of
experiment. B) Survival curve. C) Plot showing percentage of mice that developed
metastasis in the lungs upon endpoint.
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Figure 5.2.6 Granzyme B expression by FoxP3+ Treg cells increases metastatic
burden-Early Timepoint
WT or FoxP3creGzmBfl/fl mice were depleted of CD8+ T cells and injected with B16F10 cells intravenously. Regulatory T cells were activated to produce GzmB using IL-2
complex (rIL-2/IL-2mAb) for 3 consecutive days. Lungs were harvested on days 8 and
16 (red arrows) and number of metastatic nests were counted for each mouse (n=3 mice
for each time point). A student’s t-test was used to calculate statistics.
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Figure 5.2.7 Granzyme B expression by FoxP3+ Treg cells increases metastatic
burden-Late Timepoint
WT or FoxP3creGzmBfl/fl mice were depleted of CD8+ T cells and injected with 3x105
B16-F10 cells intravenously. Tregs were activated to produce GzmB using IL-2c for 3
consecutive days. Lungs were harvested on day 21. A) Representative images and H&E
stain of lungs with metastatic burden. B) Number of metastatic nests counted for each
mouse. A student’s t-test was used to calculate statistics. p< 0.0001 C) Weight of the
lungs after harvesting. p=0.042 D) Plot showing the percentage of the lungs being
tumors. p=0.0475 E) Survival curve of mice not euthanized for lung metastasis study.
Log-rank (Mantel-Cox) test was used to calculate statistics. P=0.7
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Figure 5.2.8 Granzyme B expression by FoxP3+ Treg cells increases metastatic
burden-Low Dose
WT or FoxP3creGzmBfl/fl mice were depleted of CD8+ T cells and injected with 1x105
B16-F10 cells intravenously. Survival curve of mice for lung metastasis study. Log-rank
(Mantel-Cox) test was used to calculate statistics. P=0.0236
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5.2.4 Granzyme B produced by CD8 T cells can promote Metastasis
Due to the results observed in Tregs expressing GzmB, we were curious if
focusing on CD8 T cells could lead to a similar result due to the higher production and
frequency of the cell type. We tested this by injecting 3x10 5 B16-F10 cells intravenously
in WT-pmel or GzmBko-pmel mice. The same day, we began injecting 100ug of gp-100
antigen intraperitoneally for three consecutive days to activate CD8 T cells to produce
significant amounts of GzmB. We found that WT-pmel mice had significantly more
metastatic burden than GzmBko-pmel mice (Figure 5.2.9). This data gives us reason to
believe that GzmB expressed by CD8 T cells can also significantly aid tumor metastasis.
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Figure 5.2.9 Granzyme B expression by CD8 T cells increases metastatic burden.
Pmel or GzmBko-Pmel mice were injected with 3x105 B16-F10 cells intravenously and
also injected with gp-100 or PBS intraperitoneally for 3 consecutive days. Lungs were
harvested on day 21. A) Representative image of metastatic burden. B) Number of
metastatic nests counted for each mouse. A student’s t-test was used to calculate
statistics. p< 0.0001
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5.3 Chapter Discussion
Our classic understanding of GzmB is that it is needed to suppress tumor activity;
however, herein we present evidence demonstrating that GzmB can in fact aid tumor
migration and metastasis. We showed that culturing B16-F10 cells with recombinant
GzmB increases rate of migration using a wound-healing assay. We showed that
culturing B16-F10 cells with recombinant GzmB results in significant increase in the rate
of invasion utilizing an xCelligence migration assay and increases gelatin degradation
using fluorescently labeled gelatin and measuring the degradation. We also show that
extracellular GzmB may elicit an extrinsic change in the migratory potential of B16-F10
cells. In-vivo, we found that depleting CD8 T cells while expanding and activating Tregs,
led to an abnormal increase in spontaneous metastasis to the lungs from a primary tumor
site. We then showed that GzmB specifically produced by Tregs can increase the
metastatic burden of the lungs. Lastly, we show that GzmB produced in significant
amounts by CD8 T cells, can in fact exacerbate the pro-tumoral ability of GzmB,
counteracting our current knowledge of the role of GzmB produced by CD8 T cells.
