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Abstract 

 Surgery-induced myeloid derived suppressor cells (sxMDSC)s mediate postoperative 

suppression of Natural Killer (NK) cells, which enables postoperative cancer recurrence and 

metastases. Currently, no therapeutics against sxMDSCs have been developed. Recent research 

has identified that the myeloid-restricted PI3K isoform (PI3Kγ) mediates MDSC activity. I 

targeted PI3Kγ in sxMDSCs as a therapeutic to reduce postoperative NK cell suppression and 

metastatic burden. Additionally, I investigated the efficacy of a sxMDSC-specific antibody-drug 

conjugate (ADC) with a PI3Kγ inhibitor payload. Pharmacological inhibition of PI3Kγ in 

sxMDSCs led to reduced AKT phosphorylation and reduced suppression of NK cytotoxicity in 

human and murine models. PI3Kγ inhibition also reduced postoperative metastatic burden. 

Despite the novelty of the sxMDSC-specific ADC, it didn’t provide considerable benefits in 

reducing NK cell suppression compared to the unconjugated PI3Kγ inhibitor. However, this is a 

“first iteration” in what could be a powerful approach to targeting sxMDSCs, thereby preventing 

postoperative metastatic burden. 
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Chapter 1 

1.1 General Introduction  

1.1.1 Natural Killer Cells and Cancer 

1.1.1.1 Cancer 

Cancer is caused by normal cells that have undergone transformations which enable their 

continuous unregulated proliferation and growth(1–3). However, this is far too simple of a definition to 

encompass the complex interactions and mechanisms that cancer utilizes to promote its survival and 

persistence. In reality, normal cells face many endogenous barriers that have evolved with several 

redundancies to prevent their transformation into malignancies(4). Moreover, any cells that do manage to 

become cancerous, are quickly detected and cleared by host anti-tumour immunity(5–7). Therefore, 

carcinogenesis, the process by which cancer develops, can be considered a Darwinian process as the 

transforming cells acquire specific adaptations to overcome selective pressures from endogenous anti-

tumour measures(1, 2, 8–10). These adaptations can be broadly defined as the six distinct "hallmarks of 

cancer"(11). These hallmarks include the ability to (1) self-replicate without external stimuli, (2) resistance 

to growth-restricting signals, (3) evasion of apoptosis, (4) unlimited replicative capacity, (5) persistent 

angiogenesis, and (6) the potential for invasion and metastatic spread(11). Malignant cells acquire these 

hallmarks through various mutations which occur throughout one’s life because of genetic susceptibilities 

as well as environmental and lifestyle factors. Cancers are particularly debilitating given their ability to 

spread to distant body organs thereby disrupting important bodily function, in a process known as 

metastasis(1, 3). Although cancer is the second-leading cause of death worldwide, breakthroughs in our 
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understanding of the disease and the use of new technologies and therapies are reducing the number of 

cancer-related deaths(12–14). 

1.1.1.2 Metastatic disease is a primary cause of mortality  

Despite the medical advances made in cancer therapeutics, approximately 90% of cancer-

related deaths are caused by metastasis, making it the primary cause of mortality for cancer 

patients(15, 16). Once metastases arise, the 5-year survival rates for a variety of cancer types 

decrease(16–19). Metastases, which are defined as secondary outgrowths of tumour cells at distant 

anatomical sites, is most hazardous when they develop undetected. The metastatic spread was once 

considered to be a phenomenon observed in advanced stages of cancer as the primary malignancy 

reaches a sufficient size to disseminate tumour cells to distant tissues(20). However, mounting 

evidence has demonstrated quite the opposite – that metastasis begins even before the first signs 

of a primary tumour are clinically detectable(20, 21). In addition, metastases might remain 

quiescent in distant secondary sites for more than a decade following the removal of the initial 

tumour(22, 23). The formation of clinically-detectable macrometastases from these dormant 

tumour cells manifests as cancer recurrence in patients who may have been in remission for months 

or even years(22). The process by which metastases form in distant organ sites is known as the 

metastatic cascade. 

The metastatic cascade is thought to be initiated when a subgroup of malignant cells 

acquire the ability to invade tissues and metastasize. These cells can integrate multiple signals 

from the tumour microenvironment which will cause them to undergo an epithelial to 

mesenchymal transition (EMT)(24). EMT is followed by is a process in which the extracellular 

matrix (ECM) is remodelled where cancer cells become less adherent and intravasate into the 
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bloodstream or lymphatic system(25). These circulating tumour cells (CTCs) experience a harsh 

environment in the bloodstream where they are easily recognized and eliminated by peripheral 

immune cells(26). These CTCs must survive until they can encounter the conditions necessary to 

extravasate into a distant tissue, where they are known as disseminated tumour cells (DTCs)(26). 

The DTCs can then persist as micrometastatic niches where they can remain quiescent for 

extraordinarily long periods until receiving cellular cues to form into clinically detectable 

secondary macrometastases(21, 23). Metastatic spread is particularly problematic given its ability 

to actively disseminate potential new macrometastases throughout the host system. 

Fortunately, our bodies are not unprepared to combat this danger. Solid tumours shed a 

surprisingly large amount of CTCs, yet only a few of them successfully form macrometastases, 

implying the presence of many stringent barriers which impede their establishment as DTCs and 

micrometastatic niches(26). In fact, CTC clearance is a key determinant in the formation of 

metastasis(27). Studies have identified that a decrease or abolishment of CTC counts was 

associated with a good therapeutic response, while an increase in CTC counts signified the 

opposite(28, 29). Natural Killer (NK) cells are critical for immunosurveillance and elimination of 

CTCs, hence reducing their ability to form metastases(26). They are an essential line of defence 

that can rapidly react to prevent the spread of cancer.  

1.1.1.3 Natural Killer Cells 

NK cells are cytotoxic lymphocytes of the innate immune system that can identify and 

eliminate stressed, infected, or altered cells (cancerous cells)(30, 31). Despite the large number of 

targets that NK cells can detect, I will focus on the antitumor activity of NK cells. Between 10 and 

15 percent of total peripheral blood lymphocytes are NK cells, making them the 3rd largest 
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population of lymphocytes after B and T cells. NK cells are not only present in the periphery, but 

also in the lymph nodes, spleen, thymus, peritoneal cavity, lungs, liver, and uterus during 

gestation(32). The absence of the T cell receptor, cluster of differentiation (CD)3, and the presence 

of the lineage marker CD56, are characteristic of NK cells.  

NK cells perform two critical effector functions for anti-tumour immunity. Firstly, given 

their role as cytotoxic lymphocytes, NK cells can  mediate target cell lysis through various 

mechanisms, including the direct release of lytic granules, such as perforin or granzyme B, or 

activation of death receptor-mediated apoptosis through tumor necrosis factor (TNF), Fas ligand 

(FasL), and TNF-related apoptosis-inducing ligand (TRAIL) production(33). NK cells can also 

mediate antibody-dependent cell-mediated cytotoxicity (ADCC) through the CD16 (FCγRIII) 

receptor that binds to the Fc portion of IgG antibodies, thereby triggering the lysis of targeted 

cells(34, 35). Secondly, NK cells release important immunomodulatory cytokines such as such as 

interferon-γ (IFN-γ), TNF-α, granulocyte-macrophage colony-stimulating factor (GM-CSF), 

interleukin-10 (IL-10) and interleukin-13 (IL-13), which recruit and coordinate the anti-tumour 

immune response(30). By far the most important cytokine derived by NK cells is IFN-γ, which 

has been shown to have direct anti-tumour effects and can inhibit metastasis(31). NK-cell derived 

IFN-γ can also promote the accumulation, activation, and NK cell-mediated cytotoxicity (NKC), 

generating a self-sustaining positive feedback loop(36, 37).  IFN-γ can also promote T cell 

proliferation which is critical for activating anti-tumour adaptive immunity(38, 39). 

 NK cells are comparable to cytotoxic T cells, the adaptive immune cell counterpart, 

because their cytolytic functions overlap(40). However, as their name implies, NK cells are ready 

to perform effector activities immediately, without the need for priming and antigen-specific clonal 

selection involved with cytotoxic T cell activation. Instead, NK cells rely on a small number of 
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receptors encoded in the germline that, when bound to their respective ligands, can result in 

activating or inhibitory signals(30). NK cells have elegantly evolved to rapidly detect and 

eliminate tumour cells, which are typically characterized by aggressive growth and replication, to 

prevent them from getting out of control. 

