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ABSTRACT

Surgery remains the most effective approach to cure patients with solid malignancies. However, surgical
trauma results in significant cellular immunosuppression. CD8" T cell dysfunction post-operatively has
been characterized, however the effects of surgery on antigen specific CD8" T cell suppression has not
been fully explored. Here, we established that surgery-induces antigen specific CD8" T cell dysfunction,
including impaired pro-inflammatory cytokine secretion and cytotoxicity in patients and mice. We
developed a model to investigate surgical stress and cancer recurrence in C57Bl/6 mice, based on transfer
of CD8" OT-I T cells, reactive to ovalbumin (OVA), followed by challenge with B16-OVA melanoma
cells. This model demonstrates 100% protection against cancer in control animals but

0% protection following surgery. Using a COVID-19 immunological tool kit to characterize post-
operative function, we observed a significant suppression in T cells from vaccinated cancer patients. The
OT-1 model was used to evaluate the mechanisms of post-operative T cell dysfunction. We

first established that a population of surgery induce Myeloid Derived Suppressor Cells (sxMDSCs) also
known as GR-1" cells in mice which expand after surgery in mice and cancer patients on post-operative
day 1 (POD1), are suppressive of CD8'T cells. We then performed single cell RNA sequencing, which
identified the intracellular checkpoint CISH (Cytokine-inducible SH2-containing protein) as upregulated
in antigen-stimulated human and murine CD8" T cells following surgical stress. Overall, this work
highlights antigen specific CD8" T dysfunction post-operatively and uncovers a possible mechanism of

dysfunction characterized by the expression of an intracellular checkpoint CISH.
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CHAPTER 1: GENERAL INTRODUCTION
1.0 RATIONALE

In this Chapter, I will provide an introduction into key topics that are related to my project. This
chapter will provide background information necessary to understand the subsequent chapters. I
will introduce topics such as Cancer, Cancer surgery, Immune suppression, CD8" T cells, and
Myeloid derived suppressor cells. I will also establish the research objective and aims that will

be explored.



1.1 CANCER AND METASTASES

Cancer can be defined as a pathological condition induced by the unchecked growth and division
of abnormal cells, which can gradually acquire molecular and phenotypic changes that permit
them to invade surrounding tissues and disseminate to distant organs(/). Healthy cells function
by following gene instructions to carry out normal activities, such as cell division and regulated
cell death. However, cancerous cells undergo specific genetic mutations brought on by different
factors, including carcinogens, environmental influences, radiation, and genetic predisposition,
all of which can alter their ability to carry out normal functions. These mutations can activate or
dysregulate proto-oncogenes, converting them into oncogenes that drive uncontrolled cellular

proliferation and promote cancer development.

Metastasis is the spread of cancer cells from the primary tumor to distant parts of the body(2).
Before cancer cells start to spread, the cells have acquired the ability to break apart from the
primary tumor and are able to invade surrounding tissues by travelling through the lymphatic
system or the blood. Once cancer cells reach these sites, they can grow rapidly and populate the

organ(3-5).

Cancer cells can spread to different parts of the body, in part because they evade the immune
system. There are several ways cancer cells can combat the immune system. They alter the
function of antigen-presenting cells (APC), which are generally meant to be responsible for
sounding the alarm for the presence of cancer(6). Cancer cells secrete several growth factor
signals such as transforming growth factor beta (TGFp), vascular endothelial growth factor
(VEGF) and IL-10, all of which act as tumor derived suppressors of APCs by inhibiting

maturation, antigen presentation and T cell activation(7—9). For example, TGFf} can suppress



expression of the MHC-II (Major histocompatibility complex two) and other co-stimulatory

molecules which results in immature APCs.

Cancer cells recruit several suppressor cells to the tumor microenvironment (TME), such as
neutrophils, macrophages, and regulatory T cells (T-regs), by inducing the production of factors
like colony-stimulating factor 1 (CSF-1), IFNy and IL-8. These suppressive cells are responsible

for the inactivity of other effector immune cells(/0, 11).

Additionally, cancer cells modify the proteins on their surface to inhibit the expression of co-
stimulatory signals required for T cell activity. For instance, cancer cells express programmed
cell death ligand 1 (PD-L1), which inhibits the activity of T cells and NK cells by binding to the
checkpoint receptor Programmed Cell Death Protein 1 (PD-1) expressed on these immune

cells(/2—-14).

Primary tumors are often localized to one area and are mostly curable, as there are several
options including chemotherapy, surgery, and immunotherapy. However, metastasis is a
systemic disease that can affect multiple organs, therefore making it a more complex process to

cure.



1.1.1 Cancer surgery

Surgery is the oldest known method for treating cancer, and it involves physically removing the
cancerous mass from the body. Surgical removal of tumors dates back over 4000 years ago(/5).
Over the years, surgical techniques have advanced significantly from basic procedures to highly
complicated operations. Today, surgery remains an integral part of cancer therapy, particularly
for tumors that haven’t metastasized. Surgery is commonly used to remove localized primary
tumors and, in some cases, surrounding tissue to ensure complete resection of cancerous cells.
Although surgical resection offers the best chance of cure for many patients with solid
malignancies, it can also trigger unintended adverse effects including bleeding, thrombosis,

infections, and immune suppression that may ultimately worsen patient outcomes.

1.1.2 Cancer Surgery and Metastases

As a result of surgery, cancer cells can escape and enter the blood or lymphatic system and
remain there; these are called circulating tumor cells (CTCs)(/6). Due to the handling of tumors
during surgery, various factors such as damaged blood vessels and inflammation can drive the
escape of cancer cells from the tumor site (/7, 18)(Fig 1.1). This becomes a challenge because
cancer cells can also travel to other sites, including the bone marrow, lymph nodes, and organs,
by evading the immune system. Once these CTCs have migrated from the primary tumor site,
they become disseminated tumor cells (DTCs)(/9). The presence of DTCs indicates a primary
step in metastasis because although these cells are dormant, they can colonize and
repopulate(20). The effect of surgery consequently provides an ideal environment for tumor
regrowth and metastasis due to multiple factors such as stress response, inflammation, and
immune suppression. The detection of circulating and disseminated tumor cells following

resection in several solid cancers, including gastric cancer, highlights the perioperative period as



a critical window for metastatic risk(2/—23). These studies show that the presence of circulating
and disseminated tumor cells is associated with increased cancer recurrence and poor prognosis.
Notably, CTCs and DTCs can persist in a dormant state for years and may become reactivated by
triggering events such as surgery. Surgery can trigger the awakening of these dormant cells by
releasing growth factor signals such as VEGF, HIF-1a, and IL-6(24, 25). These growth factors
enable angiogenesis, which is a process that is necessary for cancer cells to grow and

metastasize.
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Figure 1.1: A model of Surgical stress

Surgical resection is associated with a massive inflammatory and stress response. Surgery
induces a stress response by initiating the sympathetic and neuroendocrine system, resulting in
elevated levels of stress hormones such as cortisol that suppress NK and T cell activity. The
inflammatory response is characterized by the recruitment of cells that secrete proinflammatory
cytokines such as IL-6, IL-1B, TNFa, and VEGF. This enhanced postsurgical stress response and
inflammation can result in immunosuppression of innate and adaptive immunity, including NK
and T cells. This systemic stress response and inflammation provide an environment favorable
for tumor metastasis, because disseminated cells (CTCs) from the surgical bed may form pre-

metastatic niches because of immunosuppression. Adapted with copyright permission from

Moorthy et al., 2021.



1.1.3 Cancer Surgery and the Surgical Stress Response

Surgery triggers a systemic stress response due to the stimulus released during the operation (Fig
1.1). The stress response to surgery often depends on the magnitude, complexity, invasiveness,
and duration of the procedure. Major surgeries such as open-heart surgeries, abdominal
surgeries, and joint replacement elicit a pronounced stress response(26—28) . The post-operative
period is a critical time when the immune system is weakened, and the risk of cancer spread is
higher because surgery induces a series of physiological changes in the body. These changes
consist of two major categories, such as the neuroendocrine-metabolic axis and the

inflammation-immune response axis.

Neuroendocrine-metabolic axis

The hypothalamus is the central neuroendocrine system that links the nervous system to the
endocrine system. The hypothalamus regulates processes such as metabolism and stress
response. The regulation of stress response occurs through the paraventricular nucleus (PVN), a
central system within the hypothalamus(29, 30). The paraventricular nucleus consists of neurons
that can sense changes in the body such as inflammation and signals the pituitary gland of the
endocrine system to release hormones thar regulate the stress response(37, 32). The
paraventricular nucleus also signals the sympathetic nervous system to release adrenaline,
specifically epinephrine. The release of epinephrine induces energy production from storage sites
like fats and sugars to elicit a stronger stress response. The paraventricular nucleus signals the
endocrine system to release corticotrophin-releasing hormone (CRH), a hormone that activates
the hypothalamic—pituitary—adrenal (HPA) axis. The activation of the HPA axis in turn secretes
glucocorticoid (cortisol) often referred to as the stress hormone. Cortisol functions to meet the
immediate energy demand of the body by triggering the release of glucose from the liver to the

blood(33, 34). Cortisol also plays a key role in metabolism and influences how the body

8



breakdown proteins and fats for energy production.

During surgery, there are molecules termed damage-associated molecular patterns (DAMPs) that
are released due to tissue injury and non-programmed cell death into the extracellular
environment(35—37). DAMPS also known as alarmins can be intracellular proteins or
extracellular matrix that include high mobility group box protein (HMGB), heat shock proteins,
reactive oxygen species, actin and mitochondrial DNA(38—417). HMGBI, a nonhistone chromatin
nuclear peptide is a central DAMP that normally functions as a transcriptional factor but once
released from a damage cell, it can act as a danger signal(33, 36). Another well characterized
DAMP is small, fragmented DNA such as mitochondrial DNA (mtDNA). Mitochondrial DNA
are small DNA fragments that were released into the circulation because of tissue damage and
cell death. Mitochondrial DNA can trigger robust inflammation responses and an increase in
mtDNA after surgery has been linked to a high risk of post-operative complications(42, 43).
DAMPs function as chemoattracts for other cells such as macrophages, neutrophils, and dendritic
cells to migrate to the site of tissue damage. These DAMPs bind to pattern recognition receptors
(PRRs) such as membrane bound Toll-like receptors (TLRs) and C-type lectin receptors (CLRs)
found on immune cells such as monocytes, neutrophils and nonimmune cells (endothelial cells,
fibroblasts)(44, 45). The activation of the TLRs in turn leads to the large production of pro-
inflammatory cytokines. DAMPs also bind to another set of receptors, NOD-like receptor
(NLRs), which are mostly found in the cytoplasm of cells(46). The recognition of DAMPs by
NLRs initiates the NLRP3 inflammasome, a large multiprotein complex that functions to drive

the upregulation of proinflammatory cytokines that leads to an inflammatory state(47-51).



Inflammation

As stated above, DAMPs generated from surgery induce innate immune response as well as
triggering both local and systemic inflammation during the process of wound healing which
results in the recruitment of several immune cells and the production of inflammatory
molecules(52, 53). Immune cells such as neutrophils and macrophages are known as the first
responders and are recruited to the site of tissue damage to regulate the inflammatory process.
Both cells release various inflammatory factors such as IL-1(a and B), IL-6, IL-18, TNF-a,

VEGF and cyclooxygenase (COX)(52, 54-56).

The proinflammatory molecule IL-6 plays a major role in the post-operative period. Upon IL-6
secretion, it drives an acute phase response by initiating the JAK-STAT3 pathway in the liver(57,
58). The acute phase response involves the release of inflammatory proteins including C-reactive
protein (CRP), serum amyloid A and fibrinogen which are responsible initiating tissue healing,
regulating inflammation and increased phagocytosis by innate immune cells. IL-6 also plays a
role in the anti-inflammatory pathway by originating a negative feedback loop of TNF-a and IL-
1 production. Some studies have shown a correlation between the level of immunosuppression

and the inflammatory cytokines produced during surgery such as IL-6(59, 60).

Surgery induces the expression of cyclooxygenase (COX) during inflammatory response to
tissue injury(6/, 62). COX in turn induces the production of prostaglandin E2 (PGE2), which is
one of the major inflammatory factors that plays a role in tumor progression(63, 64). PGE2
increases the production of Matrix Metalloproteinase-9 (MMP9Y), which is an enzyme
responsible for the breakdown of the extracellular matrix of tissues, a process that promotes

tumor invasion and metastasis. PGE2 has also been implicated in the advancement of an

10



immunosuppressive environment by increasing the presence of regulatory T (Treg) cells and
decreasing the population of cytotoxic CD8" T cells(65, 66). The presence of Tregs have been
linked to exacerbating immunosuppression, further worsening cancer prognosis(67, 68).
Similarly, the population of myeloid-derived suppressor cells (MDSCs) also increases after
surgery and correlates with cancer recurrence and poor prognosis because they can inhibit both

the innate and adaptive immune response(69, 70).
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1.2 MYELOID-DERIVED SUPPRESSOR CELLS (MDSCS)

Myeloid-derived suppressor cells were initially identified as suppressor cells that inhibited T cell
differentiation(77). The identification of these myeloid suppressor cells in cancer came later,
when MDSCs were discovered in patients with various forms of cancer. Prior studies referred to
this population of cells as immature myeloid cells or “IMCs” and is now recognized as myeloid

derived suppressor cells(72—74).