There is growing evidence in the importance of Tregs in tumor progression. As
mentioned in Chapter 1, Tregs are extremely important in the induction and maintenance
of peripheral tolerance to self-antigens.227,229,283 Given that tumor cells are primarily
expressing self-antigen that T cells should have been tolerized to, Tregs are playing a role
to inhibit any ‘unintended’ damage to the host. 83,284,285 More recent studies are focused on
investigating the role of GzmB in Treg-mediated immune suppression. It has been found
that Tregs can suppress B cell proliferation via a GzmB and Perf-1 dependent pathway. 197
Another study found that Tregs can suppress effector CD4 T cells via a GzmB dependent
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and Perf-1 independent process.286 In fact, Dr. Cao discovered that the frequency of
GzmB expressing Tregs increases for the duration of tumor growth and that GzmB in the
Treg cells allows the tumor cells to gain a survival advantage. 224 In a study focusing on
oral squamous cell carcinoma, there were higher prevalence of GzmB expressing Tregs
compared to normal patients. 223 This has been reproduced in many other studies focusing
on cancer. Pan-cancer expression analysis showed higher GzmB mRNA expression in
many cancers such as cholangiocarcinoma, glioblastoma multiforme, head and neck
squamous cell carcinoma, kidney renal clear cell carcinoma, stomach adenocarcinoma
compared to normal tissues. However, cancers such as lung adenocarcinoma and lung
squamous cell carcinoma have low GzmB expression. 287 What was interesting was the
range of GzmB expression within the same cancer type. This is an important analysis of
GzmB expression. We analyzed Pan-cancer expression and found that some patients with
cancers such as uveal melanoma and pancreatic adenocarcinoma have a better probability
of survival when there is minor GzmB transcription compared to a large amount (Figure
5.3.2). 288 This seems to correlate with FoxP3 expression greatly in some patients (Figure
5.3.1). The majority of cancers showed a greater probability of survival with greater
expression of GzmB (Figure 5.3.1). What was interesting was finding high FoxP3
expression increased probability of survival of patients with cancers such as head and
neck squamous cell carcinoma and stomach adenocarcinoma (Figure 5.3.2). One
interesting finding was that some cancers had a large amount of FoxP3 expression with
minor GzmB expression such as lower grade glioma (LGG), invasive breast carcinoma
(BRCA), ovarian serous cystadenocarcinoma (OV). Understanding the correlation with

124

FoxP3 and GzmB under different tumor conditions may prove to be important in the
generation of tumor targeting therapies.
Due to the sequence of acquiring these results, we were quite surprised at the
significant role of GzmB secreted by CD8 T cells on assisting tumor metastasis. This
goes directly against our current understanding of the traditional roles of GzmB in CD8 T
cell mediated killing of tumor cells. Our generation of the experiment is to mimic a
hyperactive immune response that is not directed towards the tumor itself. We would
anticipate not seeing any tumor growth if we were injecting gp-100 expressing B16 cells,
as this is the antigen the TCR can specifically recognize. The assumption of the CD8
response would still be to clear the tumor if they have already been activated. However,
we find that the relative level of GzmB secreted can counteract the CD8 T cells cytotoxic
role. As we have shown in Chapter 4, GzmB can be secreted in a non-contact dependent
manner. This along with our in-vitro data showing GzmB increases environmental
degradation and tumor invasion, leads us to believe that GzmB can be used as a doubleedged sword. In the majority of scenarios, it is extremely beneficial to have GzmB ready
to be released to kill target cells, however if it released uncontrollably, this may lead to
detrimental outcomes.
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Figure 5.2.10 RNAseq analysis in the co-expression of Granzyme B and FoxP3
Relationship between GzmB and FoxP3 expression in TCGA Pan-Cancer database,
identified by UCSC Xena. Color is denoted by cancer type
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Figure 5.3.2 Kaplan-Meir survival plot of Granzyme B and FoxP3 gene expression
A) Kaplan-Meir survival plot of GzmB and FoxP3 gene expression extrapolated from
available RNAseq data from uveal melanoma or pancreatic adenocarcinoma patients
demonstrating higher GzmB expression is associated with worse survival probability. B)
Kaplan-Meir survival plot of GzmB and FoxP3 gene expression extrapolated from
available RNAseq data from head and neck squamous cell carcinoma or stomach
adenocarcinoma patients demonstrating higher FoxP3 and GzmB expression is associated
with better survival probability
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Chapter VI: Conclusions and Future Directions

The field of immunotherapy is constantly evolving and advancing in an effort to
combat the ever-evolving rate of tumor cells. What we have learned in the study of
cancer is that, although the grand purpose of developing tumor therapy is done by
devising an experiment to combat a general scenario, we must take a personalized
approach for each patient depending on their immune profile and the type of cancer. In
terms of tumor classification, solid tumors contain an immunosuppressive
microenvironment, generating death and anergy of natural or engineered effector T cells.