1.1.1.4 NK cell activity is determined by receptor signal integration 

 The choice between autoimmunity and tumour clearance is a delicate balance. Immune 

cells employ many strategies to discriminate between “self” (healthy tissues) and “non-self” 

(transformed cells, pathogens, toxins, etc.) entities in the host(41). NK cells can decide “to kill or 

not to kill” their targets by utilizing an array of activating and inhibitory signals from multiple, 

germ-line encoded receptors to determine their activity against host threats without damaging 

healthy cells(30).  These receptors can lead to NK cell activation or inhibition.  

Activating receptors on NK cells include the Natural Cytotoxicity receptors (NCRs),  

Natural Killer protein (NKp)30, NKp44, NKp46, and NKp80, C-type lectin-like receptors Natural 

Killer Group (NKG)2D and CD94-NKG2C, as well as 2B4 (CD244)(42, 43).  These activating 

receptors recognize stress-induced ligands, which are primarily structural homologs of MHC class 

I molecules. As described in the “induced-self recognition model”, these ligands are all expressed 

at low levels under normal conditions but are significantly upregulated in stressed or cancerous 

cells(44). Engagement of activating receptors with their respective ligand leads to the 

phosphorylation of immunoreceptor tyrosine-based activating motif (ITAM)(31) . ITAMs may be 

directly present on the receptor or through association with adaptor proteins such as DNAX-

activation protein (DAP)10 or DAP12(45, 46). Once phosphorylated, ITAMs recruit and activate 
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tyrosine kinases leading to further downstream signaling(31). The result of these signalling events 

leads to the release of cytolytic granules or the transcription/translation of cytokines(47).  

NK cells also require adhesion molecules to effectively interact with targets. These are 

known as costimulatory receptors which enable adherence to target cells but cannot initiate 

cytotoxic activity on their own(48, 49). Among these co-stimulatory receptors is DNAX accessory 

molecule (DNAM)-1 which can bind two known ligands, CD155 and CD112(50). These two 

molecules are normally not expressed in normal cells but upregulated in transformed and 

pathogen-infected cells(50). They are also expressed at the cell surface of immune cells such as 

monocytes, dendritic cells (DCs), and activated T cells. Therefore, DNAM-1 receptor–ligand 

interactions mediate the cross-talk between NK cells and other immune cells(49).  Knockout or 

blockade of DNAM-1 on NK cells showed significant reduction of NKC, cytokine secretion and 

tumour clearance, highlighting its importance in NK cell activity(51, 52). Of note, blocking CD155 

signalling impaired NKC of tumour cells. However, CD112 blockade failed to inhibit NKC, 

suggesting CD155 is the critical ligand for DNAM-1 mediated NKC(53). However, chronic 

stimulation by CD155+ target cells causes a down-regulation of DNAM-1 resulting in impaired 

NKC(49, 54). 

 These activating signals are antagonized by inhibitory receptors which recognize the major 

histocompatibility (MHC) class I and MHC class I-like molecules(42).  These receptors include 

the killer Ig-like receptors (KIRs) and the CD94-NKG2A heterodimer(55). These receptors have 

an immunoreceptor tyrosine-based inhibitory motif (ITIM), which results in downstream 

inhibitory signals. NK cell activity is regulated by the “missing self” hypothesis, coined by Klas 

Kärre(56, 57). MHC class I molecules are the main mechanism by which cells display viral or 

tumor antigens to cytotoxic T cells. This presents a selective pressure for tumour cells to down-
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regulate MHC class I molecules, thereby masking them to T cell detection machinery, and enabling 

evasion of T-cell mediated immunity(58). NK cells have evolved to counter this strategy as it leads 

to a “missing self” state, resulting in reduced inhibitory signals, which is often coupled with 

increased expression of activating ligands on tumour cells(59).  This results in effective anti-

tumour clearance and surveillance as it also leads to both tumour cell killing and the production of 

cytokines that can recruit and sensitize other immune cells to the site of an otherwise “hidden” 

tumour. 

1.1.1.5 Natural killer cells are important for cancer prognosis and reducing metastatic 

formation 

As part of the metastatic cascade, CTCs must be able to establish themselves in a new 

tissue environment. As established prior, poor CTC clearance is an indicator of poor clinical 

outcomes(27, 28).  Both circulating and tissue resident NK cells are critical components for 

preventing CTCs from forming metastatic niches, thereby playing a critical role in improving 

cancer prognosis(26). There is an inverse correlation between high amounts of circulating or 

tumor-infiltrating NK cells and the presence of metastases in patients with gastric(60), 

colorectal(61), renal(62), and prostate carcinomas(63). Along similar lines, high expression levels 

of NK cell activating receptors or improved NKC have been linked with good prognosis in multiple 

cohorts of cancer patients with or at risk of metastatic disease(64). Imai et al. conducted a 

prospective, 11-year follow-up study and showed that the risk of cancer incidence in patients was 

associated with the responsiveness of their peripheral blood NK cells against NK cell-sensitive 

K562 target erythroleukemia cells(65). Medium to high NKC against K562s was associated with 
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a significantly reduced risk of cancer. Taken together, this highlights that NK cells mediate 

clinically relevant antimetastatic activity and are critical for anti-tumour immunity. 

Despite the importance of NK cells in inhibiting metastatic formation, cancer surgery, a 

mainstay therapy for tumour removal, has shown to cause a significant impairment of NK cell 

activity. In Chapter 2, I will discuss in greater detail the role of cancer surgery in NK cell 

immunosuppression and the resulting consequences of postoperative metastatic disease. Next, I 

will discuss my research to attempt to reduce post-operative immunosuppression and metastatic 

disease. 

Chapter 2 

1.2 Introduction 

1.2.1 Cancer surgery directly contributes to postoperative metastatic disease 

Despite the indisputable benefits of tumour resection, the outcomes of surgery may be 

detrimental to overall patient survival. Nearly half of all colorectal cancer (CRC) patients who 

have no signs of metastases before undergoing primary tumour resection will develop metastases 

within 5 years after surgery(66). Furthermore, Retsky et al. identified most relapses in breast cancer 

occur within 5 years of surgery and they linked this to surgery-induced metastatic initiation(67). It 

is well known that stress induced by surgery can aggravate postoperative metastases(68). Surgical 

resection causes physical disruption of the primary tumour, resulting in the inadvertent formation 

and release of CTCs(69). This ultimately contributes to a greater risk of metastatic establishment 

in the postoperative environment. In a cohort of 36 patients with pancreatic ductal carcinoma, Park 
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et al. demonstrated that the presence of CTCs in blood after surgery was an independent risk factor 

for early recurrence and for systemic recurrence (distant metastases and peritoneal 

dissemination)(70). There is also the possibility of leaving a small amount of occult or microscopic 

neoplastic cells at the surgical margin, which is also known as minimal residual disease 

(MRD)(71). Surgery can cause accelerated growth of MRD, ultimately leading to decreased 

disease-free survival (DFS) and overall survival (OS)(72, 73).  

Alongside the direct contributions that surgery can have in promoting metastatic disease, 

surgical trauma also leads to a great deal of both physical and psychological stress and pain. This 

promotes the surgical stress response, a set of physiological responses important for wound 

healing(74). However, it ultimately leads to reduced tumour immunosurveillance which can 

contribute to metastatic outgrowth(75). 

1.2.2 The Surgical Stress Response 

To the body, surgery and the resulting excision of tumour resembles the same as any other 

wound that needs to be healed. Therefore, the surgical stress response should be considered an 

evolutionary adaptation to deal with trauma and promote wound healing(76). However, it is said 

that “the road to hell is paved with good intentions”. In this case, the “good intentions” of the 

surgeon excising the tumour and the body attempting to heal the wound site are exploited by the 

MRD for their growth and re-establishment in the postoperative environment. It is important to 

consider the surgical stress response as an “ebb and flow”(77). The Ebb can be described as the 

immediate, “crashing wave” inflammatory response to the surgery and the Flow as the “receding” 

compensatory anti-inflammatory response (CAR) designed to limit excessive inflammation and 

return to homeostasis. 
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1.2.2.1 The Postoperative Ebb and Flow 

 The tissue trauma during surgery causes stimulation of the autonomic nervous system and 

the hypothalamic-pituitary-adrenal axis, which leads to the release of pro-tumour glucocorticoids 

and catecholamines(74). Additionally, endothelial injury triggers the release of alarmins, or 

damage-associated molecular patterns (DAMPs), which stimulates the release of would healing 

factors including epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and 

vascular endothelial growth factor (VEGF)(78). Despite their importance for wound healing, they 

also enable tumour progression(79), tumour growth(80) and angiogenesis(81, 82). Indeed, several 

studies have found that the expression of wound healing factors is associated with poor clinical 

outcomes as well as metastasis in patients diagnosed with cancer(79, 83).  This illustrates that the 

conditions required for wound healing, overlap with mechanisms necessary for the re-

establishment of MRD and CTC metastatic formation(84).  