MDSC:s are a heterogeneous population of myeloid progenitors. In healthy individuals, MDSCs
are not largely present but exist as immature myeloid cells (IMCs) which originate from the bone
marrow and differentiate into neutrophils, monocytes, and macrophages in response to a
signal(75—77). The signal most often includes products of infection and trauma, such as DAMPs,
which interact with pattern recognition receptors on these myeloid cells, resulting in a state of
rapid differentiation and mobilization of the immature myeloid cells to mature cells in a process

termed emergency myelopoiesis(78-80).

MDSCs are identified in mice by the expression of CD11b" and Gr-1"and in humans by CD33"
cells. MDSCs consist of two subgroups, which are monocytic (M-MDSC) and
polymorphonuclear (PMN-MDSC) cells also known as granulocytic MDSCs. M-MDSC are
identified as CD14"CD15~ and PMN-MDSCs are CD14 CD15" (87). MDSCs are characterized
by their ability to suppress several key immune cell populations, including natural killer cells and

T cells(82, 82, 83).

12



1.2.1 Myeloid Derived Suppressor Cells and Suppression of CD8* T cells

MDSC:s can facilitate immune suppression by utilizing numerous mechanisms, including the
production of factors such as Reactive oxygen species (ROS), arginase (ARG1), inducible nitric
oxide synthase (iNOS), Transforming growth factor beta (TGFp), IL-6, IL-10, Cyclooxygenase-2

(COX2), indoleamine 2,3-dioxygenase (IDO), and many other factors(69, 84, 85).

The mechanism of immune suppression depends on the predominant MDSC subtype present. M-
MDSCs primarily mediate suppression through iNOS and immunoregulatory cytokines, whereas
PMN-MDSCs suppress target cells, particularly T cells through the production ROS and

ARGI1(86, 87).

In murine cancer models, multiple studies have shown that MDSCs inhibit T-cell activity, and
that depletion of these cells restores T-cell cytotoxic function(88—90). MDSCs can inhibit T cells
by depleting important amino acids required for T cell function and activation, including
arginine, tryptophan, and cysteine. For example, a study observed that when T cells were in the
presence of MDSCs with high arginase activity, arginine levels decreased, leading to reduced
CD3 expression, an important factor in T cell activation(9/). MDSCs use molecules such as ROS
and iNOS to inhibit the activation of the JAK-STAT axis, therefore inhibiting the function of T
cells, including proliferation and cytotoxicity(92, 93). MDSCs can also suppress T cells through
the PD-L1/PD-1 checkpoint axis, a process that halts T cell effector function and drives T cells
into an exhausted state(94-96) . The mechanism of MDSC suppression of T cells has been well
characterized specifically in the context of cancer; however, the extent to which these
mechanisms are responsible for surgery-induced T cell dysfunction has not been explored or

understood.
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1.3 CD8* CYTOTOXIC T CELLS

The importance of T cells was initially overlooked and misunderstood until studies from the 70s
established that these cells were essential for immunity(97, 98). CD8" T cells are the primary
drivers of the adaptive immune system. They are generally identified as CD3" and CD8" T cells.
CDS8" T cells play an essential role in both infection and tumor surveillance. CD8" T cells
become activated upon recognition of an antigen and undergoes certain mechanisms to carry out
their effector functions. A major function of CD8" T cells is secreting cytokines such as IFNy,
TNFa, IL-2, which are cytokines that have anti-tumor effects and aid in effector immune
responses(99). Another major function of CD8" T cells is the production of lysosomal cytotoxic
granules composed of a lipid bilayer containing lysosomal-associated proteins (LAMPs), such as
LAMP-1 or CD107a(100, 101). These granules house perforin and granzyme, the two main
cytotoxins required for lysis. The contents of granules are then deposited toward the target cell in
a bid to kill the cell, which is a process termed degranulation. These functions are an integral part

of CD8" T cell’s ability to regulate primary tumor outgrowth.

When naive CD8" T cells encounter a pathogen, they begin to differentiate and divide into other
subsets. In most infection and vaccination models, it has been shown that the majority of
expanded CD8" T cells differentiate into short-lived effector T cells (TEC), characterized by
CD62L"°¥CD44"e" phenotype peaks by 7 to 9 days post infection termed the expansion
phase(102, 103). These TECs rapidly disappear during the contraction phase, 12 days post
infection. The second subset of CD8" T cells are Long-lived effector T cells or effector memory
cells (TEM), which are smaller in number and are characterized by CD62L"e"CD44Me" survive

for longer periods of time.
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1.3.1 CD8" Cytotoxic T cells and Metastases

Mouse models, such as colorectal cancer and mammary carcinomas, have been used to establish
a critical role for CD8" T cells in preventing tumor outgrowth in mice with established micro-
metastases. In these models, depleting the CD8" T cell population results in accelerated,
progressive tumor outgrowth(/04, 105). In these depletion studies of tumor bearing mouse
models, most CD8-depleted mice succumbed to metastatic disease, compared to CD8-sufficient
mice’ These data demonstrated that CD8" T cells delayed the spread of visceral metastases.
Although they show that CD8" had no effect on established tumors, they can control disease
spread and progression. CD8" T cells have been implicated in the ability to control the growth of
disseminated tumor cells in visceral organs(/06—108). CD8" cytotoxic T lymphocytes (CTLs)
indirectly suppress metastatic dissemination by contributing to the adaptive immunological
control of primary tumors and by preserving their normal vascularization. CD8" T cell depletion
leads to increased intravasation due to enhanced vascularization and increased circulating tumor
cell survival due to the reduction in the population of CD8" T cells(109, 110). Furthermore,
studies have shown that increased inflammation following surgery promotes the occurrence of

tumor outgrowth which is attenuated by tumor specific T cell responses(/11, 112).
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1.3.2 CD8" Cytotoxic T cells and Dysfunction after Surgery
While it is challenging to directly link post-operative CD8" T cell dysfunction with cancer

recurrence there is accumulating data in multiple cancer types that has clearly established the
presence of a profound defect in CD8" T cell function in the aftermath of cancer surgery(//3—
117). For example, in a clinical trial where patients had gastric bypass, significant decreases
were found in effector CD8" T cell cytotoxicity compared with pre-operative levels(117).
Furthermore, surgery decreases CD8" T cell numbers as well as their cytokine-secreting ability,
elucidating that surgical stress causes T cell dysfunction post-operatively in most digestive
surgeries(/13, 114, 116). In a clinical study of 415 patients with colorectal cancer, high levels of
infiltrating CD45RO* memory T cells were associated with improved survival and the absence of
early metastatic invasion, reflected by a less advanced pathological stage defined by vascular
emboli, lymphatic invasion, and perineural invasion (collectively referred to as VELIPI)(/18).
This study has led to the development of the immunoscore assay, which is a method that
measures the infiltration of CD3" and CD8" T lymphocytes in the tumor site and is used to

predict cancer recurrence(/79).
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In a previous study, our research group used mice vaccinated with a recombinant Adenovirus
vector expressing human Dopachrome Tautomerase (hDCT) gene to characterize the effects of
surgery on anti-tumor CD8" T cell responses(/20). The study demonstrated that antigen-specific
T cells are suppressed following surgical stress, which resulted in the recurrence of tumors and
metastases. Mice that had been vaccinated with AADCT and subjected to surgery developed
more tumors and metastases than vaccinated mice that did not undergo surgery. Surgical stress
also reduced CD8" T cell proliferation and recruitment to the tumor microenvironment(/20).
DCT specific CD8" T cells from vaccinated mice that had major surgery showed reduced ability
to secrete IFNy, TNFa and Granzyme B. Together, these findings suggest that surgery
significantly attenuates CD8" T cell function and suppresses an anti-tumor T cell immunity.
However, the mechanism(s) underlying the observed CD8" T cell dysfunction induced by
surgery are not well understood and require a model that will permit further mechanistic

analysis.
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1.4 OBJECTIVE, RATIONALE, HYPOTHESIS, AND CHAPTER OVERVIEW

1.4.1 Overarching Objective

The overarching objective of this doctoral thesis is to identify the mechanisms that cause CD8*
T-cell dysfunction during the post-operative period.
1.4.2 Aims

1. To establish an animal model to characterize post-operative, antigen-specific CD8* T cell
dysfunction.

2. To use this model to investigate the mechanistic pathways involved in CD8* T cell suppression
following surgery.

3. To validate the identified pathways that contribute to post-operative CD8* T cell dysfunction.

1.4.3 Hypothesis
This thesis hypothesizes that targeting the mechanisms underlying post-operative CD8" T cell

dysfunction will improve cancer outcomes following surgery.
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1.4.4 Chapter Overview

Chapter 2: I characterized CD8" T cell dysfunction in mice, focusing on antigen specificity, using
an OT-I mouse model. I also characterized the impact of GR-1" cells (MDSCs) on CD8" T cell

function.

Chapter 3: I investigated CD8" T cell dysfunction in patients undergoing cancer surgery to

further establish its translational relevance.

Chapter 4: I sought to identify a possible mechanism of dysfunction by performing scRNA-seq

on isolated CD8" T cell from the established animal model from chapter 2

In Chapter 5, I validated the results from Chapter 4 in mice and human CD8" T cells, as well as
established a possible link between GR-17 cells (MDSCs) and the identified pathway from the

scRNA seq data.

In Chapter 6, I discuss the findings from Chapters 2 to 5, while focusing on overarching

concepts.
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Figure 1.2: Schematic of proposed objective

Surgical resection of tumors results in suppression of CD8" T cells, which can worsen cancer
outcomes and increase the risks of metastasis. Therefore, identifying a mechanism of surgery-
induced suppression is important for the development of immunotherapies that can alleviate

immunosuppression. Created with Biorender.com
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Chapter 2: Surgical Stress Induces Post-operative
murine CD8* T Cell suppression
2.0 RATIONALE

Surgical stress induces a significant decrease in CD8" T cell function in murine studies.
However, the focus of these studies has been on non-antigen-specific dysfunction following
surgery. Therefore, the objective of this chapter is to confirm non-antigen CD8" T cell
dysfunction in mice and characterize antigen-specific dysfunction using an OT-I mouse model. I
also characterized the impact of GR-1" cells (MDSCs) on CD8" T cell function by depleting
these cells in-vivo and performing functional assays. Characterization of dysfunction in an

animal model is important because it provides a foundation for future mechanistic studies.
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2.1 INTRODUCTION

CDS8" T cells play an essential role in tumor surveillance. CD8" T cells become activated upon
antigen recognition and use specific mechanisms to carry out their effector functions. A key
function of CD8" T cells is their ability to secrete effector cytokines such as IFNy, TNFa, IL-2,
which play an important role in effector immune response(/21, 122). IFNy improves the
cytotoxic function of CD8" by increasing antigen presentation of both target cells and antigen-
presenting cells. TNFa helps induce cell death of target cells by binding to the TNF receptor and
triggering apoptosis. CD8" T cells use IL-2 to promote their expansion as well as survival during
immune response. These cytokines also act as proinflammatory signals to recruit additional
immune cells, such as macrophages and additional CD8" T cells, to the appropriate site. Another
major function of CD8" T cells is the production of lysosomal cytotoxic granules to kill target
cells. These cytotoxic granules are composed of perforin and granzymes that are released from
CD8" T cells. Perforin causes the production of pores on the target cell membrane, while
granzymes act as a serine protease that cleaves the apoptosis related protein, caspase 3 to initiate
cell death. During the release of cytotoxic granules, the membrane of the granules which are
composed of a lipid bilayer containing lysosomal-associated proteins (LAMPs), such as LAMP-1
(CD107a) fuses with that of the target cell, a process known as degranulation. All together, these

effector functions are integral to the ability of CD8" T cells to control primary tumor outgrowth.
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As mentioned above, we first identified the effects of surgery on antigen-specific immunity using
a murine model of anti-tumor vaccination with an adenovirus encoding the dopachrome
tautomerase melanin antigen (AdDCT )(/20) . The study demonstrated that tumor antigen-
specific T cells are suppressed following surgical stress, which resulted in recurrence of tumors
and metastases. Mice that had been vaccinated with AADCT and subjected to surgery developed
more tumors and metastases than vaccinated mice that did not undergo surgery. Surgical stress
also reduced CD8" T cell proliferation and recruitment to the tumor microenvironment. We
observed that surgery reduced the number of CD8" T cells, which was not due to increased
apoptosis but rather to a significant decrease in T cell proliferation in response to the DCT
antigen. This was done by using a tetramer specific to DCT, where the total number of DCT-
specific CD8" T cells was similar in the non-surgically stressed mice and the surgically stressed
mice, but IFNy production by CD8" T cells in response to DCT antigen was reduced. DCT
specific CD8" T cells from vaccinated mice that had major surgery showed reduced ability to
secrete IFNy, TNFa and Granzyme B on post-operative day (POD) 1, and recovered between
POD7 and POD28. These findings suggest that surgery significantly attenuates CD8" T cell

functionality and suppresses an anti-tumor T cell immunity.

However, the frequency of T cells that responded to tumor vaccine antigens are relatively low
and did not allow for a comprehensive investigation of mechanistic questions. Therefore, this
ultimately led us to generate a different model to characterize the antigen specific dysfunction

which will be addressed in this chapter.
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2.2 METHODS

Mice

Six- to 8-week-old female C57BL/6 and inbred OT-I mice were purchased from The Jackson
Laboratory. The OT-I mice background has been described previously(7/23). Animals were
maintained in accordance with institutional guidelines at the Canadian Council on Animal Care

and the Animal Care Committee of the University of Ottawa.