Blood cancers require a different therapeutic, for which we have a much larger selection
at this time. Our therapy of last resort is for patients to undergo allogeneic hematopoietic
stem cell transplant. The risk of tumor escape and evasion is still a concern, in which
studies are now combining the use of checkpoint blockade, and engineered T cells to aid
in tumor clearance.
As we try to create an individualized approach to address cancer progression, we
must address the complexity of the immune system. For example, the use of IL-2 was
initially believed to be a potent anti-tumor therapy. IL-2 was discovered as the T cell
growth factor in 1976 and quickly began to evolve the fields of immunotherapy.
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It was

one of the early candidates for cancer immunotherapy and was approved for the treatment
of metastatic renal cell carcinoma and later metastatic melanoma by the FDA. 290,291
Although, this showed promising results in tumor regression, it was insufficient in
improving patients’ survival due to its adverse effect in high dose and its dual functions
on T cells, the ability to activated both Tregs and CD8 T cells. IL-2 receptor is composed
of three subunits IL-2Rα (CD25), IL-2Rβ (CD122) and IL-2Rγ (CD132). 245 The αβγ
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trimeric complex forms the highest affinity receptor. CD25 is unique to IL-2 and is
expressed on activated CD4 and CD8 T cells, B cells, mature dendritic cells and Tregs. It
is currently believed that the α chain binds IL-2 initially, localizing it to the cell surface to
increase the concentration. This also causes a confirmational change in IL-2 which allows
it to bind to the βγ chains.292,293 The important thing to note is that naïve T cells will
express CD25 following TCR and co-stimulatory signals with IL-2 as the third signal
while Treg cells constitutively express significant levels of the α chain without needing to
be activated.246,247 This works as a mechanism of suppression of other T cells by
sequestering the pro-survival cytokine from activated T cells and NK cells.
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One study

to address this is currently a Phase 1/2 trial using a β chain selective IL-2 cytokine in
hopes to activate effector T cells and NK cells with minimal stimulation of Tregs.
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The foundation of our lab stems from rigorous years of research focusing on
GzmB for more than 30 years. With the information provided by globally deleting
GzmB, this created a necessity to generate mice with cell specific GzmB deletion. Dr.
Cao previously found that GzmB+ Tregs are important in maintaining the growth of
tumors and inhibiting the clearance. In fact, he also found that Treg frequency as well as
the GzmB expression increases as the tumors grow. With the available resources, we
hypothesized that GzmB may be able to aid tumor invasion and metastasis. Due to our
ability to detect GzmB in the extracellular environment, we hypothesized that T cells
have the ability to secrete GzmB without the formation of an immunological synapse.
Using in-vitro and in-vivo methods, we have shown that T cells have the ability to
secrete GzmB into the environment without the formation of an immune synapse. In fact,
we also show that GzmB secretion is not dependent on IL-2 stimulation and that GzmB
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can still be released even when degranulation has been inhibited. In conjunction with
other studies finding GzmB can degrade proteins found in the extracellular environment,
we incorporate mouse models to study the effect of GzmB on tumor cells. We showed
that GzmB secreted by Tregs and CD8 T cells not only have a role in apoptosis but can
also enhance the invasive potential of tumor cells. (Figure 6.1)
In future studies, we need to further investigate the pro-tumoral role of GzmB.
We could investigate scenarios that would mimic the conditions found in Chapter 5 and
‘real-world’ scenarios that would allow GzmB to aid tumor progression or metastasis
such as a viral or bacterial infection simultaneously with tumor injections. (Figure 6.1)
Inoculating mice with an acute viral infection, such as Sendai virus, would allow for an
increase in the frequency of CD8 T cells and Tregs as well as the production of GzmB
within these groups. 296 Although it was not studied, we suspect the concentration of
systemically secreted GzmB would be high enough to aid tumor progression. This in
conjunction with using cell specific GzmB-knockouts, would allow us to study the cell
specific role GzmB plays in aiding tumor metastasis.