Alongside the direct effects of DAMPs in promoting tumour growth, it can also upregulate 

factors which signal the accumulation of myeloid cells at the site of trauma which can mediate 

inflammation. Host cells can express surface pattern recognition receptors (PRRs), such as toll-

like receptors (TLRs), C-type lectin receptors (CLRs), and NOD-like receptors (NLRs), that can 

detect DAMPs(85). Activation of host cells in response to DAMPs leads to the expression of IL-

1β(86).  Ershaid et al. demonstrated in a murine model of breast cancer that tissue damage in 

fibroblasts increased proinflammatory markers and upregulated IL-1β secretion. This facilitated 

tumour progression which was abrogated when IL-1β was inhibited(87). IL-1β expression causes 

increased secretion of C-C motif ligands (CCLs) or C-X-C motif ligands (CXCLs) that are 

responsible for myeloid cell accumulation at the site of surgical resection(88).  
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 Neutrophils are the first to be recruited to the site of inflammation and the ratio of 

neutrophil to lymphocyte count by complete blood cell count is a measure of postoperative 

inflammation(89). This is followed by recruitment of monocytes, whose PRRs can also detect 

DAMPs and in turn trigger the NF-κB pathway(90). This monocyte activation causes a massive 

yet short-lived release of pro-inflammatory cytokines, including IL-1, IL-6, TNF-⍺, IFN-γ and 

GM-CSF(91). Importantly, the expansion in these pro-inflammatory cytokines is proportional to 

the degree of surgical stress(92, 93). Narita et al. compared the level of IL-6 in prostate cancer 

surgery patients undergoing a laparoscopic versus open surgery and reported that serum IL-6 was 

significantly lower in patients undergoing the less invasive, laparoscopic surgery(93).  

While monocyte-derived IL-6 appears to be the major pro-inflammatory cytokine in the 

immediate postoperative period, it also acts as a negative feedback on TNF-⍺ and IL-1 to halt the 

pro-inflammatory phase and transition into the CAR(77, 91).  Therefore, following the acute pro-

inflammatory phase, the prevailing anti-inflammatory properties of IL-6 set the stage for the next 

phase of surgical inflammation. Moreover, the magnitude of the CAR is directly proportional to 

the degree of the preceding pro-inflammatory phase(94). This IL-6 mediated switch triggers a 

sustained anti-inflammatory phase, which can last up to several weeks(95) – an adaptive response 

to limit excessive inflammatory damage(96). The immunosuppressive phase involves the release 

of anti-inflammatory cytokines (TGF-β, IL-4, IL-5, IL-10, IL-13) and prostaglandin E2 

(PGE2),(97, 98). Many of these factors are known to cause impaired anti-tumour immunity by 

direct suppression of NK cells(77, 99–102) which I will discuss in further detail in the next section. 

The Ebb and Flow relationship between the pro- and anti-inflammatory phases exists to 

maintain a balanced response to surgery to protect against the damaging effects of excessive 
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inflammation. It is argued that the CAR of the surgery stress response works to suppress immune 

effector cells to quickly achieve homeostasis(75).  However, in the context of tumour resection, 

the CAR creates a significant pro-metastatic and suppressive host environment, which enables 

tumour cells to evade the immune response(73). Moreover, the degree of induced stress and the 

invasive nature of the procedure is correlated with the magnitude of postoperative immune 

suppression(93). A major target of this postoperative immunosuppression is NK cells(77, 100, 103). 

1.2.3 Natural Killer Cells are Dysfunctional after Surgery  

The physiological toll and consequences of surgery have direct effects on NKC, IFN-γ 

secretion, and activating receptor expression, including DNAM-1 and NKG2D(99, 104–107). Tai 

et al. first confirmed this in murine models of surgical stress, where suppression of NK cells from 

surgical stress was correlated with significantly greater postoperative metastatic burden(103). In 

clinical trials, our group(99, 103–105, 108, 109)  and others(110, 111) have reported that surgery 

results in a pronounced suppression of NKC and IFN-γ secretion which persists for up to 1 month 

post-operation, with the suppressed phenotype being the most profound within 24 hours after 

surgery(99, 104). This highlights the rapid physiological signalling cascades that are activated in 

the surgical stress response and their potent, cumulative effect on NK cell immunosuppression. 

Taken together, the role of the surgery stress response in the formation and persistence of CTCs, 

coupled with suppression of NK-mediated CTC immunosurveillance, provides an ideal window 

of opportunity for CTCs to establish metastatic niches in the postoperative period. 

The events that lead to NK cell suppression after surgery are numerous. As described in 

section 1.2.2, surgery results in an anti-inflammatory cytokine milieu which systemically affects 

the immune system. The postoperative cytokine milieu is dominated by elevated IL-6 which has 
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been shown to downregulate NK activity(112).  In a phase 1 clinical trial with a cohort of 20 

patients with advanced colon and pancreatic cancer, those given recombinant (r)IL-6 suffered a 

significant reduction in NKC(113). Recent studies have demonstrated that IL-6 inhibits NKC by 

decreasing perforin and granzyme production(114–116). IL-6 can also lead to the production of 

PGE2 which has been reported to have direct suppressive effects on NK cells(117). 

Alongside PGE-2 and IL6, TGF-β is also highly abundant in the postoperative 

environment, given its key role in wound healing. However, it is known to suppress NK cell 

function and responsiveness to activating cytokines(118–120) .Slattery et al. demonstrated that in 

addition to reduced IFN-γ production and NKC, TGF-β caused clear metabolic deficits including 

reduced glycolysis and oxidative phosphorylation in patients with metastatic breast cancer(118). 

Moreover, TGF-β mediated inhibition is dominant over IL-2 activation and causes a reduction in 

surface expression of NKG2D and DNAM-1(121). TGF-β causes a direct reduction in the 

transcription of DNAM-1 mRNA, leading to reduced protein expression(122). Additionally, TGF-

β suppresses the transcription of DAP10, the critical adaptor of NKG2D, leading to the down-

regulation of NKG2D in human NK cells(123).  Since IL-6 drives TGF-β production from various 

cell types and TGF-β itself may enhance IL-6 release, the resulting feedback loop may perpetuate 

post-surgical immune suppression(124–126). Taken together, the prolonged elevated presence of 

IL-6, PGE2, and TGF-β in the postoperative period could cumulatively lead to reduced NK cell 

effector functions, anti-tumour immunity and CTC clearance, thereby providing a window of 

opportunity for CTCs and MRD to promote metastatic disease as a consequence of surgery. 
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1.2.4 Myeloid Derived Suppressor Cells are potent immunosuppressive cells 

Alongside suppression of NK cells, the surgical stress response also leads to the expansion 

of “myeloid derived suppressor cells (MDSCs)” which, themselves, exhibit a potent capacity to 

inhibit NK cell effector functions(127). Their expansion is mediated by emergency myelopoiesis, 

which can be triggered by several physiological stressors, including the inflammatory phase 

induced by surgical stress. In the context of surgery, this process aims to meet the demands for 

myeloid cells from the bone marrow which migrate toward the site of injury(128, 129). Although 

it contributes to an overall increase in the myeloid population which can aid in healing, it also in 

part leads to the generation of immature myeloid cells (IMCs)(130) which are defined as MDSCs. 

These postoperative MDSCs demonstrate significantly decreased expression of HLA-DR, a 

marker of immune competence, antigen presentation, and maturation state(91, 131, 132).  In this 

section, I will describe MDSCs, their ability to inhibit NK cell effector function and their role in 

postoperative immunosuppression. 