For adoptive transfer experiments, C57BL/6 mice received an adoptive transfer of (1 x 10* OT-1
cells/100 ul of PBS) intravenously (IV). Recipient mice (C57BL/6) were then immunized

with Listeria monocytogenes expressing OVA (LM-OVA, 10* CFU/injection/100 pl of PBS),
strain 10403s. The formation of LM-OVA has been described previously(/24). Next, recipient

mice were challenged subcutaneously (sq) with B16-OVA (1 X 10° cells/100 pl of PBS).
Cell lines

B16-OVA cells were obtained from Dr. John Bell’s laboratory at the Ottawa Hospital Research
Institute. Cell lines are maintained in culture with Dulbecco’s Modified Eagle’s Media (DMEM)

supplemented with 10% fetal bovine serum (FBS) and 400 pg/ml of geneticin (G418).

Primary cells were harvested from the spleens manually. The cells were then treated with
Ammonium Chloride Potassium (ACK) lysis buffer to remove red blood cells. For ex vivo
studies, primary cells were cultured with Roswell Park Memorial Institute medium (RPMI)
containing 10% FBS and 1% Non-Essential Amino Acids. All cells were cultured at 37°C with

5% CO»

25



Ex-vivo Peptide Stimulation

OT-1 CD8" T cells were stimulated with H-2Kb OVA SIINFEKL (2 pg/mL) for 4 hours. For
nonspecific antigen stimulation, anti CD3/CD28(2ug/ml/5ug/ml), PMA and
Ionomycin(50ng/ml/1ug/ml), high dose IL-2 (1000U/ml) and phytohemagglutinin-P (Sug/ml)
were used.

For intracellular cytokine staining, cells were first stimulated for 1 hour and were additionally
stimulated for 4 hours with BD GolgiPlug transport or BD GolgiStop, with both inhibitors
containing brefeldin A (10ug/ml) and monensin (10ug/ml), respectively.

Immune Cell Profiling

Following cell processing or stimulation, cells are first washed with FAC buffer (PBS with 1%
BSA and 0.5mM EDTA). Subsequently, cells are labelled with Fixable Viability Stain 510 (BD,
#564406) for 15 minutes at 4°C. Primary cells are then treated with Purified Rat Anti-Mouse
CD16/CD32 (BD, #553142) or Human Fc BD block (BD, #564219) for 5 minutes at 4°C. Next,
the cells are stained with an extracellular marker master mix at the appropriate dilutions for 20

min at 4°C.

For intracellular staining, cells are fixed with BD Cytofix/Cytoperm™ (BD) following the
manufacturer’s protocol. A detailed list of antibodies can be found in appendix A. Following
staining protocols, cells were acquired with flow cytometry acquired with a BD LSRFortessa
using BD FACSDiva™ version 8.0.3 software. The flow cytometry data was analyzed with

FlowJo, LLC version 10.8.2 software).
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Myeloid cell depletion

OT-I mice received a dose of intraperitoneal injections of anti-GR1 antibody (BioxCell
InVivoMab anti-mouse Ly6G/Ly6C (Gr-1), Catalog # BE0075-5MG-A) prepared in PBS

(100ug/dose) for 2 days prior to the day of the surgical procedure.
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2.3 RESULTS

Murine CD8" T cells are suppressed after surgery independent of stimuli

The first step was to establish that post-operative CD8" T cells are suppressed independent of the
stimulation. Non antigen stimulation such as monoclonal anti CD3/CD28 antibodies which
engages the TCR receptor results in the activation of CD8" T cells comparable to antigen specific
stimulation. Another nonspecific stimulation is phytohemagglutinin-P (PHA-P). PHA-P is a
plant derived lectin that can cross link the glycoproteins on the TCR of CD8" T cells which
triggers a downstream cascade of intracellular signaling that ultimately results in activation(/25).
High dose IL-2 is another way to stimulate CD8" T cells, which bind to the IL-2 receptor on
CDS8" T cells, activating downstream signaling cascades that result in activation(/26).
Splenocytes isolated from the spleens of C57BL/6 mice of surgically stressed or control mice
were stimulated with all three stimulation methods mentioned above for 4 hours ex vivo.
Following stimulation, we assessed the effector function of surgically stressed CD8" T cells by
measuring cytokine secretion and degranulation, a marker of cytotoxic function. According to the
data, we observed an approximate 2-fold decrease in the production of [FNy, TNFa, and CD107a
in CD8" T cells after nonspecific stimulation 24 hours after surgery in the surgically stressed

group (Fig 2.1).
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Figure 2.1: Murine CD8" T cells are suppressed after surgery independent of stimuli

(A) Schematic diagram of the experimental plan. C57BL/6 mice underwent surgery (Nx-
nephrectomy) +/- on day 1. On day 2, mice were sacrificed, and CD8" T cell characterization
was performed. (B-D) Percentage of IFNy", TNFa", and CD107a” CD8" T cells reacting to IL-2
(1000U/M1), Pha-P (5ug/ml), anti-CD3 and anti-CD28 (2ug/ml and Sug/ml) stimulation. n =5.

(*p<0.05; **p<0.01). Statistical analyses were analyzed by performing Mann-Whitney U test.
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Naive and Antigen specific murine CD8" T cells are dysfunctional after surgery

Subsequently after establishing that surgery suppresses CD8" T cells post-operatively
independent of stimulation, the next step would be to characterize the effects of surgery in an
antigen specific model. As stated above, we have previously characterized dysfunction in a
mouse model of vaccination with AdDCT, however this model did not generate a large enough
number of antigen specific CD8" T cell response to the DCT peptide. Therefore, to overcome
this limitation, I utilized the well characterized OT-I mouse model as a quantitative tool to
characterize anti-tumor specific T cell dysfunction post-operatively. OT-I is a transgenic strain of
mice with CD8" T cells specific for the OVA peptide of amino acids 257-264 (SIINFEKL). The
OT-I mouse model is a valuable tool because they allow for isolation and quantification of T cell
responses to a specific antigen. We have developed a model where we transfer naive OT-1 CD8"
T cells to a C57BL/6 mouse and generate effector and central memory T cells by vaccination

with an OV A-expressing Listeria (Fig 2.2A).

We first characterized the dysfunction in an antigen specific naive CD8" T cell population by
sacrificing the mice on day 1 after surgery for CD8" T cell characterization (Fig 2.2). In this
naive model, surgery causes significant CD8" T cell dysfunction in response to SINFEKL antigen
on PODI1 (Fig 2.2B), including a reduction in cytokine IFNy (9.2% + 1.3%), TNFa (22.0% +
4.5%), and degranulation (CD107a; 19.2% + 2.5) compared to non-surgically stressed CD8" T (

IFNy; 24.0% =+ 5.6%, TNFa; 41.6 % + 5.9%, CD107a; 36.8% + 7.4%).
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Figure 2.2: Naive and antigen-specific murine CD8" T cells are dysfunctional after surgery

(A) OT-I mice underwent abdominal laparotomy and nephrectomy (Sx) or no surgery (No Sx).
At day 1, mice were sacrificed and underwent CD8" T cell characterization for naive immune
response. C57/BL6 mice received an adoptive transfer of 1 x 104 OT-I cells and 1 x 104 LM-
OVA on days 0 and 1, respectively. At days 7 and 21, mice received Sx or No Sx. At days 8 and
22, mice were sacrificed and underwent CD8" T cell characterization for effector and memory
immune responses. (B) Percentage of naive IFNy", TNFa', and CD107a" CD8" T cells reacting
to SIINFEKL peptide stimulation. (C) Percentage of effector IFNy", TNFa", and

CD107a” CD8" T cells (CD44™) reacting to SIINFEKL peptide stimulation. (D) Percentage of
memory IFNy", TNFo*, and CD107a* CD8" T cells (CD44", CD62L") reacting to SIINFEKL
peptide stimulation. Percentage of IFNy", TNFa', and CD107a” CD8" T cells reacting to PMA
and ionomycin (50ng/ml and 1ug/ml) stimulation for all CD8+ T cell populations was also
included as a control. n = 5. (*p<0.05; **p<0.01). Statistical analyses were analyzed by Mann-

Whitney U test.
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Next, we generated a CD8" T cell response to ovalbumin peptide by first adoptively transferring
OT-I cells to a C57BL6 mice, and then we administered an 1.V dose of LM-OVA to elicit an
immune response against the OVA antigen. Surgery was performed on the mice at the peak
effector response which has been previously established in literature to occur on day 7. We
performed functional assays on the effector population and observed that surgical stress reduces
the ability of the CD8" T cells to secrete cytokines such as IFNy (53.1% + 5.1%), TNFa. (42.1%
+ 7.8%) in comparison to non-surgically stressed CD8" T cells (IFNy; 70.0% + 3.5%, TNFa;
61.4 % = 4.9%). (Fig 2.2C). We detected a reduction in cytotoxicity by measuring degranulation;
CD107a (37.2% + 2.5%) in the surgically stressed CD8" T cells versus non-surgically stressed
CDS8" T cells (50.0% =+ 3.9%). We also looked at the memory population which occurs at around
day 20 where we performed functional assays and saw a similar result with surgically stressed
CDS8" T cells were unable to produce cytokines in comparison to non-surgically stressed cells
(IFNy; 40.1% £ 3.9% vs 55% =+ 5.4, TNFa; 52.5% =+ 4.6% vs 74.0% = 7.0%) as well as
degranulation (CD107a; 25.6% + 6.0% vs 52.0% =+ 8.8) (Fig 2.2D). We observed more
suppression in the memory population than in the effector population, therefore the memory
population was selected for downstream assays to further characterize dysfunction in CD8" T

cells.
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Surgical stress impairs anti-tumor immunity and promotes subcutaneous tumor outgrowth

Following the establishment of an impaired CD8" T cell effector function after surgery, we
wanted to determine if surgical stress affects the ability of CD8" T cells to clear tumor cells in
an in vivo model. Isolated CD8" T cells were adoptively transferred into a C57BL/6 naive
recipient mouse at a dose of 1 x107 cells. Surgery was then performed on some of the mice that
received the adoptive transfer. A day after surgery, mice received a subcutaneous injection of
melanoma tumor (B16F10) cells expressing ovalbumin. Following the tumor challenge, tumor

growth was monitored, and a survival curve was created (Fig. 2.3A).

We observed that control groups all grew tumors post-tumor challenge within 14 days (Fig. 2.3
B). Subsequently, mice that received adoptive transfer and were subjected to surgical stress
exhibited 100% tumor outgrowth within 20 days following tumor challenge, whereas no tumor

outgrowth was observed in the non-surgically stressed group.

Analysis of tumor growth showed that both control groups exhibited the greatest tumor burden,
followed by mice that received adoptive transfer and were subjected to surgical stress (Fig. 2.3
D). Mice that received adoptive transfer of CD8" T cells without surgical stress exhibited the
least tumor growth. These findings suggest that surgical stress attenuates the ability of antigen-

specific CD8* T cells to control tumor outgrowth.

38



In the survival analysis, both control groups that did not receive adoptive transfer succumbed by
day 30 following tumor implantation (Fig. 2 .3C). Recipient mice that received OT-1 T cells and
were subjected to surgical stress had a median survival of 35 days, whereas all mice that received

OT-IT cells without surgical stress survived to day 40 post-tumor implantation.
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Figure 2.3: Surgical stress impairs anti-tumor immunity, resulting in subcutaneous tumor

outgrowth

(A) C57/BL6 mice received an adoptive transfer of 1 x 10* OT-I cells and 1 x 10* C.F.U of LM-
OVA on day 0 and day 1, respectively. On day 21, recipient mice received surgery (+/). (B) On
day 21, C57/BL6 recipient mice were challenged with 1 x 10° B16-OVA cells, and the
percentage of disease-free mice and (C) survival of treated B16-OVA tumor-bearing mice are
shown (D) Corresponding tumor volumes of the mice were also plotted post tumor challenge. n

=5.
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Pre-operative depletion of myeloid cells enhances CD8* T Cell function in mice

The suppressive effects of myeloid derived suppressor cells on immune cells such as NK and T
cells have been well established in both preclinical and clinical studies, as stated above. In
previous studies, our laboratory demonstrated that myeloid-derived suppressor cells (MDSCs/
GR-17 cells) expand markedly following surgery and are referred to as surgery-induced MDSCs
(sx-MDSCs)(120, 127-129). These sx-MDSCs cells have been shown to induce suppression of
both NK(727, 130) and CD8" T cells(/31). To corroborate these findings in CD8" T cells, we
assessed the suppressive capacity of these myeloid cells in mice. We hypothesized that depleting
these myeloid cells can alleviate the dysfunction we previously observed to some extent. To
determine whether myeloid cells play a role in post-operative immune suppression, OT-I mice
received two intraperitoneal injections of anti-GR1 antibody. OT-I mice underwent surgery and
were sacrificed on post-operative day 1. Splenocytes were isolated from both the surgery and no
surgery groups of OT-I mice and stimulated with the SIINFEKL peptide as described previously.

Cytokine production was measured by ICS staining and visualized by flow cytometry.

As expected, we observed a decrease in the production of IFNy, TNFa and CD107a in the

surgically stressed group (Fig 2.4C). However, there is an improved production of IFNy (20.5%
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+2.0%), TNFa (51.7% =+ 3.3%), CD107a (68.0% =+ 8.4%) in the surgically stressed and GR-1"
depleted treatment group compared with the non-treatment surgically stressed group, IFNy

(47.5% + 1.7%), TNFa (34.5% % 5.4%), CD107a (47.0% + 9.8%).
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Figure 2.4: Depletion of murine MDSCs (GR-1%) pre-operatively improves CD8" T cell

function.