In addition, it would be important to investigate the role of GzmB production in T
cell autopilot studies further. We would design experiments to study the antigen
stimulation concentration and the threshold needed to elicit GzmB production and
autopilot. This could allow for a better understanding of the mechanisms behind GzmB
production by CD8 T cells. In addition, the use of OT-II transgenic mice would allow us
to investigate the GzmB production during autopilot of CD4 T cells.
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Figure 6.1 Schematic summarizing the process of GzmB promoting tumor
metastasis
This figure highlights the results of the thesis. Activation of CTLs by TCR stimulation or
IL-2 stimulation drives GzmB production. The activated CTLs now use GzmB to aid in
transmigration to site of infection. When CTLs inadvertently migrate to tumor
microenvironment, the CTLs do not recognize the cancer cells as their target cell. The
CTLs release GzmB into the environment, aiding in tumor migration, invasion, and
metastasis.. Created with BioRender.com
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Lastly, it would be important to investigate the mechanisms by which GzmB aids
in tumor migration and metastasis. One result we found quite interesting was that GzmB
cultured with tumor cells overnight, significantly increased the migratory ability of tumor
cells. We were not able to decipher if GzmB is actively being up taken by tumor cells,
and then potentially released when there is extracellular engagement. Another mechanism
is through the activation of extracellular proteins such as matrix metalloproteases. In
conjunction with data demonstrating that GzmB can elicit non-lethal DNA damage
through a Prf-1-independent mechanism, GzmB may be causing an extrinsic change
within the tumor cell. 209 Lastly, we must look into the profile of the GzmB being
secreted during this autopilot condition. Is the GzmB secreted in its active state, or are
there factors found in the extracellular environment that leads to a different catalytic
activity of GzmB?
The ultimate purpose for deciphering a new role of GzmB is to help incorporate
new ideas for future immunotherapies. These future studies should focus on utilizing the
knowledge identified within this body of work to develop new therapeutics or help bridge
current ones. If our data can be recapitulated in human studies, one concept to consider
now is a time focused approach to inhibiting GzmB secretion or enzymatic activity of
GzmB. Generating a GzmB antibody that can be fused to another antibody to proteins
heavily expressed on Tregs such as Neuropilin-1 could be a useful tool for modulating
the cell specific release of GzmB. Neuropilin-1 is constitutively expressed on the surface
of Tregs and is down-regulated in naïve CD4 T cells after TCR stimulation. Neuropilin-1
expressing T cells also express high levels of FoxP3.297 The use of CTLA-4 antibody
would be a great option, however, there is recent data that shows CTLA-4 blockade using
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antibody clone (UC10-F10-11) actually induces Treg activation, through the creation of a
feedback loop, increasing the expression of CD80/86, generating a hyperproliferative
response in Tregs. 298 In fact, even the use of CD4 antibody fused with GzmB inhibiting
antibody could prove useful. In a study focusing on the ability of different T helper cell
subsets to clear tumors, it was seen that in-vitro generated Th2 cells cleared the tumor
better than Thi and even more significantly, Th1. Although it was not investigated, GzmB
production by Th1 cells could play a role in exacerbating the tumor metastasis found in
the lungs compared to the Thi. 299
This same avenue for focusing new therapies would allow for major pitfalls,
being unintended effects. The specificity for these antibodies is not absolute and may lead
to a different effect on GzmB. The binding of the antibody on the surface molecules
could elicit major GzmB degranulation inadvertently. We also do not entirely know what
will happen after GzmB is bound to antibody. We anticipate a clearing of the complexes
formed; however, it is entirely possible for the antibody to increase rate of endocytosis
which can allow GzmB to migrate and initiate apoptosis in cells that are not targeted for
cell death.
In conclusion, the results obtained from these studies introduce a greater
understanding of the roles GzmB may play outside of the induction of cell death.
Additional studies utilizing different inflammatory and tumor models may reveal that
selective inhibition of GzmB has potential to improve cell-based therapies in the
treatment of malignancies that use this molecule to evade the immune system.
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