MDSCs are characterized as a heterogenous population of myeloid lineage 

immunoregulatory cells. MDSCs can be subdivided into granulocytic-MDSCs (G-MDSCs) and 

monocytic-MDSCs (M-MDSCs) and they phenotypically resemble neutrophils and monocytes, 

respectively. Key studies have helped develop a common phenotyping strategy based on their 

surface markers. For murine MDSC populations, M-MDSCs were identified as CD11b+/Ly6G-

/Ly6C+ while G-MDSCs were CD11b+/Ly6G+/Ly6CLo  (133, 134). For human MDSCs, Bronte et 

al. recommended the following guidelines: the absence of T, B and NK cell lineage markers (CD3, 

CD19 and CD56, respectively) and the presence of the myeloid lineage marker, CD33. M-MDSCs 

can be separated by the presence of monocyte marker CD14 and the absence of CD15 (Lin-

/CD33+/CD14+/CD15lo), while the opposite is true for G-MDSCs (Lin-/CD33+/CD14-
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/CD15+)(133).  MDSCs have increased reactive oxygen species (ROS) formation, high expression 

of ARG1, inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and anti-

inflammatory cytokines TGF-β and IL-10(135) than conventional monocytes or neutrophils. 

MDSCs play a critical role in mediating tumorigenesis and immune evasion. MDSCs can 

directly promote tumor progression by affecting TME remodelling and angiogenesis via soluble 

factors like VEGF and can inhibit tumor cell senescence by antagonizing IL-1α. MDSCs contribute 

to the development of the tumour microenvironment by producing factors that interfere with 

effector immune cell function or promoting the generation of FOXP3+ regulatory T (Treg) 

cells(136). Clinically, peripheral MDSCs are an independent indicator of poor prognosis and 

clinical outcomes in both solid and hematological malignancies and can help predict response to 

cancer therapies(137). Veglia et al. summarized pre-clinical and clinical studies investigating the 

role of MDSCs in cancer. A positive correlation between circulating MDSCs and cancer 

stage/tumor burden has been reported in colorectal carcinomas, non-small cell lung cancer 

(NSCLC), breast, bladder, and thyroid cancers(138). Wang et al. performed a systematic review of 

40 studies assessing the relationship between MDSCs and the prognosis of patients with solid 

tumors and reported elevated circulating MDSCs were an independent indicator of poor patient 

outcomes including OS, progression-free survival (PFS) and disease-free survival (DFS)(139). M-

MDSC numbers correlated with reduced survival in patients with lymphoma (Hodgkin’s, non-

Hodgkin’s, and diffuse late B cell)(140). Ahn et al. highlighted that high M-MDSC counts, and not 

G-MDSCs counts, was associated with tumour progression and poor prognosis(141).Moreover, 

Weber et al. demonstrated that the frequency and immunosuppressive function of MDSC in cancer 

patients can be used as a predictive marker for patient resistance to checkpoint inhibitors 
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(CPIs)(142). Thus, the presence of MDSCs is detrimental to cancer patients and provides a 

potential target for cancer immunotherapies. 

1.2.4.1 MDSCs are suppressors of NK cell tumour surveillance 

Various groups have reported on different mechanisms of NK cell suppression likely owing 

to the context-dependent, heterogeneous nature of MDSCs. Several studies have demonstrated that 

ex vivo co-culture of MDSCs with NK cells leads to a significant reduction in NKC, IFN-γ 

secretion, and NKG2D expression(143). Sceneay et al. demonstrated that NKC in a murine breast 

cancer model is significantly decreased in the presence of MDSCs, resulting in increased 

metastatic potential(144).  It is now known that MDSCs boast a vast array of suppressive machinery 

that can negatively regulate NK cell activity through cell-to cell contact, and secretion of soluble 

molecules or extracellular vesicles in the extracellular milieu. 

Sarhan et al. demonstrated that separating the MDSCs and NK cells via transwell inserts, 

which allowed for exchange of soluble factors but prohibited direct cell-to-cell contact, attenuated 

suppression and therefore suggests the critical role of cell-to-cell contact(145). To determine which 

receptor enables this contact, Hoechst et al. co-cultured MDSCs and NK cells in the presence of 

anti-NKG2D, anti-CD94, anti-NKp44, anti-major histocompatibility complex I (MHC I), anti-

MHC-II, or anti-NKp30 antibodies. They identified that blockade of NKp30 reversed the 

suppression of NKC and IFN-γ secretion, while the addition of all other tested blocking antibodies 

had no effect(146). This suggested that NKp30 is the critical receptor for mediating MDSC:NK 

cell-to-cell contact. In a separate study, the CD155/TIGIT (T-cell Immunoreceptor with Ig and 

ITIM domains) axis was also found to be critical for contact-dependent MDSC-mediated 
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suppression of NK cells, which was confirmed by TIGIT blockade(147). Membrane bound TGF-

β expressed on the surface of MDSCs was also shown to cause NK cell suppression, which was 

reversed by antibody blockade(148).  

Numerous groups have also described the ability of MDSCs to inhibit NK cells through 

secreted factors or by depletion of essential nutrients. MDSCs express high levels of arginase 1 

(ARG1) which catalyze arginine into metabolites and soluble factors, leading to arginine 

depletion(149). Arginine is critical for NK cell function and its depletion significantly impacts 

NKC and reduces IFN-γ  secretion(150, 151). MDSC function is mediated by autocrine reactive 

oxygen species (ROS) production and studies have shown that MDSC-derived ROS can 

significantly hinder NK cell function(152). MDSCs also demonstrate significant expression of 

iNOS, leading to the production of nitric oxide (NO) which is a potent immunosuppressive factor. 

Stiff et al. showed that MDSCs can impair the Fc-receptor mediated ADCC and the production of 

cytokines in NK cells through NO production(153). MDSCs can also release immunosuppressive 

cytokines, such as TGF-β, which can significantly reduce NK cell activity(148). Recently, Tumino 

et al. demonstrated the role of MDSC-derived exosomes in NK cell suppression(154). Taken 

together, MDSCs are a subset of immunoregulatory cells that are implicated in postoperative NK 

cell suppression through both contact dependent and independent mechanisms. 

1.2.4.2 MDSCs are mediators of postoperative NK immunosuppression and metastatic 

burden 

Our group, as well as others, have observed a specific expansion of M-MDSCs in colorectal 

cancer(155), lung cancer(156) and hepatocellular carcinoma(127) patients undergoing curative 
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resection compared to preoperative conditions. In a cohort of 183 hepatocellular carcinoma 

patients, Gao et al. identified a significant positive correlation between high systemic 

inflammation after surgery and the expansion of M-MDSCs(127). Moreover, a large expansion of 

M-MDSCs, due to postoperative inflammation, was correlated with a significantly shorter time to 

recurrence and OS. Alongside MDSC expansion, the surgery stress response also leads to the 

accumulation of MDSCs, primarily at the site of resection(157, 158). Li et al. found that in a colon 

cancer mouse model, abdominal surgical trauma induced the release of large amounts of HMGB1 

DAMPs into the abdominal cavity, contributing to the recruitment of MDSCs and promoting the 

formation of peritoneal metastases(159). DAMPs lead to the upregulation of CXCL8 on affected 

tissue(160), an important ligand and migration signal for CXCR1/2, which are expressed on 

MDSCs(161). Taken together, the surgery stress response activates an array of pathways that leads 

to the expansion and accumulation of “surgery-induced” MDSCs (sxMDSC)s. 

Following expansion and accumulation, our group and others have established that 

sxMDSCs are responsible for both NK cell suppression and cancer metastases in a murine model 

of surgical stress(103, 105, 108). SxMDSCs are shown to be significantly more immunosuppressive 

than their preoperative counterparters(162). sxMDSCs demonstrate significantly greater 

expression of Arg1, IL-10, and ROS than preoperative counterparts(108). This suggests that 

surgical stress may promote sxMDSC activity. To corroborate this, several studies have 

demonstrated that DAMPs commonly released following surgery, such as HMGB1(163), as well 

as IL-6 and PGE-2(158, 164, 165), not only contribute to MDSC expansion, but also increase their 

suppressive activity. Activation of TLR4 or RAGE by HMGB1 leads to significantly greater 

production of IL-10 and ROS in MDSCs and improved suppression of tumour NKC in an ex vivo 

co-culture model(163, 166).  Taken together, not only does the surgery stress response led to the 
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expansion of sxMDSCs, but it also heightens their suppressive activity. These surgery-induced 

immunoregulatory cells then act as drivers of immunotolerance in the aftermath of surgery to 

quickly re-establish homeostasis. 

However, despite the important role MDSCs play in regulating excessive inflammation in 

the context of tumour resection, they inadvertently enable the inhibition of tumour 

immunosurveillance mediated by NK cells. We have confirmed that these cells are highly 

suppressive of NKC in an ex vivo co-culture assay compared to preoperative controls(162). When 

these sxMDSCs were adoptively transferred to tumour challenged control mice that did not receive 

surgery, the effects of postoperative stress, including impaired NKC and increased metastatic 

burden, were recapitulated(108).   