(A) OT-I mice were treated with two doses of anti-GR-1 monoclonal antibody (200ug/ml) prior
to surgery and underwent surgery (+/-). 24 hours post-surgery; mice were sacrificed and CD8" T
cell immune characterization was performed on cells (B)Flow diagram illustrating GR-
17/CD11b" depletion following anti-GR-1 monoclonal antibody. (C) Percentage of IFNy",
TNFa", CD107a" CD8" T cells reacting to SHNFEKL n=5 (*p<0.05; **p<0.01) Statistical

analyses were analyzed using Mann-Whitney U test.
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2.4 DISCUSSION

In this study, we demonstrated that CD8" T cells are suppressed following surgery in both a non-
antigen-specific and antigen-specific model that is independent of stimuli. We characterized the
impact of surgery on both non antigen and SIINFEKL specific CD8" T cell responses and found
a reduction in IFNy, TNFa, and CD107a produced by CD8" T cells in the spleen 24 hours after
surgery. Previous studies have also specified a similar decrease in cytokine secretion in response
to stimulation following surgical stress(/73, 115, 131). Although a lot of the previous studies
reported this dysfunction in a non-antigen model, and only recently have studies started to focus
on an antigen-specific CD8" T cell response. Here we demonstrate that surgical stress is not
stimulation and antigen specific. There is an apparent reduction in CD8" T cell function
regardless of stimulation, antigen, and subtype. To conclude that surgery impairs CD8" T cell
mediated anti-tumor immunity, we adoptively transferred OT-I T cells into naive recipient mice
and subjected those mice to surgery and challenged the mice subcutaneously with B16-OVA
tumor cells. Mice that received non surgically stressed OT-I cells exhibited 100% protection
from tumor outgrowth, whereas recipient mice that received surgically stressed OT-I cells all
developed tumors and succumbed to the tumor growth. These results indicate that the adoptively
transferred OT-I cells are functional and able to prevent tumor outgrowth efficiently, but due to
surgical stress, their cytotoxic functions are impaired enough to diminish their ability to clear
tumor cells. We also confirmed and monitored the dysfunction of adoptively transferred OT-1
cells after surgery in this tumor model by performing serial saph bleeds at day 1, 3, 5, and 20

days post-surgery. The data indicates that degranulation is reduced at 24hrs and 3 days after
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surgery, with recovery by day 5 (Supplemental Fig 2.2). The OT-I cells are only suppressed for a
few days and regain function during the tumor challenge. The effect of surgical stress to the OT-I
cells is short lived, however, the impact of the suppression during this brief window of
dysfunction is significant enough to impair the ability of OT-I cells to clear the tumor efficiently
following tumor challenge. This highlights that a short time frame of surgical stress can still have

significant consequences for an effective anti-tumor CD8" T response.

In a follow up study, we investigated that possibility of preventing tumor outgrowth in the
surgically stressed mice by administering a second adoptive transfer of OT-I cells to inhibit
tumor occurrence. The second adoptive transfer was able to delay tumor growth but ultimately
these mice started to develop tumors (Supplemental Fig 2.1). These findings indicate that while
the second adoptive transfer seemed to delay the tumor growth to some degree it wasn’t enough
to completely rescue the effect of the initial surgical stress on these mice. Similar results were
obtained in the previous Ad-DCT CD8" T cell model, in which vaccinated mice demonstrated
complete protection against subcutaneous tumor challenge and 100% survival(/37). However,
the vaccinated and surgically stressed mice displayed a loss of vaccine induced immunity, and
100% of these mice succumbed to tumor outgrowth. We have established that surgery suppresses
CDS8" T cells' function, which leads to tumor outgrowth. These observations provide some
insight as to why cancer patients who undergo surgery with complete resection of tumors
ultimately experience cancer recurrence and or metastatic disease. These results also suggest that
perhaps a strong anti-tumor T cell immunity after surgery can potentially prevent tumor
recurrence and reversing or inhibiting the effect of surgical stress can improve cancer prognosis.
The immediate suppressive post-operative period is a critical window that allows the potential of

cancer growth: therefore, the mechanism governing this suppression is necessary for the
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development of therapies aimed at averting CD8" T cell dysfunction following surgery.

We also demonstrate that myeloid cells (GR-17) may impair CD8" T cell function, specifically
secretion of cytokines post-surgery independent of stimulus type, following GR-1" depletion.
Similar results have also been observed in NK cells, with depletion of sx-MDSCs preventing
both post-operative immunosuppression of NK cells and the metastatic effects of surgical
stress(/32). Inhibiting the suppressive mechanisms of sx-MDSCs, including inhibiting arginase
enzymatic activity and blocking TGFp receptor signaling, prevented NK cell dysfunction(/32).
Although the precise mechanisms driving post-operative CD8" T cell dysfunction remain to be
fully defined, our findings indicate that depletion of myeloid cells alleviates the effects of

surgical stress on CD8* T cells, supporting a suppressive role for these cells.
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2.5 Supplemental Figures

oT1 oT
k_& T Time (days) (- A ime (days)
Harvest OT1 cells (1 X 10408”8) Harvest OT1 cells (1 X 10406"5)
and transfer

and transfer

| |

4 1 21 a1
C57Bt6_ S A A A »Time (days)
LM-OVA (+/-) S}/ 3<
(1x10% C.FU) B16-OVA

(1 x 105cells)

50



Disease free Curve

1004

50

Survival Curve

50 100
DPC
100
50 i
i 1
1 i
] i
] |
nlllll!lll'lllllllll'lll
0 50 100
oPC

—— Mo 5x

-e. By

— OT1 + Mo Sx
= OT1+5x

51

50
Days elapsed

100



Supplemental Figure 2.1: A second OT-I adoptive transfer delays tumor outgrowth

(A) C57BL/6 recipient mice that received 1x 10* OT-I cells by adoptive transfer and 1 x 104
C.F.U of LM-OVA. Following LM-OVA administration, recipient mice underwent surgery (+/-)
on day 21. Recipient mice were challenged with 1x 10° B16-OVA cells subcutaneously on day
21. Twenty days post tumor challenge, recipient mice received a second dose of 1x 10* OT-I
cells. (B) Percent disease-free curve is shown (C) Corresponding tumor volume over time (D)

Corresponding survival curve of mice. n=5.
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Supplemental Figure 2.2: Functional analysis of adoptively transferred CD8" T cells post
tumor challenge in an LM-OVA model of surgical stress

(A) C57BL/6 recipient mice received 1x10* OT-I adoptive transfer and 1x 103 C.F.U LM-OVA.
Following LM-OVA administration, recipient mice underwent surgery (+/-) on day 21. Mice
received 1x 10° B16-OVA cells subcutaneously on day 21. Serial saph bleeds were performed on
recipient mice on days 0, 1, 3, 5, and 20 for CD8" T cell assessment. (B) Flow plot illustrating

CDI107a" CD8" T cells at day 0, 1, 3, 5, and 20.
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Chapter 3: CD8" T cell is suppressed post operatively in
vaccinated cancer patients

3.0 RATIONALE

In chapter 2, we established that surgical stress induces suppression in antigen-specific CD8+ T
cells and results in this suppression, consequently impairing anti-tumor immunity in an
established tumor mouse model. However, the effects of surgery on antigen specific CD8" T cells
in cancer surgery patients have not yet been confirmed. In this study, we used a COVID-19
immunological toolkit to assess the duration and magnitude of antigen-specific T cell
dysfunction following surgery by exploiting responses to the spike protein in vaccinated cancer
patients. The goal of this study is to confirm the translational relevance of surgery-induced T cell

dysfunction we observed in murine studies

The results in this chapter were published in the International Journal of Surgery on July 20th,

2025.

Olanubi, O., Dion, T., Macdonald, R., Alam, R., De Souza, C. T., Hu, R., Crawley, A. M., &
Auer, R. C. (2025). Characterizing post-operative T and B cell dysfunction in cancer surgery

patients, using COVID-19 as a model antigen. International journal of surgery (London,

England), 111(7), 4785-4788. https://doi.org/10.1097/J59.0000000000002429
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3.1 INTRODUCTION

Our group has established that surgical stress suppresses CD8" T cell cytokine production and
impairs CD8" T cell anti-tumor immunity in preclinical murine models(/317). Additionally, the
impact of surgery on natural killer cells of the innate immune system has also been characterized
in cancer patients undergoing surgery(/33—135). These studies have shown that NK cells are
impaired in cancer patients and have demonstrated the consequences of a weakened NK cell
response in metastatic disease. However, the unfavourable effects of surgery on the adaptive

immune system, particularly CD8" T cells in cancer patients, have not been explored.

The widespread vaccination against COVID-19 and the accessibility of immunological assays to
assess SARS-CoV-2-specific immune responses present an ideal opportunity to investigate the
effect of surgery on antigen-specific CD8" T cell responses in a human model. The COVID-19
vaccine elicits a robust humoral and adaptive immune response that results in the production of a
larger number of a SARS-CoV-2 specific T cell response. These T cells also recognize different
epitopes of SARS-CoV-2 and, when exposed to these epitopes, elicit a robust response that can

be measured.

We leveraged widespread COVID-19 vaccination and established SARS-CoV-2 immunological
assays to investigate the magnitude and duration of post-operative dysfunction in pre-existing,

vaccine-induced, antigen-specific CD8" T cell responses in cancer surgery patients.
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3.2 METHODS

Patients

A cohort of 30 patients undergoing major abdominal surgery for different types of malignancies
and who had received at least two doses of the Pfizer BNT vaccine were included in this study.

Blood was collected at baseline (PODO0) and post-operative day (POD) 1, 3, and 28. This work
was approved by the research ethics board for post-operative blood collection study at the

Ottawa Hospital (OHSNREB# 2011884-01H).

Blood Processing

Cancer patients’ blood was collected into a BD Vacutainer Sodium-Heparin coated tubes. Blood
was pooled together and diluted with equal volume of PBS. Blood was then carefully layered
onto a falcon tube containing 15ml of Ficoll. Following the layering, PBMCs are isolated by
Ficoll density centrifugation by spinning the tubes at 400g for 30 min at RT with the brakes off
to maintain the gradient. PBMCs are cryopreserved at -80°C and transferred to a nitrogen tank

for longer preservation or used immediately for flow cytometry and functional assays.
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ELISpot
T cell ELISpot

IFNy secreting CD8" T cells were quantified by ELISpot (ImmunoSpot, Human IFN-y Single-
Color ELISPOT, #hIFNgp-2M) by stimulating thawed cryopreserved PBMCs with a peptide
pool of SARS-CoV-2 spike (S1) protein (Miltenyi, #130-127-041) for 16 hours, following the

ImmunoSpot ELISpot protocol.
B cells ELISpot

IgG antibodies produced by CD19" memory B cells were quantified by ELISpot (Mabtech,
Human IgG SARS-CoV-2 RBD ELISpot PLUS (HRP), #3850-4HPW-R1-1) by stimulating

thawed cryopreserved PBMCs for 16 hours, following the Mabtech ELISpot protocol.

Flow Cytometry

Following stimulation of thawed cryopreserved PBMCs with a peptide pool of SARS-CoV-2
spike (S1) protein (Miltenyi, #130-127-041), 1 x 10° cells were stained with Fixable Viability
Stain 510 (BD, #564406) in the dark for 15 minutes and Human Fc BD block for 5 minutes (BD,
#564219) at 4° C prior to extracellular staining. Next, the cells are stained with an extracellular
marker master mix at the appropriate dilutions for 20 min at 4°C.For intracellular staining, cells
are fixed with BD Cytofix/Cytoperm™ (BD) following the manufacturer’s protocol. Following
staining protocols, cells were acquired with flow cytometry acquired with a BD LSRFortessa
using BD FACSDiva™ version 8.0.3 software. The flow cytometry data was analyzed with

FlowJo, LLC version 10.8.2 software).
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3.3 RESULTS
Surgical stress reduces CD8" T-Cell cytokine production in response to SARS-CoV-2 spike

protein and RBD in vaccinated patients

To quantify the degree of antigen-specific T cell dysfunction following surgery in humans, IFNy
production was measured using a T cell ELISpot kit (Mabtech) to determine the extent and
duration of surgery-induced suppression of T cell responses to the RBD antigen. PBMCs from
vaccinated cancer patients were isolated at POD 0, 1, 3, and 28 and cultured with the S protein
peptide pool of SARS-CoV-2 (Miltenyi Biotech) for 16 hrs. This was followed by spot
visualization and automated counting of cytokine-secreting cells. A total of 30 patients were
included in the study. Surgical stress resulted in a significant reduction in the proportion of CD3"
T cells that secreted IFNy in response to the SARS-CoV-2 spike protein on POD1 by ELISpot
(90.9£56.8 spots) as compared to PODO (181.3+72.2, p<0.0001), which persisted on POD3
(128.5+49.2, p<0.01), but recovered by POD28 (163.2+£51.9, p=0.1) (Fig3.1B). This result
suggests that, in responsive patients, antigen-specific T cells suppress cytokine secretion post-
operatively, a suppression that seems to persist up to day 3. Similarly, surgical stress also caused
a decrease in the proportion of CD3" T cells that secreted IFNy in response to anti-CD3
stimulation on POD1 by ELISpot (184.54+24.1 spots) as compared to PODO (380.9+64.2,
p<0.0001), which continued on POD3 (201.54+29.6, p<0.01), but recovered by POD28

(313.4+25.9, p=0.1)
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Effect of surgical stress on the regulation of IFN,, TNFa, PD-1, TIGIT, TIM-3, T-bet in

CDS' T cells.