Taken together, MDSCs represent a potent subset of immunoregulatory cells that are 

involved in tumour growth and metastasis by inhibiting anti-tumour immunity. Surgical stress 

"supercharges” the immunosuppressive capacity of this population by inducing their expansion, 

accumulation, and activation postoperatively. The synergistic effects of surgery-induced 

expansion, activation of sxMDSCs and their ability to suppress NK cell activity, may greatly 

contribute to CTC survival and reduced clearance. This in turn would exacerbate the potential for 

the formation of distant metastases postoperatively. To re-emphasize, low CTC clearance 

postoperatively is a prognostic marker of poor survival outcomes(167–169). This necessitates the 

need for therapeutics that target sxMDSCs in the perioperative period to reduce the risk of 

recurrence and metastatic disease.  
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1.2.5 Identifying PI3K as a therapeutic target for sxMDSC Inhibition 

As far back as 2003, Coffey et al. highlighted the perioperative period as a critical window 

of opportunity for immunotherapies(72). However, it has been largely ignored in the development 

of new immunotherapies. Currently, less than 1% of registered cancer trials are investigating the 

perioperative period(170). To identify therapeutic targets that attenuate suppression in sxMDSCs, 

Dr. Angka, a former PhD student in our lab, conducted a high-throughput screen of small 

molecules (Supplemental Figure 1) in collaboration with the Centre for Drug Research and 

Development (ADMARE). The screen used a miniaturized ex vivo suppression assay (explained 

in section 4.1.6) where MDSCs, isolated on postoperative day 1 (POD1) from cancer surgery 

patients, are co-cultured with NK92 (effector) and K562 (target) cells. This screen identified the 

pan-PI3K inhibitor, LY294002, as a top MDSC antagonist (Supplemental Figure 1). The 

PI3K/AKT pathway has been shown to control the suppressive phenotype of “M2” macrophages 

in addition to controlling myeloid cell accumulation and trafficking(171).  However, PI3K is 

important for many cell functions(172), therefore clinical administration of a pan-PI3K inhibitor 

would have many toxic effects. In contrast, PI3Kγ is a myeloid-cell specific isoform(171), which 

would be a better tolerated target for inhibiting sxMDSC activity. Studies using PI3Kγ-/- mice or 

PI3Kγ specific inhibitors have shown that disabling PI3Kγ signalling leads to reduced tumour 

progression via a mechanism that prevents the recruitment and activation of MDSCs(171). 

1.2.5.1 PI3K and its function 

PI3Ks are a family of lipid kinases which play critical roles in many cellular processes, 

such as cell survival, proliferation, differentiation, and motility(172). PI3Ks catalyze the 

phosphorylation of the 3-hydroxyl position on inositol phospholipids, resulting in phosphorylation 
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of phosphatidylinositol(4,5)P3 (PIP2) into the secondary messenger phosphatidylinositol(3,4,5)P3 

(PIP3)(173). PI3Ks are mainly grouped into three classes (Class I, II, and III) according to their 

structure and lipid substrate specificity. Class I PI3Ks are the most well-studied to date due to their 

frequent dysregulation in various cancers(172). Class I PI3Ks are heterodimeric enzymes, 

consisting of a regulatory subunit and catalytic subunit, p110. These can be further subdivided 

based on the associated p110 isoforms, of which there are 4 (α, β, γ, and δ). For p110α, p110β, and 

p110δ, the most common regulatory subunit is p85, while p110γ associates with the p101 or the 

p87 (also known as p84) regulatory subunit(173). In fact, p110γ has a complete loss of the binding 

domain necessary for interaction with p85(174).  While class 1A isoforms, α, β and γ, are activated 

and transduce signals via receptor-tyrosine kinases (RTK)s. PI3Kγ is the only Class 1B isoform, 

given its unique association and signal transduction from G-protein coupled receptors 

(GPCR)s(173). However, PI3Kγ can indirectly be activated from RTKs through Ras. Indeed, Ras 

can be activated by both RTKs and GPCRs and it can engage all class I PI3Ks through their 

Ras-binding domain (RBD). Unlike the ubiquitously expressed PI3Kα and PI3Kβ, PI3Kγ is 

preferentially expressed in myeloid cells(175). The restricted expression pattern of PI3Kγ can 

alleviate the risk of undesirable side effects when targeting PI3K, which has motivated the 

development of PI3Kγ‐specific inhibitors(176).  

1.2.5.2 PI3Kγ signaling 

Ligand binding and activation of the GPCR causes the allosteric activation of heteromeric 

G proteins, which consist of three subunits, called alpha, beta, and gamma subunits, or Gα, Gβ, 

and Gγ. Activation causes Gα to dissociate from Gβγ, allowing both to act as downstream 

signalling effectors. P101 is the crucial adaptor for Gβγ stimulation of PI3Kγ, thereby enabling 
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direct signal transduction following GPCR activation(177). The binding affinity of p101–p110γ 

for Gβγ was five-fold greater than for p110γ alone, suggesting that p101 sensitizes PI3Kγ for Gβγ-

mediated activation. Interestingly, the p87 regulatory subunit shows little binding towards Gβγ 

and instead seems to sensitize PI3Kγ for Ras-mediated activation(177). In fact, Ras seems to be 

the most important for p87-mediated, rather than p101-mediated, membrane recruitment and 

activation of p110γ(178). Following activation, PI3Kγ follows a similar downstream signalling 

pathway to other class 1 PI3K isoforms.  

As mentioned prior, PI3K phosphorylates PIP2 to PIP3 which is an important secondary 

messenger for downstream signalling. This activity is antagonized by phosphatase and tensin 

homologue deleted on chromosome 10 (PTEN), which is a PIP3 phosphatase(173). The signalling 

pathways coordinated by PIP3 is a highly complex network and would require an extensive review 

of its own. Instead, I will focus on an abbreviated view of the PI3K/AKT/mTORC axis. PIP3 

serves as a “platform” that recruits and coordinates downstream effector proteins in close 

proximity for signal transduction. The pleckstrin homology (PH) domain, which is present on the 

constitutively active kinase, PDK1, and AKT are necessary for binding to PIP3. This enables the 

phosphorylation of AKT by PDK1(179). Therefore, monitoring the phosphorylation of AKT can 

be an indicator of PI3K activity. AKT has several sites of phosphorylation, the significance of 

which is yet to be understood(179). However, its activity depends on the phosphorylation of 

residues T308 (in the activation loop) by PDK1, and S473 (in the hydrophobic loop) by mTORC2 

complex(180).  Alessi et al. identified that T308 and S473 phosphorylation does not depend on one 

another(181). Therefore, if we are to determine PI3K activity via AKT activity, it is important to 

determine which residue is most consistent with AKT signalling. Currently, in most studies of 

AKT in cancer, the measurement of phosphorylation on Ser473 has been used as an indicator of 
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AKT activity. However, using Ser473 as a measure of AKT activity often leads to contradictory 

conclusions regarding whether AKT activity is prognostic for various cancers. For example, 

contradictory observations of AKT on has been correlated with poor prognosis in breast and 

ovarian cancer(182, 183), whereas other studies find this not to be the case(184).  

A more reliable biomarker of AKT activity may be the phosphorylation of T308(180), 

arguably the more important regulator of AKT activity(185). Although much more rarely 

investigated than S473 phosphorylation, there are reports that the phosphorylation of T308 

correlates with poor survival in NSCLC(186) and acute myeloid leukaemia(187), while no such 

correlation was seen with AKT S473 phosphorylation, in both reports. In samples of early-stage 

human NSCLC, Vincent et al. compared the phosphorylation status of T308 and S473 with that of 

three separate AKT substrates – PRAS40, TSC2, and TBC1D4(180). They demonstrated that AKT 

T308 phosphorylation correlated with the phosphorylation of each AKT substrate tested, whereas 

AKT S473 phosphorylation did not correlate with the phosphorylation of any of the substrates 

examined. AKT phosphorylates PRAS40 and TSC2 which suppresses their capacity to inhibit 

mTORC1 activity(188, 189).  The phosphorylation of the T308 residue form is essential, and S473 

is not needed, for AKT activity, in the context of activation of mTORC1, S6K, and protein 

synthesis(190, 191). Moreover, PI3K directly leads to the activation of PDK1 which phosphorylates 

T308(180). In comparison, S473 phosphorylation requires the recruitment of mTORC2 which can 

be under the control of other regulatory pathways, independent of PI3K activity(192). Taken 

together, if one were to investigate AKT signalling as a surrogate marker of PI3K activity, 

investigating phosphorylation of T308 would be more accurate than phosphorylation of the S473 

residue.  
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1.2.5.3 PI3Kγ transduces signals from the surgery stress response 

Interestingly, a body of work that was conducted outside of perioperative research 

demonstrated that factors that are abundantly present in the postoperative period such as IL-1B, 

IL-6, PGE-2, and DAMPs can transduce signals through PI3Kγ expressed on sxMDSCs, leading 

to their expansion, accumulation, and potentiation of suppressive activity. Schmid et al. identified 

that IL-1β and IL-6 stimulated Rap-GTP loading in CD11b+ cells, in a PI3Kγ-dependent 

manner(193). This potentiated their suppressive activity. Very recently, Yang et al. demonstrated 

that IL-6 signalled through PI3Kγ, leading to the proliferation and activation of MDSCs, as well 

as inducing the suppression of cytotoxic CD8+ T lymphocytes. Blockade of PI3Kγ reversed the 

observed expansion and potentiation of suppressive activity(194). PI3Kγ signalling was also found 

to be critical in mediating myeloid cell proliferation and viability in response to DAMPs(195). 

PGE-2 induces chemotaxis via activation of the downstream PI3K target, mTOR. PGE-2 was 

found to induce activation of mTORC1 as indicated by increased p70S6K and 4E-BP1 

phosphorylation, and activation of mTORC2, as indicated by increased phosphorylation of AKT. 

Inhibition of mTORC1 or mTORC2 lead to a significant reduction in chemotaxis(196). Taken 

together, PI3Kγ may be involved in transducing signals from factors that are present during the 

surgery stress response to mediate the expansion and activation of sxMDSCs. 

1.2.5.4 Targeting PI3Kγ as an inhibitor of MDSC activity 

To further corroborate the role of PI3Kγ in prompting MDSC activity, Kaneda et al. 

demonstratedthat this signalling pathway controls an immunosuppressive transcriptional program 

in myeloid cells. In studies using p110γ-/- mice and PI3Kγ small molecule inhibitors (IPI-549), 
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they demonstrated that genes associated with immune suppression were downregulated in the 

myeloid cells, as compared to controls(171). The mechanism was sustained p65RelA 

phosphorylation with simultaneous inhibition of C/EBPβ and AKT phosphorylation. This is 

coupled with increased phosphorylation and activation of the NF-κB pathway which promotes an 

immunostimulatory transcriptional program that restores anti-tumour immunity and cytotoxicity. 

The investigators demonstrated significant upregulation of IL-12β and IFN-γ transcripts and 

effector molecules, coupled with downregulation of IL-10 and ARG1(171, 197). Moreover, T cells 

from these animals expressed more IFN-γ and Granzyme B with less IL-10 and TGF-β. These 

mice had a significant reduction in tumour growth, which was found to be dependent on myeloid 

cells and CD8+ T cells by using depletion and myeloid-cell specific PI3Kγ knockout. Moreover, 

PI3Kγ was abundantly expressed in the myeloid cells and absent in the cancer models tested(171), 

suggesting that the reduction in tumour growth was due to a reprogramming of the myeloid cell 

compartment. The concept of PI3Kγ as a master regulator of myeloid cell polarization was further 

solidified by Li et al. They demonstrated that dual blockade of PI3Kγ and CSF-1R induced 

immunosuppressive tumor associated macrophages (TAM) remodeling effects by reducing M2 

TAM levels and elevating M1 TAM levels, and also suppressed tumor infiltration of MDSCs(198). 

Consequently, this remodelling of TAM subsets was associated with activated antitumor immune 

responses and enhanced anti-pancreatic tumor effects via PI3Kγ blockade and downregulation of 

CSF-1R. More recently, it has been demonstrated that p110γ mediates GPCR-dependent ROS 

generation by binding and phosphorylating protein kinase C (PKCα)(199). 

Davis et al. identified that targeting MDSCs in the tumour microenvironment with IPI-549 

for PI3Kγ inhibition, led to enhanced responses to PD-L1 blockade(200). They identified that these 

improvements were due to reduced suppressive activity in tumour-infiltrating MDSCs, which 
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induced CD8+ T lymphocyte-dependent primary tumor growth delay and prolonged survival. 

Zhang et al. investigated the efficacy of encapsulated IPI-549 in targeted polymeric nanoparticles 

(NP) for inhibiting PI3Kγ in tumour-infiltrated myeloid cells in both murine pancreatic cancer and 

melanoma models(201). They identified that IPI-549 NP significantly decreased tumor growth and 

prolonged host survival in both models. Importantly, IPI-549 NP treatment reduced the 

suppressive tumor microenvironment by decreasing suppressive myeloid cells in the tumour. A 

phase I first in-human clinical trial of IPI-549, in combination with the PD-1 inhibitor, nivolumab, 

is currently ongoing with early clinical and immune activity(202). Given the therapeutic potential 

of PI3Kγ targeting in the myeloid compartment, this is an attractive candidate small molecule 

target for perioperative attenuation of sxMDSCs. 

1.3 Objective, Rationale, and Hypothesis 

1.3.1 The Primary Objective 

The main goal of my thesis was to identify the PI3Kγ signalling pathway as a therapeutic 

target for reducing postoperative NK cell dysfunction and metastatic burden. This goal 

encompassed investigating the role of PI3Kγ in the highly immunosuppressive phenotype 

observed in postoperative MDSCs. 

1.3.2 Rationale 

Surgical stress leads to significant metastatic burden in several animal models. This 

observation is coupled with the rise of highly active and immunosuppressive sxMDSCs in the 

postoperative environment. The cascade of physiological signals released in response to surgical 

stress is a strong promoter of these “supercharged” sxMDSCs. Gao et al. demonstrated that high 
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systemic inflammation following surgery was correlated with a greater expansion of sxMDSCs. 

As well, the degree of expansion of sxMDSCs was correlated with a lower time to recurrence and 

OS(127). Moreover, the surgery itself causes the formation, release, growth, and persistence of 

CTCs, which are typically targeted and eliminated by NK cells(27, 28). However, given the role of 

sxMDSCs in NK cell dysfunction, it provides a window of opportunity for these CTCs to re-

establish distant metastases(69, 72, 77, 203). Studies have identified that poor CTC clearance 

following tumour resection is a strong indicator of early cancer recurrence(27–29, 70). 

 Altogether, this narrative identifies sxMDSCs as a “bad actor” in postoperative tumour 

surveillance, sabotaging the efforts of host defenses and surgery teams alike, by preventing 

clearance of residual tumour cells and enabling cancer recurrence. This highlights the importance 

of therapeutic targets capable of inhibiting sxMDSC activity. One such target is PI3Kγ, which Dr. 

Angka identified as a key player in the suppressive activity of sxMDSCs. Moreover, genetic 

knockout or pharmacological inhibition of PI3Kγ leads to a significant reduction of tumour volume 

and improved anti-tumour immune response(171). Several PI3Kγ inhibitors are now being 

investigated for clinical applications in various phase 1 clinical trials(204, 205). However, despite 

the attention this pathway has received with respect to conventional cancer therapeutics, to date, 

PI3Kγ has never been reported as a target for the prevention of metastatic recurrence and NK cell 

dysfunction in the perioperative setting. Targeting this pathway for the blockade is favourable 

since this isoform is primarily expressed in myeloid cells which, from a clinical perspective, 

reduces the potential for toxic side effects compared to pan-PI3K inhibition(201). However, as a 

contingency, in case there are any side effects with systemic PI3Kγ inhibitor administration, I also 

investigated the efficacy of an MDSC-specific antibody drug conjugate (ADC) based PI3Kγ 
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inhibitor therapeutic. Taken together, PI3Kγ is a very appealing and novel perioperative 

therapeutic for reducing postoperative NK cell dysfunction and reducing metastatic burden.  

1.3.3 Hypothesis 

I hypothesize that PI3Kγ mediates the immunosuppressive mechanisms of sxMDSCs 

which contributes to NK cell suppression and post-operative metastatic disease.  

1.3.3.1 Aims 

1 Investigate the postoperative alterations in PI3Kγ signalling in postoperative MDSCs. 

2 Determine the role of PI3Kγ in the immunosuppressive activity of MDSCs. 

3 Investigate the effects of PI3Kγ inhibition as a therapeutic to reduce postoperative metastatic 

burden. 