Given that objective 1 did not differentiate between CD4" and CD8" T cells or identify the
characteristics of the target population in question, flow cytometry was used to identify the cell
surface markers (CD45", CD4", CD8" TIGIT, TIM-3, LAG-3, and PD-1), transcriptional factors
(T-bet, TOX, and GATA3) and cytokines (TNFa, and IFNy) that may be altered on PODI1 in

CD8" T cells in response to the RBD antigen.

To characterize the phenotype of CD8" T cells, we further identified the top 8 patients who
displayed the most significant T cell suppression from the T cell ELISpot data. Their PBMCs
were stimulated with S1 peptide pool for 5 hrs. for cytokines and transcriptional factors and for

24 hrs. for cell surface markers.

We observe that surgery resulted in a decrease in intracellular IFNy and TNFa expression
(p<0.05) and an increase in cell surface expression of PD-1 with anti-CD3 monoclonal stim
(p<0.05), but no changes in the expression of other exhaustion markers such as TIM-3, TIGIT,

LAG-3, TOX nor of transcriptional factors such as T-bet, TOX, and GATA-3 (Fig 3.2).
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Figure 3.1: Surgical stress results in a decrease in CD8+ T cell cytokine production in

response to the SARS-CoV-2 spike protein and RBD in vaccinated patients

Adaptive immune responses by ELISpot against SARS-CoV-2 protein pool at pre-operative day
0 and post-operative day 1, 3, and 28 in Pfizer vaccinated cancer patients (n=30). (A) Proportion
of CD3" T cells producing hIFNy against the spike S1 protein of the SARS-CoV-2 peptide pool.
(B)Proportion of CD3+ T cells producing hIFNy with anti-CD3 stimulation as a positive control.
Data are presented as a box plot, with a horizontal line at the median. Statistical differences were
analysed by the paired T-test and the Wilcoxon Rank Test. P values < 0.05 were considered

significant.
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Figure 3.2: Effect of surgical stress on the regulation of IFNy, TNFa, PD-1, TIGIT, TIM-3,
T-bet in CD8" T cells of vaccinated patients

CDS8" T cells from patients with profound suppression in adaptive immune response post-
operatively from ELISpot assay (n=8), were further analysed by flow cytometry for changes in
intracellular cytokine markers IFNy (A), TNFa (B), exhaustion markers PD-1 (C), TIGIT (D),
TIM-3 (E), and transcription factor T-bet (F). Statistical differences were analysed by the paired

T-test and the Wilcoxon Rank Test. P values <0.05 were considered significant.
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3.4 DISCUSSION

In this study, we were able to use SARS-CoV-2 antigen as a tool kit to establish the suppression
of antigen-specific CD8" T-cells following surgery in vaccinated cancer patients, with a 2-fold
reduction in immune response in the early post-operative period. We also demonstrated that
patients CD8" T-cell immune response had recovered by the time of their first post-operative
visit, approximately 1 month after surgery. Unfortunately, we were unable to determine how long
the dysfunction persisted, as patients were discharged before day 4. Although we could not
directly investigate the duration of the dysfunction, prior studies have inferred that recovery of
the immune response generally occurs within 7 days of surgery(/35). This concept is also
corroborated by a study indicating that vaccinated patients are not at risk of developing COVID-
19 related infection following surgery, implying that the duration of post-operative dysfunction

isn’t prolonged(/36).

In the murine models explored in chapter 2, we have demonstrated that surgery significantly
suppressed an antigen-specific response and decreased an anti-tumor immune response. With this
current study, we have also shown that a comparable degree of antigen-specific T cell immune
suppression is observed in cancer surgery patients. We also quantified the degree of antigen-
specific B cell dysfunction following surgery in humans to evaluate the humoral response
(Supplemental Fig 3.1B). The production of IgG antibody measured by B cell ELISpot was used
to determine the degree and duration of surgery-induced suppression of B cell responses to the
RBD antigen. These findings parallel those of the T cell response and indicate that dysfunction
not only occurs in the innate immune response but also in major players of the adaptive and

humoral immune response.

Furthermore, we investigated possible markers involved in exhaustion or checkpoint inhibition
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of CD8" T cells and discovered that PD-1, a marker of T cell immune activation and exhaustion,
was upregulated following surgery (Fig 3.2C). This result suggests a possible mechanism of

immune dysfunction that could be targeted with approved therapeutic antibodies.

This study is the first to clearly show significant dysfunction of antigen-specific T and B cells in
the early post-operative period. The findings emphasize the need for further exploration of the
mechanisms underlying this dysfunction, which could inform strategies to enhance immune
recovery in post-operative patients and ultimately improve oncological outcomes following

cancer surgery.
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Supplemental Figure 3.1: Humoral immune responses by ELISpot against SARS-CoV-2
protein pool

(A) Humoral immune responses by ELISpot in the serum of Pfizer vaccinated cancer patients at
pre-operative day 0 and post-operative day 1, 3, and 28. IgG responses to RBD of SARS-CoV-2
spike protein are illustrated. (B) Data is presented as a box plot with a horizontal line in the
middle representing the median. Statistical differences were analyzed using paired T-Tests and

the Wilcoxon Rank-Sum Test. P values < 0.05 were considered significant.
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Chapter 4: Identifying a mechanism of post-operative
CD8' T cell dysfunction

4.0 RATIONALE

In chapter 4, I focus on aim 2 of my project, which is to identify a mechanism of dysfunction by
performing scRNA-seq on isolated CD8" T cells from the established animal model discussed in
chapter 2. This chapter will address how surgical stress remodels the CD8" T cell transcriptional
profile by performing clustering to identify cell states, differential expression analysis to identify
gene signatures unique to surgically stressed CD8" T cells, and gene enrichment to determine

gene signatures unique to surgically stressed CD8" T cells. The identification of a potential gene

of interest mediating dysfunction in CD8" T cells will also be discussed in this chapter.
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4.1 INTRODUCTION

Based on the findings from chapters 2 and 3, we observed that antigen-specific CD8" T cells are
significantly suppressed following surgery in both murine and human models, as we examined
using the OT-I transgenic model and the COVID-19 peptide toolkit. We observed the suppression
of CD8" T cells across several analyses, such as in vitro experiments, which highlighted a
substantial decrease in cytokine secretion, as well as in vivo studies that demonstrated that
surgery attenuated CD8" T cell tumor killing ability. These results indicate that surgical stress
dampens important and fundamental functions of CD8" T cells. The findings from both the
murine and human models highlight the translational relevance of these results, indicating that
surgery can disrupt the adaptive immune system, a concerning consequence of the procedure
with implications for cancer patients. It is crucial to identify potential molecular pathways that
suppress CD8" T cells after surgery. We opted to perform single-cell RNA sequencing because
this would allow us to identify molecular pathways or genes altered by surgical stress, thereby

highlighting possible targets for therapeutic intervention.
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4.2 METHODS
Study design

scRNA-seq

To analyze the transcriptional changes in the adoptively transferred OT-I cells after surgery, we
conducted scRNA-seq on OT-I cells from 6 pooled surgically stressed mice and 6 pooled non-
surgically stressed mice. Two duplicates from the following conditions were sent to

STEMCORE:

1. No surgery (Unstimulated)
2. No surgery (Stimulated)

3. Surgery (Unstimulated)

4. Surgery (Stimulated)

Splenocytes were isolated from OT-I mice, and CD8" T cells were isolated. 1 x 104 OT-I T cells
were then adoptively transferred to C57BL/6 recipient mice (Fig. 4.1A). Twenty-four hours
post-adoptive transfer, mice received an IV administration of LM-OVA at a dose of 1 x 10*
C.F.U. At day 21, surgery was then performed on the recipient mice. Twenty-four hours after
surgery, the recipient mice were sacrificed, and splenocytes were isolated and divided into two
groups: half underwent further ex vivo stimulation for 5 hours. Post stimulation, CD8" T cells
were first isolated with beads and further isolated with MoFlo XDP sorter using an optimized T
cell flow panel with antibodies against CD45%, CD3", CD8", Vo2, VB5. The isolated cells were

then sent to STEMCORE to be sequenced using Chromium Single Cell 3’ Gene Expression.
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The Chromium Single Cell gene expression system uses a microfluidic program to assess over
200,000 cells. This technique enables the high-throughput single-cell sequencing of different cell
types. This is achieved by capturing single cells in a droplet compartment using Gel Bead-In-
Emulsion (GEM) technology, in which cells are barcoded for identification by integrating them
with gel beads bearing a unique DNA barcode. After the cells have been barcoded, they are then
pooled together. The single cells undergo lysis within each GEM, where reverse transcription of
the mRNA takes place to create cDNA libraries. The GEM are then broken down, and the
generated cDNA libraries are sequenced by using the barcodes to assign reads to individual cells.
The libraries generated in this experiment were sequenced to a depth of close to 20,000

reads/cell. The cDNA Libraries were sequenced on the Illumina NextSeq 500.

Following sequencing, FASTQ files were generated, and gene expression libraries were
processed and aligned to the mouse transcriptome (Fig 4.1B). Gene expression libraries were
imported into R and processed with the Seurat package(/37). We removed cells with low gene
detection (<200 detected genes) and high mitochondrial gene content (>25%), normalized the
data, and then integrated and clustered the remaining cells using principal component analysis
(PCA) by treatment/condition, resulting in 7 clusters, 0-6. We also annotated the clusters based
on the different subsets present using a tool for interpreting single cell transcriptomics based on
their resemblance to reference TILS of CD8" T cell subtypes (Fig. 4). We next used the R

package muscat to perform differential expression analysis between samples within each cluster.
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Gene set enrichment analysis

We used the differential expression analysis data set and the STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins database) to perform gene set enrichment analysis on
genes ranked by their average log2 fold change and adjusted P values. The STRING database
was used to acquire GO terms and to generate enrichment plots for biological pathways. All

enrichment plots were adjusted by p-value.
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Figure 4.1: Schematic overview of the study design and analysis pipeline.

(A) The experimental flowchart of this study. Created with Biorender.com (B) The
bioinformatics pipeline used for data analysis. Adapted with copyright permission from Baker

Institute, Data Analysis Pipeline, https://clara.baker.edu.au/methods/data-analysis-pipeline/.
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4.3 RESULTS
We confirmed CD8" T cell dysfunction in isolated cells sent for sScRNA-seq by performing

degranulation assay (CD107a), and we observed a 2-fold decrease in surgically stressed
stimulated CD8" T cell in comparison to non-surgically stressed cells (Supplemental Fig. 4.1B).
As mentioned above, PCA and UMAP were used to capture the sequencing and provide a visual
representation of the data, which resulted in 7 clusters (Fig 4.2). Cluster 0, 1, 2, 3 comprise the
majority of CD8" T cells from all sample conditions. Cluster 4, 5 and 6 are smaller clusters that
are represented by a naive CD8" T cell population, a dying population, and a cycling population,

respectively. Subsequent downstream analysis was performed on the four major clusters.
Clustering and identification of cell states

Cluster 0 (the largest cluster) consists of all four conditions: No Sx, No Sx stim, Sx, and Sx stim.
This cluster upregulates homing genes (CCR7, SELL), genes that regulate survival (BCL2 and
IL7R), costimulatory genes for activation (CD27, CD28), and genes necessary for differentiation
(EOMES, LEF1) in CD8" T cells (Supplemental Fig 4.2A)(138, 139). These genes correspond to
a central memory T cell (TCM) population (Fig 4.2B). The TCM subset largely consists of the
No Sx stim, Sx, and Sx stim groups, which are the treatment group (Fig. 4.2A). The data
suggests that stimulation induced the cells to undergo some reprogramming that enables them to
upregulate early activation genes such as CD27 and CD69 which are markers that are typically
present when naive CD8" T cells encounter an antigen (Supplemental Fig 4.1A). Interestingly,

the surgically stressed group that was not stimulated seems to follow a similar activation pattern.

Cluster 0 displays a significant interferon response which is typically marked by expression

of cells that are activated in response to proinflammatory cytokines generated during surgery

80



because of inflammation(7/40, 141) . The expression of genes such as interferon induced
guanylate binding protein 2 (GBP2) and signal transducer and activator of transcription 1

(STAT1) reflect a type 1 interferon response phenotype.

Cluster 2 consists of all four conditions; however, this cluster is mostly composed of the three
treatment groups in comparison to the untreated group (No Sx) (Fig 4.2A). This cluster is
referred to as central memory 2 or TCM 2, and it demonstrates an expression pattern similar to
cluster 0 marked by the expression of canonical TCM genes such as CCR7, SELL, IL7R, TCF7,
BCL2, LEF1, CD27, CD28, and EOMES(Supplemental Fig. 4.2A)(139). Cluster 2 differs from
cluster 0 because it does not significantly express interferon response genes (Supplemental Fig

4.1A).