4 Investigate the efficacy of a clinically actionable PI3Kγ ADC in inhibiting the suppressive 

capacity of MDSCs. 
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Figure 1: Hypothesized Model of Surgical Stress. Surgical stress unleashes a cascade of 

signals resulting in the expansion, persistence, and activation of postoperative sxMDSCs. 

sxMDSCs can directly inhibit NK cell anti-tumour immunity, thereby preventing tumour cell 

clearance and enabling metastatic recurrence. My project investigated the role of PI3Kγ 

signalling in the immunosuppressive activity of sxMDSCs, NK cell dysfunction, and 

postoperative metastatic disease.  
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4.1 Methods  

4.1.1 Cell Lines 

K562 (human leukemia, ATCC CCL-243TM) and YAC-1 (murine lymphoma, ATCC TIB-

160TM) cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA) 

and maintained in HyCloneTM Roswell Park Memorial Institute (RPMI) 1640 medium (GE 

Healthcare; Mississauga, ON) supplemented with 10% Fetal Bovine Serum (FBS; Sigma-Aldrich, 

St. Louis, MO), labelled as Complete RPMI (CRPMI). NK92 MI (human NK cell, ATCC CRL-

2408TM) was also obtained from ATCC and maintained in HyCloneTM RPMI 1640 (GE Healthcare; 

Chicago, IL) supplemented with 10% FBS (Sigma-Aldrich; St-Louis, MO), 50,000 Units (U) of 

Penicillin-Streptomycin (Pen-Strep; Thermo Fisher Scientific, Waltham, MA), 10mM HEPES 

(Sigma-Aldrich) and 55µM β-mercaptoethanol (Sigma-Aldrich). B16F10-LacZ (murine 

melanoma expressing LacZ) were previously transfected by Christiano T. de Souza and maintained 

in HyCloneTM Minimum Essential Medium α (MEM α; GE Healthcare) supplemented with 10% 

FBS (Sigma-Aldrich).  All above cell lines were cultured in a 37oC incubator with 5% CO2.  

4.1.2 Reconstitution and dosing regimen of pan-PI3K/PI3Kγ inhibitors 

All inhibitors were purchased from Selleckchem Technologies, Houston, TX. For ex vivo 

studies, lyophilized pan-PI3K inhibitor, LY294002, and PI3Kγ specific inhibitors, TG100-115 and 

IPI-549, were reconstituted in DMSO to a stock concentration of 10mM. Inhibitors of PDK1 

(GSK2334470), AKT (MK-2206), and S6K (LY2584702) were also reconstituted in DMSO to a 

stock concentration of 10mM. Reconstituted drugs were stored at -80oC for a maximum of 6 

months. For in vivo studies, desiccated TG100-115 and IPI-549 were reconstituted in DMSO to 

15mg/mL and 75mg/mL, respectively. In vivo, formulations for TG100-115 was prepared at 
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3mg/kg of body weight or 6mg/kg of body weight in PBS with 30% (v/v) PEG-300 (Sigma-

Aldrich). IPI-549 was prepared at 15mg/kg of body weight or 30mg/kg of body weight in PBS 

with 40% (v/v) PEG-400 (Sigma-Aldrich). These formulations were prepared fresh every morning 

prior to administration. All drug treatments for mice began 1 day before surgery (Day -1) and were 

administrated daily up to POD1 (3 days in total). IPI-549 was administered by oral gavage twice 

daily while TG100-115 was administered once daily intraperitoneally. 200μL of either formulation 

was administered. Compound 17, which was only used for ex vivo studies, shares a similar 

chemical structure to TG100-115 and was generated by our collaborators at ADMARE using the 

protocol described by Palanki et al.(206). 

4.1.3 Animals 

All C57Bl/6 mice were purchased from Charles River Laboratories (Wilmington, VA) and 

housed under strict pathogen-free conditions at the University of Ottawa Animal Care and 

Veterinary Services (ACVS) facility (Ottawa, ON). Murine protocols complied with the Canadian 

Council on Animal Care guidelines and were approved by the University of Ottawa Animal 

Research Ethics Board prior to initiating experiments. 

4.1.4 Perioperative Human Blood and Tissue Collection Program 

Cancer patients were consented through the Perioperative Human Blood and Tissue 

Collection Program (PHBSP), which was approved by the Ottawa Health Science Network 

(OHSN) Research Ethics Board (REB) under protocol number 2011884. For recruitment, any 

patient over 18 years of age with diagnosis of resectable primary malignancy was included. The 

following exclusion criteria were used: haemoglobin levels below 90, immunosuppressive 

conditions such as Lupus, Rheumatoid Arthritis, or steroid use, as well as recent neoadjuvant 
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chemotherapy and/or radiation therapy within the last 4 weeks. Blood was drawn by registered 

nurses in the surgical day care unit (SDCU) at baseline before surgery and on the surgical wards 

on POD1. A total of 40mL of blood was collected into BD VacutainerTM sodium heparin collection 

tubes (Thermo Fisher Scientific) for each timepoint and processed within 2 hours. Blood was 

gently overlaid on Ficoll-Paque PLUS (Thomas Scientific; Swedesboro, NJ) and centrifuged with 

the parameters indicated in the manufacturer’s protocol(207). Peripheral blood mononuclear cells 

(PBMCs) were isolated from the buffy coat, washed with HyCloneTM Phosphate-Buffered Saline 

(PBS; GE Healthcare), and counted on the Vi-Cell XRTM (Beckman Coulter; Brea, CA) for further 

experimentation. 

4.1.5 MDSC Immunophenotyping 

The panel of MDSC markers were chosen with slight modifications based on published 

guidelines to harmonize human MDSC reporting led by the Association for Cancer 

Immunotherapy, Cancer Immunoguiding Program(208). Freshly isolated PBMCs were 

resuspended in PBS and first labelled with a fixable viability stain BV510 (BD Biosciences; San 

Jose; CA) in PBS at room temperature for 10 minutes. Next, an extracellular MDSC antibody 

mastermix was added for an additional 20 minutes at 4℃ in the dark. The antibodies in the MDSC 

mastermix were used at individually titrated dilutions and included: CD33 Pe-Cy7 Clone P67.6 

(Biolegend, San Diego, CA), CD14 Clone MφP9 APC-Cy7 (BD Biosciences), CD15 Clone MMA 

efluor450 (Thermo Scientific), and lineage markers CD3 Cline HIT3a FITC (Thermo Scientific), 

CD56 Clone NAM16.2 FITC (BD Biosciences) and CD19 Clone HIB19 FITC (Biolegend). For 

murine MDSCs, the following antibody panel was used: Ly6G Clone 1A8 BV605 (BD 

Biosciences), Ly6C Click HK1.4 AF700 (Biolegend), and CD11b Clone M1/70 FITC (Biolegend).  

All antibody master mixes were prepared in Flow Buffer, comprised of PBS (GE Healthcare), 
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0.2% (v/v) UltraPureTM 0.5M EDTA (Thermo Fisher Scientific), and 0.5% (w/v) Bovine Serum 

Albumin (BSA; Bioshop Canada; Burlington, ON). 

4.1.5.1 Phospho-signalling functionality assay 

For in vitro phospho-AKT staining, PBMCs (humans) or splenocytes (mouse) were 

incubated for 3 hours with or without PI3Kγ inhibitor treatment in CRPMI at 37oC in a 5% CO2 

chamber. During the last 15 minutes of incubation, MDSCs were stained with the fluorophore-

conjugated antibody master mix as described in section 4.1.5. Prior experiments confirmed the 

stability of these antibodies and their conjugated fluorophores to the harsh fixation and 

permeabilization process involved with phosphoprotein flow staining. Splenocytes underwent a 

simultaneous Lyse/Fix step using Lyse/Fix buffer (BD Biosciences) while PBMCs were fixed with 

fixation buffer (BD Biosciences), and both were incubated for 10 minutes at 37oC. Samples were 

then permeabilized according to the BD Phosflow protocol III using Perm buffer III (BD 

Biosciences)(209). Cells were washed twice with flow buffer and then stained with AKT pT308 

Clone D25E6 PE (Cell Signalling Technology; Danvers, MA) and AKT pS473 Clone M89-61 

AF647 (BD Biosciences) for 1 hour on ice in the dark. A final wash was performed with flow 

buffer and the phosphorylation status of AKT was determined by flow cytometric analysis on the 

BD Fortessa (BD Biosciences). 