Cluster 3 primarily consists of cells from the No Sx group as well as a few cells from the No Sx
stim, Sx, and Sx stim (Fig. 4.2A). This cluster demonstrates co-expression of most TCM
canonical markers, such as CCR7, SELL, IL7R, and TCF7, along with a few effector memory
markers, including CXCR6, ID2, and HOPX observed in CD8" T cells (Supplemental Fig. 4.2A,
4.2B)(138, 139). This cluster represents a transitional state of CD8" T cells that are not fully

committed to a terminally differentiated state or a memory state(/42).
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Cluster 1 consists of CD8" T cells predominantly from the No Sx group. Cluster 1 exhibits a
terminally differentiated effector memory (TEMRA) phenotype described in Szabo et al., with
upregulation of genes involved in senescence (KLRG1), effector genes (GZMB, PRF1), NK-
associated genes such as KLRD1 and NKG7 (Supplemental Fig. 4.2C) (/43). This state
represents a cytotoxic but reduced proliferative potential, having previously experienced antigen

stimulation and approaching terminal differentiation.
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Figure 4.2: Single-cell RNA-seq of surgically stressed vs. non-surgically stressed OT-1 CD8*
T cells indicates significantly altered expression profiles

(A) UMAP plot of scRNA-seq data representing the four sample conditions (No Sx, No Sx
Stim, Sx, and Sx Stim). Each point corresponds to a single cell and is coloured by cluster. (B)
Matching UMAP displayed as in (A) with annotated CD8" T cell sub-types labelled according to
Seurat cluster. (C) UMAP displaying expression of the canonical marker of lymphocyte cell

type, CD3" and CD8" T cells.
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Differential gene expression

As stated previously, cluster 0 or the TCM subset consist of CD8" T cells that are considered
activated central memory cells and are also composed of all four sample conditions (Fig.4.2A).
Differential gene analysis of non-surgically stressed stimulated CD8" T cells versus resting cells
(unstimulated) exhibited upregulation of genes such as RGCC (Regulator of Cell Cycle) and
LAT (Linker For Activation of T Cells) which are markers indicating response to antigen
(Supplemental Fig. 4.3A). However, stimulated CD8" T cells under surgical stress do not
upregulate the same gene pattern as unstimulated surgically stressed cells within these three
clusters. Surgically stressed stimulated CD8" T cells are upregulating genes such as ELOVL6
(Elongation of very long chain fatty acids protein 6) and MAP3K8 (Supplemental Fig. 4.3B)
across all three clusters. Gene ontology enrichment analysis of stimulated non-surgically stressed
CD8" T cells in comparison to resting non-surgically stressed CD8" T cells and this revealed an
upregulation of expected biological pathways in response to antigen stimulation like glycolysis
and antigen processing (Fig. 4.3A). Gene ontology enrichment analysis of stimulated surgically
stressed CD8" T cells in comparison to resting surgically stressed CD8" T cells did not
upregulate expected biological pathway but we see an upregulation in p38 MAPK signaling (Fig.

43B).

Next, we specifically wanted to identify markers that are differentially expressed in the
surgically stressed stimulated group. We are interested in the surgically stressed and stimulated
condition because this group should reveal transcriptional differences between how normal CD8"
T cells respond to antigen in comparison to surgically stressed CD8" T cells. Therefore, we
analysed potential genes that are differentially expressed in the surgically stressed group

stimulated group in comparison to the non-surgically stressed stimulated group (Fig 4.4A-C).

86



Upon further analysis on the genes that may serves as a potential candidate gene for further
mechanistic studies based on three criteria 1) P-value which reveals the significance of the gene,
i1) the log2 fold change (>1), which means the gene is expressed twice as much in the surgically
stressed group vs control and iii) what is known about the genes in literature in terms of
regulating CD8" T cell function. Considering these three criteria, we identified CISH as the
primary gene of interest due to its significant differential expression across clusters in the

surgically stressed and stimulated condition (Fig. 4.4A-C).
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Figure 4.3: Enrichment analysis of stimulated TCM CD8" T cells. The STRING functional
enrichment tool was used to perform Gene Ontology pathway enrichment analysis. (A) Enriched
biological pathways in stimulated non-surgically stressed CD8" T cells in comparison to resting
non-surgically stressed CD8" T cells. (B) Enriched biological pathways in stimulated surgically
stressed CD8" T cells in comparison to resting surgically stressed CD8" T cells. P < 0.05 and

gene count > 2.
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Figure 4.4: Differential gene expression of surgically stressed CD8" T cells in response to
antigen

A volcano plot displays differential expression of genes in surgically stressed-stimulated CD8" T
cells relative to their expression in non-surgically stressed-stimulated CD8" T cells. Red
indicates upregulated genes with a positive Log2 fold change. (A) Volcano plot showing
upregulated genes in surgically stressed-stimulated cells relative to their expression in non-
surgically stressed-stimulated CD8" T cells in Cluster 0, and (B) Cluster 2. The volcano plots
show -log10 FDR-adjusted p-value (y-axis). Genes that are not differentially expressed are

coloured grey.
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4.4 DISCUSSION

In the above experiment, sSCRNA-seq of surgically stressed and non-surgically stressed
murine CD8" T cells was used to explore the implications of surgery on CD8" T cell’s profile and
activity. The analysis of the scRNA-seq data reveals differences in the differential expression
analysis of surgically stressed versus non-surgically stressed stimulated CD8" T cells, compared
to their unstimulated counterparts, yet they share a similar transcriptional profile, as highlighted
by the clustering in the UMAP analysis. Interestingly, we observed a shift in the transcriptional
profile of both surgically stressed and stimulated CD8" T cells (Fig. 4.2A). We observed that
both stimulation and surgery influence the transcriptional profile of CD8" T cells. This
reprogramming is defined by an increase in early activation genes CD27 and CD69
(Supplemental Fig.4.1A), as well as an active interferon response (GBP2 and STAT1), which is
typically marked by cells that are activated in response to proinflammatory cytokines produced

as a result of inflammation during surgery or in response to stimulus(/44, 145).

The data also demonstrated that surgically stressed CD8" T cells are unable to initiate
standard signalling programs upon stimulation, defined by the lack of pathways related to
canonical CD8" T cell function, such as glycolysis and antigen processing (Fig. 4.3B)(146, 147).
Instead, surgically stressed CD8" T cells appear to be engaged in stress response, as evidenced
by upregulation of p38 MAPK signalling (Fig. 4.3B), which has been identified as one of the
pathways upregulated in response to proinflammatory cytokines or environmental stressors(/48—
150). The inflammatory environment of surgery is characterized by the presence of pro-
inflammatory cytokines such as IL-6, IL-1B, TNFa and oxidative stress that can induce the

upregulation of p38 MAPK signalling pathway (/45).
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Upon further analysis we identified a potential gene that is differentially expressed in the
surgically stressed group stimulated group in comparison to the non-surgically stressed
stimulated group. The gene of interest CISH was identified as a potential candidate gene for
further mechanistic studies because it was significantly expressed in surgically stressed
stimulated group. Therefore, given the identification of CISH, the next chapter will focus on

characterizing this gene in surgically stressed CD8" T cell.
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4.5 SUPPLEMENTAL FIGURES
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Supplemental Figure 4.1: Expression of activation and interferon response genes
(A)UMAP analysis of activation genes (CD69, CD27) and Type 1 interferon response-related
genes, such as GBP2 and STAT1. (B) Representative flow plots showing surgically stressed

CDS8" T cells versus non-surgically stressed cells.
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Supplemental Figure 4.2: Identification of CD8" T cell subsets with signature markers

(A)Expression of central memory CD8" T cell markers (TCM) on the x-axis and corresponding
clusters on the Y-axis (B)Expression of CD8" T cell markers on the x-axis representing effector
memory CD8" T cell population (TEM) and (C)Expression of CD8" T cell markers on the x-axis

representing terminally differentiated effector cells (TEMRA).
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Supplemental Figure 4.3: Differential expression analysis of stimulated CD8" T cells
relative to control cells

(A) Volcano plot displays differential expression of genes in non-surgically stressed stimulated
CD8" T cells relative to their expression in non-surgically stressed resting CD8" T cells in cluster
0, 2 and 3. Blue indicates upregulated genes with a positive Log2 fold change (x-axis). (B)
Volcano plot showing upregulated genes in surgically stressed, stimulated cells relative to their
expression in surgically stressed, resting CD8" T cells. The volcano plots show -log10 FDR-

adjusted p-value (y-axis).
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Chapter 5: Identifying a potential mechanism inducing
CD8" T cell suppression post-operatively

5.0 RATIONALE
In chapter 5, I address aim 3 of my project which is to validate the identified pathway that

contribute to post-operative CD8" T cell dysfunction. I initially validate the results from chapter
4 in both murine and human CD8" T cells to confirm that the identified gene is demonstrating the
same trend observed in the scRNA-seq data. I also propose a potential mechanism of post-

operative CD8" T cell suppression from results observed in chapter 2 to 4.
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5.1 INTRODUCTION

CISH is a cytokine-inducible SH2-containing protein and a member of the suppressor of
cytokine signalling (SOCS) family. The SOCS family is expressed in a variety of non-immune
and immune cells, such as macrophages, dendritic cells, NKs, and CD8" T cells. SOCS consist of
8 members, and they include SOCS 1-7 and CISH(/51, 152). CISH is primarily expressed in
DCs, NK cells and CD8" T cells and function mainly as a negative regulator of cytokine
signalling to keep immune responses in check. All § members of the SOCS family contain an N
terminal that determines the specificity of cytokine receptor binding, a SH2 domain that binds to
phosphorylated tyrosine residues on cytokine receptors and a conserved C terminal box that
recruits E3 ubiquitin ligase complex to target ubiquitinated proteins for protein degradation(/53).
CISH was the first member of the SOCS family identified to be expressed during cytokine
stimulation in hematopoietic cells. CISH is inducible by cytokines and growth hormones such as
IL-1, IL-2, IL-3, IL-6, IL-7, IL-10, IL-13, IL-15, IL-21, TNFa, GM-CSF, prolactin and
Erythropoietin(/54—156). CISH is also typically induced in T lymphocytes after direct TCR
stimulation(/57, 158). CISH is induced when cytokines or antigen bind to their associated
receptor on CD8" T cell, which causes JAKSs on the receptors to become phosphorylated and
activated(/59). The phosphorylation of JAK kinases recruits and activates STATs (STAT 5 or
STAT 3), which results in the dimerization and translocation of STAT proteins to the nucleus.

Once in the nucleus, STAT binds to CISH promoter regions to induce its expression (Fig. 5.1).

Upon T cell activation by antigen binding or TCR engagement, phosphatidylinositol 4,5
biphosphate (PIP2) which serves as a precursor for second messengers for downstream signalling

molecules is hydrolysed into diacylglycerol and inositol triphosphate (IP3 & DAG) by
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phospholipase C (PLCy1)(159, 160). IP3 and DAG are secondary messengers essential for
activating downstream signalling pathways that regulate activation, proliferation and survival,
which are pathways that were shown to be downregulated according to the gene ontology
analysis (Fig. 4.3). CISH functions by blocking PLCy; targeting it for degradation, thus blocking
the conversion of PIP2 into IP3 and DAG(/61) (Fig. 5.2).

In this chapter, we validated the contribution of CISH to post-operative CD8" T cell dysfunction,
which was identified in Aim 2. Here I validated the expression of CISH in both murine and
human CD8" T cells using RT-qPCR to verify that the results correspond to the sScRNA seq data.
I also propose a possible mechanism: CISH could act as an intracellular checkpoint that

modulates CD8" T cell function in the post-operative period.
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Figure 5.1: Model of CISH expression by cytokine signaling through JAK-STAT pathway.

Stimulation of CD8" T cell results in the activation and phosphorylation of JAKSs on intracellular
receptors. The phosphorylation of JAK kinases recruits and activates STATs which results in the
dimerization and translocation of STAT proteins to the nucleus. Once in the nucleus, STAT binds

to CISH promoter regions to induce its expression. Created in hitps://BioRender.com
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Figure 5.2: Model of CISH function in CD8"* T cells.
CISH inhibits CD8" T cell activity by interfering with PIP2- PLCy1 signaling pathway. Upon

CDS8" T cell activation and engagement with TCR, PLCy1 hydrolyzes PIP2 to generate DAG and
IP3. DAG activates NF-Kb and ERK pathway, while IP3 facilitates the influx of calcium, which
is essential for NFAT and subsequently CD8" T cell activation. CISH inhibits PLCy1 and blocks

CDS8" T cell activation. Created in https://BioRender.com
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5.2 METHOD

RT-qPCR

Total cellular RNA was extracted using the TRIzol reagent (Invitrogen) according to the
manufacturer's instructions. Extracted RNA was used in reverse transcriptase reactions with
high-capacity reverse transcriptase (Thermo Fisher) according to the manufacturer's guidelines,
using random hexanucleotides as primers. The cDNA was used for real-time expression analysis
using the Bio-Rad CFX96 real-time thermocycler. Fold changes in expression were determined
by comparing expression levels with those of control knockdown cells or mock-infected cells

and analyzing the data using the Pfaftl method.

Myeloid cell depletion

OT-I mice received a dose of intraperitoneal injections of anti-GR1 antibody (BioxCell
InVivoMab anti-mouse Ly6G/Ly6C (Gr-1), Catalog # BEO075-5MG-A) prepared in PBS

(100ug/dose) for 2 days prior to the day of surgical procedure.
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Western Blot

Stimulated CD8" T cells were lysed in NP-40 lysis buffer (0.5% NP-40, 50 mM Tris [pH 7.8],
150 mM NacCl) supplemented with a protease inhibitor cocktail (Sigma) at 4 °C for 10 min.
Whole cell lysates were centrifuged at 12000 rpm for 5 min. Cell lysates containing 15 ug of
total protein were used for the western blot. Samples lysates were resolved by 10% SDS—
polyacrylamide gel electrophoresis and transferred onto PVDF membranes according to standard
transfer conditions for 90 minutes at 4 °C. Membranes were blocked with 4% BSA in PBS and
blots were incubated overnight at 4 °C with the corresponding primary antibody directed against,
Vinculin (NEB #4650T), CISH D4D9 Rabbit monoclonal antibody (Cell Signaling Technology,

#8731T).
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5.3 RESULTS
Validating expression of CISH in murine CD8" T cells

The next step includes validating the upregulation of CISH in surgically stressed CD8" T cells
according to the scRNA seq data. To validate the expression of CISH in mice, surgery
(Nephrectomy and Laparotomy) was performed on C57BL6 mice (Fig. 5.3A). The mice were
then sacrificed, and their spleens were processed. CD8" T cells were isolated using the EasySep
Mouse CD8" T Cell Isolation kit and stimulated with plate-bound anti-CD3 and soluble anti-
CD28 for 24 hours. Upon stimulation, the cells were counted and normalized to 1x 10° cells and
total RNA was extracted using a Qiagen RNA isolation kit. Using high-capacity reverse
transcriptase, RNA (1.25pg) was converted to cDNA and used for real time expression analysis.
Primers for target genes CISH and PLCy1 (a downstream target for CISH) and IFNy were
included. IFNy was included as a control to indicate the presence of suppression in surgically
stressed CD8" T cells. Analysis of expression data was carried out using the Pfaffl method(/62)
and the results were normalized to housekeeping gene GUSB (beta-glucuronidase) mRNA levels
and compared between non-surgically stressed and surgically stressed CD8" T cells. The
expression of CISH was upregulated in three of the five mice that were suppressed after surgery
(IFNy was downregulated), with a fold change of >2 (Fig. 5.3B). This was correlated with the

downregulation of PLCy1 (fold change < 0.5), the downstream target of CISH.
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Figure 5.3. Surgical stress induces CISH expression in murine CD8* T cells

(A) C57BL/6 mice underwent surgery (Sx) or no surgery (No Sx) and were sacrificed on day 2
for CD8" T cell isolation. The cells were stimulated with plate bound anti-CD3 (5 pg/ml) and
soluble anti-CD28 (2 pg/ml), followed by total RNA extraction and cDNA synthesis. (B) Gene
expression was quantified, comparing log2 fold change in surgically stressed cells to non-

surgically stressed CD8" T cells (n=5).
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Validating expression of CISH in human CD8* T cells

To validate in human CD8" T cells, blood was collected from cancer patients undergoing
abdominal surgeries at POD0 and POD1(Fig. 5.4A). CD8" T cells were isolated from the
PBMC:s and stimulated with plate-bound anti-CD3 and soluble anti-CD28 for 24 hours. Like the
steps mentioned above, the cells were counted and normalized to 5 x 10° and total RNA was
extracted using a Qiagen RNA isolation kit. Using high-capacity reverse transcriptase, RNA (100
ng) was converted to cDNA and used for real time expression analysis.

Similarly, we observe CISH upregulated in human CD8" T cells undergoing suppression, while
PLCy1 is downregulated (Fig. 5.4B). The expression of CISH was upregulated in six of the eight
patients that were suppressed after surgery (IFNy was downregulated), with a fold change of >2
(Fig. 5.4B). This was also correlated with the downregulation of PLCy1 (fold change < 0.5), the

downstream target of CISH.
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Figure 5.4: Surgical stress induces CISH expression in human CDS8* T cells

(A) CD8" T cells were isolated from cancer patients' PBMCs before and after abdominal surgery
and stimulated with plate bound anti-CD3 (5 pg/ml) and soluble anti-CD28 (2 pg/ml), and total
RNA was extracted to quantify gene expression. (B)The Log2 fold change in expression in
surgically stressed cells was compared with that in non-surgically stressed human CD8" T cells

(n=28).
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Establishing a mechanism of dysfunction in post-operative CD8* T cells

The role of CISH in cancer has attracted interest over the years due to its involvement in CD8+ T
cell activation, exhaustion, and immunotherapy. CISH is induced in the tumor microenvironment
(TME) and inhibits CD8" T cell proliferation and cytokine secretion (IFNy, TNFa, IL-2) while
knockdown of CISH in CD8" T cells resulted in a significant increase in cytokine secretion,
antigen sensitivity, and enhanced anti-tumor immunity in vitro and in vivo (163—165). Currently,
CISH silencing in adoptive T cells, both tumor-infiltrating lymphocytes (TIL) and CD19
chimeric-antigen receptor (CAR) T cells, is being investigated as a promising therapeutic

strategy (165, 166).

The role of CISH in suppressing CD8" T cells during surgery is unexplored. Our scRNA-seq and
qPCR data indicate that CISH expression is upregulated in both murine and human CD8" T cells
under surgical stress. As stated previously, CISH is induced by a broad spectrum of cytokines
such as IL-1, IL-2, IL-3, IL-6, IL-7, IL-10, IL-13, IL-15, IL-21, TNFa, GM-CSF, prolactin, and
Erythropoietin. Most of these cytokines are present in an inflammatory environment, such as
cancer or, in this context, surgery. The cytokine rich environment present during surgery appears
to create a favorable setting that drives the expression of CISH through the JAK-STAT axis. For
example, IL-6 and IL-10 are two major cytokines abundantly expressed during surgery and are
both strong inducers of CISH expression by activating the JAK1/STAT3 pathway(/67). IL-6 can
function as both a pro-inflammatory and an anti-inflammatory molecule depending on the

context, while IL-10 mostly functions as an anti-inflammatory molecule that dampens the
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proinflammatory processes present during surgery. One of the primary producers of both IL-6
and IL-10 in the surgical environment are myeloid cells (GR-1") or MDSCs, which are known
suppressors of CD8" T cells(/68—173). In chapter two, we also established that depletion of GR-
1" cells restored CD8" T cell function (Fig 2.4). Therefore, we hypothesized that increased
expression of CISH in CD8" T cells causes post-operative dysfunction and MDSCs are one of

the factors that modulate this effect.

To address this question, GR-1" cells were depleted by administering two doses of an anti-GR-1
antibody intraperitoneally in OT-I mice. Following the administration of the anti-GR-1 antibody,
surgery was performed on the OT-I mice. The OT-I mice were sacrificed twenty-four hours later,
followed by CD8" T cell isolation from the spleen, followed by RNA isolation. Real-time
expression analysis was performed to detect CISH expression in CD8" T cells from GR-1"
depleted and surgically stressed mice.

CDS8" T cells that were surgically stressed displayed an increase in CISH expression compared to
non-surgically stressed cells with a fold change >2 (Fig. 5.5B)

When GR-17 cells are depleted in the surgically stressed mice, mRNA levels of CISH are no
longer elevated with a fold change of 0.57 (Fig.5.5B). This is correlated with an increase in [FNy

expression when GR-17 cells are absent.
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Figure 5.5: Surgery impairs CD8" T cell function and induces CISH expression that is
reversed by the depletion of GR-1" cells

(A)OT-I mice were treated with three doses of anti-GR-1 monoclonal antibody and either
underwent surgery (Sx) or not (No Sx) (B) On day 1, mice were sacrificed, followed by isolation
of CD8" T cells. CD8" T cells stimulated with plate bound anti-CD3 (5 pg/ml) and anti-CD28 (2
pg/ml). Total RNA was extracted, and gene expression was quantified using log2 fold change in

surgically stressed cells relative to non-surgically stressed murine CD8" T cells (n = 5).
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5.4 DISCUSSION

The results also indicate that the upregulation of CISH after surgery is not antigen specific, as the
CDS8" T cells were stimulated via TCR with anti-CD3. According to the data, surgery upregulates
CISH expression upon stimulation, which correlates with CD8" T suppression, marked by
reduced IFNy levels in these cells. CISH functions by inducing the ubiquitination of PLCyl,
which results in the degradation and loss of the protein (174). The absence of PLCyl in CD8" T
cells impairs the activation of the NFAT/NF-kB axis, leading to reduced CD8" T effector
function(/75—177).

CISH can also suppress CD8" T cells independently of TCR engagement via the JAK-STAT
pathway. T cells are further activated through cytokine signaling, such as IL-2, IL-7, and IL-15,
which bind to receptors associated with JAKs. This binding of cytokines to their respective
receptors leads to the phosphorylation and dimerization of STAT proteins, which then
translocate to the nucleus to regulate genes important for T cell effector function. CISH can
inhibit the JAK-STAT axis by binding to JAK proteins on cytokine receptors and dampen their
activity, thereby preventing STAT phosphorylation and subsequent gene regulation of T cell-

related genes(/78).

Here, we demonstrated that CISH, which is typically induced by TCR engagement, such as
antigen stimulation, is upregulated at the mRNA level in both murine and human surgically
stressed, antigen-stimulated CD8" T cells. We also examined CISH expression at the protein
level using the same experimental procedure as for mRNA. We isolated lysates from stimulated
CD8" T cells and performed a western blot to assess CISH protein levels. We detected a modest

increase in CISH protein expression; however, this change did not reach statistical significance

123



in this cohort of mice (Supplemental Fig.5.1B). Similarly, the expression of CISH at protein
level was investigated in surgically stressed human CD8" T cells. We did observe an increase in
CISH expression at POD1; however, this was only observed in one patient (Supplemental
Fig.5.1C). A limitation of this experiment is the low protein yield from primary CD8" T cells,
which reduced assay sensitivity and prevented definitive conclusions regarding CISH protein

expression.

In literature, some studies have shown that CISH is upregulated in tumor-infiltrating CD8" T
cells(166, 179). The upregulation of CISH in tumor-infiltrating CD8" T cells has been observed
to function as an intracellular immune checkpoint that regulates CD8" T cell function and
prevents overactivation of T cells. Cancer cells can exploit these immune checkpoint molecules,
such as CISH, to suppress CD8" T cell function. Factors in the tumor microenvironment, such as
chronic antigen stimulation and inflammation that drive the expression of other external immune
checkpoints, such as PD-1, also govern the expression of CISH in these cells(/65, 180-182). It is
reasonable to propose that perhaps the upregulation of CISH in the context of surgery is also
driven by similar factors, most notably inflammation and the surge of proinflammatory and anti-

inflammatory cytokines.

Our findings suggest that regulation of CISH following surgery may be mediated by sxMDSCs,
which have been shown to suppress CD8" T cell function in our model. Notably, depletion of
GR-17 cells in the OT-I model of surgical stress prevented post-operative increase in CISH
mRNA expression. It is important to note that GR-1" depletion targets multiple myeloid
populations, and further work is needed to define the specific cells involved in mediating the

observed suppression in CD8* T cells. Our previous AdDCT vaccinated mouse model did
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indicate that suppression was mediated by expanded granulocytic sxMDSCs and not by the
monocytic population(/37). Collectively, the data supports a model in which surgical stress

promotes sxMDSC expansion, leading to CISH induction and downstream suppression of CD8"

T cell effector function.
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5.5 SUPPLEMENTAL FIGURES
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Supplemental Figure 5.1: Surgical stress induces a modest upregulation in CISH protein
expression in murine CD8" T cells

(A) C57BL/6 mice underwent surgery (Sx) or no surgery (No Sx) and were sacrificed on day 2
for CD8" T cell isolation. The cells were stimulated with anti-CD3 (2 pg/ml) and anti-CD28 (1
ug/ml). (B) Western blot of whole cell lysate and 15 pug of total cell lysate from mice was loaded
per lane, resolved by SDS-PAGE, and blotted for CISH and Vinculin. (n=3). (C) Western blot of
whole cell lysate and 10 pg of total cell lysate from human CD8" T cells was loaded and blotted

for CISH and Vinculin, n=1.
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Supplemental Figure 5.2: Schematic demonstrating sxMDSCs impairs CD8*T cell function
through internal checkpoint CISH

Surgical stress and inflammatory mediators (IL-6, G-CSF) promote emergency myelopoiesis and
expansion of immature myeloid cells, which activate transcription factor C/EBPB downstream of
PI3Ky, MAPK, and STAT3 signaling pathways, inducing the expression of immunosuppressive
molecules including NOX2, Arg-1, and iNOS. sxMDSCs suppress CD8" T cell activity through
depletion of L-arginine, release of reactive oxygen and nitrogen species, secretion of IL-10 and
TGF-B, and engagement of PD-L1. These suppressive signals inhibit T cell activation, enhance
expression of the checkpoint regulator CISH, and limit production of perforin, granzymes, and
poly-cytokine secretion. The schematic is adapted from Dr. Rafeah Alam and Agrima Shrestha.

Created with Biorender.com.
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CHAPTER 6: GENERAL DISCUSSION
6.0 RATIONALE

In this chapter, I discuss the findings from chapters 2 to 5, focusing on overarching concepts. I
identify key results from each chapter, such as the characterization of CD8" T cell dysfunction in
human and murine models and highlight their consequences for anti-tumor immunity. I discuss
the suppression of CD8" T cell function by sxMDSCs observed in the OT-I model. I discuss key
findings from the scRNA-seq dataset and summarize the roles of the identified factors that
regulate post-operative CD8" T cell function. Lastly, I will discuss future studies related to my

project.
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6.1 INTRODUCTION

The studies in this thesis aimed to characterize antigen-specific CD8" T cell dysfunction after
surgery. We used both murine (OT-I mouse) and human (COVID-19) immunological tool kits to
define antigen-specific post-operative T-cell responses, an approach that has not been explored
before in cancer patients undergoing surgery. In subsequent chapters, we investigated a possible
mechanism mediating dysfunction using scRNA-seq and validated the results in mouse models.
It’s important to emphasize that CD8" T cells post-operative dysfunction is most likely caused by
multiple mechanisms, and the mechanism examined in the thesis represents one of the possible

pathways involved in post-operative dysfunction.

6.2 POST-OPERATIVE CD8* T CELL DYSFUNCTION

A good majority of the preclinical studies to date have established post-operative suppression of
NK cells and non-antigen-specific CD8" T cells, leading to cancer regrowth and the formation of
metastases(/30—132, 183). We have also previously observed post-operative dysfunction in
murine antigen-specific CD8" T cells using a model of anti-tumor vaccination with an
adenovirus encoding the AADCT antigen(/83). Although the AADCT model was informative, we
could not quantify a significant number of T cell responses as the vaccine model induced a
modest immune response. In comparison to the AADCT model, the OT-I and COVID-19 model
enabled the quantification of a larger number of both murine and human antigen-specific CD8" T
cell responses. We examined the function of antigen-specific CD8" T cells because this would
enable the characterization of tumor-specific CD8" T cells. The investigation of antigen-specific
CD8" T cells can offer valuable insights into how surgery impacts anti-tumor immunity, a

question that non-antigen specific studies cannot fully address. Additionally, we confirmed and
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demonstrated that dysfunction occurs independent of stimuli and CD8" T cell suppression is not
solely dependent on TCR engagement but on the external factors induced by surgery. Total CD8"
T cell dysfunction has been previously demonstrated; with cells exhibiting reduced cytokine
secretion and impaired proliferation(/317, 184-187). We were able to confirm a similar reduction
in cytokine secretion in both human and murine CD8" T cells in our models. The impact of
surgery extends beyond cytokine secretion and degranulation. We detected a significant decrease
in anti-tumor immunity of surgically stressed cells in the OT-I tumor model, signifying that these
cells were unable to control tumor growth and the effect of surgery observed ex-vivo with
cytokine secretion and degranulation was translated in-vivo. A similar observation was reported
in the AADCT vaccine model, in which surgically stressed CD8" T cells displayed a reduced
ability to prevent tumor development in 100% of vaccinated mice(/20). The suppression
identified in mice studies was also confirmed in human CD8" T cells by using the COVID-19
model. These findings suggest that surgery and the resulting stress response significantly impair

CD8" T cells, and this dysfunction has biologically relevant consequences.
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6.3 IMPACT OF SXMDSCS ON THE FUNCTION OF CD8"* T CELLS

Several preclinical studies have established that MDSCs suppress CD8" T cell function in
different settings (/88—17194). In the OT-I model, we observed that depletion of the GR-1
population prior to surgery increased antigen-specific CD8" T cell cytokine secretion. Most
studies to date have focused on the immunosuppressive effects of sxMDScs on NK cells rather
than on CD8" T cells. Cancer, inflammation, trauma, and infection have all been shown to induce
MDSC production and suppressive activity, but the mechanisms differ depending on the context.
To intervene with a therapy targeting MDSCs, we must clearly understand these mechanisms and
determine which upstream or downstream pathways are necessary to prevent post-operative
immune suppression. Our data indicate that the PI3Ky pathway is one of the pathways
responsible for the suppressive phenotype of sxMDSCs following cancer surgery. Single-cell
RNA sequencing was performed on MDSCs from cancer patients at baseline and POD1, and we
detected an upregulation of the PI3K and MAPK pathway(/95). This pathway was confirmed by
performing a high-throughput screen of small molecules, and our lab identified a pan-PI3K
inhibitor as the top hit molecule that prevented the suppression of NK cell cytotoxicity induced
by sxMDSCs(795). Previous studies have also identified PI3Ky as a key pathway that regulates
immune suppression in macrophages(/96—198). In macrophages, PI3Ky functions as a molecular
switch that controls immune suppression. By signaling through Akt and mTOR, PI3Ky
stimulates C/EBPJ expression, a critical transcriptional regulator of the immunosuppressive
phenotype of these cells(/99). C/EBPP activates several immunosuppressive pathways, including
increased expression of Argl (depletion of arginine), iNOS, NOX2 (generation of ROS), IL-10,
PD-L1, and TGF, and is associated with reduced expression of proinflammatory cytokines,

such as IL-12, IL1B, and TNFa(200)
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Our group as well as others has established the immunosuppressive impact of sxMDSCs on NK
cells(/30, 195, 201). Depletion of sxMDSCs prevented suppression of NK cells post-operatively
and reduced post-operative metastases(202). The effect of MDSCs was further confirmed in this
study because the transfer of sxMDSCs into naive mice recapitulated the effects of surgical stress
on NK cell cytotoxicity. The mechanism of sxMDSCs suppression on NK cells has been
demonstrated by our group by inhibiting arginase enzymatic activity and blocking TGFf receptor
signaling which prevented NK cell dysfunction(/33, 202). The mechanism of suppression by
MDSCs in CD8" T cells in general has been explored. These mechanisms include the depletion
of essential amino acids such as l-arginine, production of NOS, ROS, and PD-L1, all of which
function by preventing proper T cell activation or function(91, 191, 193, 203, 204). However, the
extent to which these mechanisms are responsible for post-operative CD8" T cell dysfunction has
not been thoroughly explored. Therefore, future studies will focus on investigating the
mechanisms responsible for sxMDSCs suppression to identify the most specific target that is

both required and sufficient to induce post-operative T cell dysfunction.

6.4 MECHANISM OF POST-OPERATIVE CD8" T CELL DYSFUNCTION

The scRNA sequencing revealed an upregulation of genes in surgically stressed CD8" T cell that
function as a negative regulator of T cell function, such as the gene of primary interest CISH, and
SBNO2 (Fig. 4.4). SBNO2 (Strawberry Notch Homolog 2) is a gene that belongs to the
‘strawberry notch family’ of conserved, nuclear helicases. SBNO2 functions as a transcriptional
factor that responds to IL-10 signaling and has been reported to inhibit NF-Kb transcription in a
STAT3 (Signal Transducer and Activator of Transcription 3) dependent manner in macrophages

(216, 217). Although the role of SBNO2 in T cells is not well characterized, however we can
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infer that it plays a possible role in suppressing CD8" T cell function through the NF-Kb
pathway. Based on these observations, surgically stressed CD8" T cells may upregulate factors
such as CISH, and potentially SBNO2, which are regulators that may diminish surgically

stressed CD8" T cell function.

This raises the question of why surgically stressed CD8" T cells upregulate these negative
modulators. A possible explanation is the pro-inflammatory and anti-inflammatory environment
that surgery creates. As explained in chapter 1, surgery results in the generation of MDSCs,
which are produced because of surgery induced DAMPs, such as HMGB1 which engage pattern
recognition receptors on myeloid and stromal cells, triggering a pro-inflammatory state that leads
to myelopoiesis and recruitment of these cells. We have also established that these cells suppress
CDS8" T cell function. MDSCs also produce suppressive factors such as TGFB and IL-6, which
are known suppressors of immune cells such as NK and T cells(87, 168). Our data indicates that
depletion of MDSCs results in reduced CISH expression and increased CD8" T cell function.
Therefore, we infer that increased expression of the intracellular checkpoint CISH in CD8* T
cells may be responsible for post-operative dysfunction and that MDSCs could potentially
regulate this effect through suppressive mechanisms that are highlighted in Supplemental Fig.

5.2.
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6.5 FUTURE STUDIES AND LIMITATIONS

Studies that will enable a comprehensive understanding of the main pathways from cytokines to
signaling pathways, to immunosuppressive mechanisms responsible for post-operative T cell
suppression should be investigated to provide insight into future therapeutic targets. To
investigate the possible mechanism of suppression, we can use inhibitors to systematically
evaluate the strength of downstream mechanisms of MDSC suppression, including inhibitors of
arginase 1, iNOS, NOX2-dependent ROS production, TGFf, IL-10, and monoclonal antibodies
blocking PD-L1. The role that CISH plays in CD8" T cells following surgery as the basis for
dysfunction needs to be explored further. For example, the role of CISH in causing post-
operative CD8* T cell dysfunction in mice can be investigated in-vivo by knocking it out in
CD8" T cells to determine if the effects of surgery on T cell function are attenuated. In tumor
settings, several preclinical studies have demonstrated that genetic depletion of CISH with
CRISPR-Cas9 technology improved CD8" T cell cytotoxicity, including a significant increase in
cytokine secretion, antigen sensitivity and enhanced anti-tumor immunity in vitro and in
vivo(178—180). A recent study is exploring CISH deletion in both tumor-infiltrating lymphocytes
(TIL) and CD19 chimeric-antigen receptor (CAR) T cells, and this is being pursued as a
promising therapeutic target to improve anti-tumor T cell function(2/8). Therefore, it is feasible
to perform CRISPR—Cas9-mediated knockout of CISH in our OT-I tumor mouse model to
confirm that CISH is responsible for CD8" T cell dysfunction during the post-operative period
and determine whether the immunosuppressive effects of sxMDSCs are mediated through CISH

upregulation.
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This study has some limitations that should be considered when interpreting the results. Firstly,
the depletion of GR-1" cells using the anti-GR-1" antibody does not selectively target only the
MDSC population but also depletes other myeloid populations that express the GR-1 marker
including neutrophils and some monocytic cells. Therefore, the result of the GR-1 depletion
experiment cannot be attributed solely to the MDSCs but possibly the depletion of the other
target cells that were also eliminated. Secondly, the LM-OVA infection model which was used to
identify antigen specific responses following surgery does not fully represent the complex and
chronic setting of a tumor microenvironment. Features of a tumor microenvironment include
persistent cytokine signaling and CD8" T cell exhaustion, which are typically absent in an acute
model such as LM-OVA infection. Therefore, the LM-OVA model may not have fully captured

the effect of surgical stress in a chronic setting such as cancer.
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6.6 CONCLUDING REMARKS

An effective anti-tumor immunity is one of the most important indicators of cancer outcomes,
which is a notion that has enabled the development of several immunotherapeutics aimed at
improving CD8" T cell function. While the mechanisms of cancer-induced immune suppression
in the TME have been well studied, the impact of surgery on anti-tumor T cell function has not
been fully explored. However, this phenomenon needs to be better understood for cancer patients
undergoing surgery to have positive outcomes. The perioperative period represents a promising
therapeutic window for immunomodulation, particularly for targeting factors that contribute to
CD8* T cell dysfunction, such as sxMDSCs and potentially CISH. Therapeutic strategies aimed
at reversing post-operative immunosuppression may therefore improve long-term cancer

outcomes for the millions of patients who undergo cancer surgery each year.
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APPENDIX

. . . ) Company
Appendix A: List of antibodies
(Murine)
APC CDl11c Clone N418 BioLegend
APC IFN gamma Clone XMG1.2 eBioscience
APC Va2 Clone B20.1 BioLegend

BV421 CD107a Clone ID4B

BD Biosciences

BV421 CD62L Clone MEL 14

BD Biosciences

BV421 CD69 Clone H1.2F3

BD Biosciences

BV786 CD11b Clone M1/70 BD Biosciences
BV786 CD4 Clone RM4-5 BD Biosciences
BV786 CD44 Clone IM7 BD Biosciences

BV786 CD45 Clone 564225

BD Biosciences

BV786 CD45.2 Clone 563686

BD Biosciences

FITC V5.1 Clone MR9-4

BD Biosciences

PE CD4 Clone RM4-5

BD Biosciences

PE CD40 Clone 3123

BD Biosciences

Pe-Cy5 Ly-6G (Gr-1) Clone RB6-8C5 eBioscience
Pe-Cy7 CD3 Clone 17A2 BioLegend
PE-Cy7 CD3e Clone 145-2C11 eBioscience

PerCP-Cy5.5 CDS8 Clone 53-6.7 (RUO)

BD Biosciences

PerCP-Cy5.5 TNFa Clone MP6-XT22

BioLegend
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Appendix B: List of antibodies
(Human)

Company

APC CDS8 Clone SK1

BD Biosciences

APC-Cy7 TIGIT Clone A15153G

BioLegend

BV421 GATA-3 Clone 16E10A23

BioLegend

BV650 CD45 Clone HI30

BD Biosciences

BV786 TIM-3 Clone CD366

BD Biosciences

FITC IFN gamma BioLegend
FITC T-bet Clone 4B10 BioLegend
PE CDA40 Clone 3123 BD Biosciences
Pe-Cy7 CD3 BioLegend
Pe-Cy7 CD33 BioLegend
PerCPCy5.5 PD-1 Clone NAT105 BioLegend
PerCP-Cy5.5 TNFa Clone MADb11 BioLegend
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Appendix C

Murine qPCR Primers

Primer

GUSB

CISH

PLCy

IFNy

SBNO2

Forward Primer

CTCATTTGGAATTTTGCCGATT

GTACAACAGCTACGCCTGGA

GAGACGCGCCAGATCACAT

AGTGATGGCTGAAACTGTCGC

CATCCAGCTACAGAACCGACT
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Reverse Primer

CCGAGTGAAGATCCCCTTTTTA

GAGTCCGCCTCTGATGCTTA

AAAGTCCCGAGAAGTCTTCCC

TCTTCGACCTCGAAACAGCA

GAACCCACGAACTGTTGGTTT



Appendix D

Human qPCR Primers

Primer

GUSB

CISH

PLCy

IFNy

SBNO2

Forward Primer

GTCTGCGGCATTTTGTCGG

GAACTGCCCAAGCCAGTCAT

GGAAGACCTCACGGGACTTTG

TCGGTAACTGACTTGAATGTCCA

ACTCCCTGTCGGACATCGT
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Reverse Primer

CACACGATGGCATAGGAATGG

GCTATGCACAGCAGATCCTCC

GCGTTTTCAGGCGAAATTCCA

TCGCTTCCCTGTTTTAGCTGC

GAACAGCTTATCGTGGGTGGA
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