4.1.6 MDSC:NK92 Suppression Assay 

Bulk sxMDSCs (M-MDSCs and G-MDSCs) were sorted from freshly isolated PBMCs on 

POD1 by automatic magnetic bead separation using the Automacs Cell sorter (Miltenyi; North 

Rhine-Westphalia, Germany) with positive selection using CD33 immunomagnetic (IM) 
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microbeads (Miltenyi) according to the manufacturer’s protocol(210). MDSCs were washed with 

pre-warmed CRPMI, counted by hemocytometer (HC), and resuspended to 8 x 105 cells/mL. They 

were then plated in triplicates on a tissue-culture treated, V-bottom 96 well plate (Corning). The 

IL-2 independent NK cell line, NK92-MI, was also washed with CRPMI, counted on HC, 

resuspended to 2x105 cells/mL, and plated in a co-culture with the MDSCs. MDSCs and NK cells 

were plated at a ratio of 8:1 (1.6x105 MDSCs : 2x104 NK cells per well), 4:1 (8x104 MDSCs : 

2x104 NK cells per well), 2:1 (4x104 MDSCs : 2x104 NK cells per well), and 1:1 (2x104 MDSCs 

: 2x104 NK cells per well). However, the 4:1 ratio is considered the most biologically relevant. As 

a control, NKC in the absence of MDSCs was examined by plating NK cells in triplicates at the 

following diluted concentrations for effector-to-target (E:T) ratios 8:1 (4x104 NK cells : 5x103 

targets per well), 4:1 (2x104 NK cells : 5x103 targets per well) and 2:1 (1x104 NK cells : 5x103 

targets per well). For these control wells, plated NK cells underwent the same 20-hour incubation 

and K562 target cells were added following this period.  Pan-PI3K inhibitor, LY294002, or PI3Kγ 

specific inhibitors, IPI-549 or TG100-115, was added at the concentrations indicated in the 

respective figure legends (in most experiments it was 1μM) at the start of this incubation period.  

Following the 20-hour incubation, K562 target cells were washed in PBS, resuspended to 

1 x106 cells/mL, and labelled with Cell Proliferation Dye eFluorTM 450 (CP450; eBioscience; San 

Diego, CA, USA) for 15 minutes at 37oC. Labelling was stopped by washing with CRPMI. K562 

target cells were counted by HC and resuspended to a concentration of 1 x104 cells/mL. 5x104 

CP450-K562 cells were then added to all wells in the MDSC:NK co-culture in triplicates and 

incubated for 4 hours at 37oC. NKC was then measured by adding viability dye Ethidium 

homodimer (EtHD, Thermo Scientific) to each well just before acquiring the samples by flow 

cytometry. Samples were analyzed using the high-throughput sampler on the BD CelestaTM (BD 
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Biosciences) at the University of Ottawa Flow Cytometry Core Facility (Ontario, ON). NKC was 

measured as the percentage of dead CP450-labelled K562 target cells gated on CP450+/EtHD+. To 

calculate %MDSC suppression, I used Equation 1. 

 

Equation 1: Calculation of % Suppression. 

 

4.1.7 Isolation of M-MDSC and G-MDSC Sub-populations 

POD1 PBMCs were split into two workflows: one-third of the PBMC pool was used for 

M-MDSC isolation, while the rest were used for G-MDSC isolation. PBMCs that were used for 

M-MDSC isolation underwent CD33 IM positive selection as described in section 4.1.6. Next, the 

positive fraction was counted on HC and stained with the MDSC panel described in section 4.1.5, 

however the following substitutions were made, 1) LIN markers were not included, 2) CD15 PE 

(BD Biosciences) replaced CD15 efluor450, 3) L/D APC (Thermo Scientific) replaced L/D 

BV510. Following counting on HC, positive fraction was resuspended at 2x106 cells/mL 

concentration. A small aliquot (1x106 cells) of the stained positive fraction (Bulk sxMDSCs) was 

left aside at 4oC for the final suppression assay plating. The remaining stained CD33+ cells 

underwent fluorescence activated cell sorting (FACS) to isolate live CD33+CD14+CD15- cells 

using the MA900 Multi-Application Cell Sorter (Sony; San Jose, CA).  

A similar procedure was used to isolated G-MDSCs. The PBMC fraction underwent a 

positive selection using CD15 IM microbeads (Miltenyi). The positive fraction was counted, 
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stained, and resuspended as described above. The stained positive fraction underwent FACS to 

isolation CD33+CD14-CD15+ fraction which was labelled as G-MDSCs.  Sorted M-MDSCs, G-

MDSCs and bulk sxMDSCs were washed twice in CRPMI, counted on HC, and plated according 

to the ex vivo suppression assay described in 4.1.6.  

4.1.8 Measurement of TGF-β in MDSC Supernatant by ELISA 

PBMCs were first isolated on POD1 from cancer surgery patients as outlined in section 

4.1.4. SxMDSCs were then sorted according to section 4.1.6. SxMDSCs were plated at a 1x106 

cells/mL concentration and incubated for 24 hours at 37oC in the presence or absence of 1μm IPI-

549, or 10ng/mL IL-4, or both. Following incubation, sxMDSCs were pelleted at 500g for 5 

minutes and the supernatant was collected.  

The R&D Quantikine® Enzyme Linked Immunoassay (ELISA) Human TGF-β 

Immunoassay was used to quantify TGF-β in MDSC supernatant. Measurement of total TGF-β 

required acid activation of latent TGF-β, while measurement of active TGF-β did not. This assay 

was performed using the R&D Quantikine® ELISA protocol(211).  

4.1.9 MDSC Supernatant Suppression Assay 

Isolated POD1 sxMDSCs were cultured for 24 hours with or without 1μM IPI-549. 

Following this treatment period, cells were spun down at 500g for 5 minutes. The supernatant was 

then collected, while ensuring that the cell pellet was not disturbed. This MDSC-conditioned media 

was mixed with fresh media at a 1:1 ratio (50% supernatant, 50% fresh media) and plated with NK 

cells co-cultured with target K562 cells in a killing assay. Control killing assay with fresh media 

and 100ng/mL rTGF-β was included to compare the effects of MDSC-conditioned media. 
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4.1.10 Bioactive TGF-β Cell-based Quantification Assay 

HEK-BlueTM TGF-β (Invivogen; San Jose, CA) cells were used as a cell-based assay to 

detect bioactive TGF-β. These cells were engineered from the human embryonic kidney (HEK) 

293 cell line with the stable overexpression of a Smad-inducible secreted embryonic alkaline 

phosphatase (SEAP) reporter. The binding of TGF-β to its receptor on the surface of HEK-Blue™ 

TGF-β cells trigger a signaling cascade that induces the transcription, expression, and secretion of 

SEAP. HEK-BlueTM TGF-β cells were maintained, passaged and used to quantify bioactive TGF-

β according to the manufacturer's protocol(212). Briefly, 2.77x105 cells/mL of HEK-BlueTM TGF-

β cells were plated on a 96-well plate, along with the supernatant samples collected (including 

media alone and 100pg/mL rTGF-β controls) in section 4.1.9, and incubated for 24 hours. During 

this incubation, bioactive TGF- β would cause signalling in the HEK-BlueTM cells, leading to 

measurable accumulation of SEAP. Therefore, SEAP expression is proportional to the quantity of 

TGF- β in the supernatant sample. SEAP was measured using the QUANTI-BlueTM assay 

(Invivogen) according to the manufacturer's protocol(213). This a colorimetric alkaline 

phosphatase assay and samples were incubated for 1 hour, followed by measurement of absorbance 

at 650nm using a spectrophotometer.  

4.1.11 Reveserse transcriptase (RT) quantitative PCR (qPCR) 

MDSCs were isolated and counted as outlined in section 4.1.6. MDSCs were diluted to a 

concentration of 1x106 cells/mL in the presence or absence of 1μM IPI-549 for 24 hours at 

37oC. 2x106 MDSCs were used for RNA extraction using the RNaeasy Kit (Qiagen), according 

to the manufacturer’s protocol. Extracted RNA was quantified on the NanoDrop One 

Spectrophotometer (ThermoScientific) instrument. cDNA was prepared using 1μg RNA with the 
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Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor 

(Fisher Scientific), according to the manufacturer’s protocol. PCR primers were titrated and 

optimal melting temperature was determined by preliminary melt curve experiment.  Sybr green-

based qPCR was performed using human primers to Arg1, Il10, Tgfb, Il1b, Il12b, Tbp and Tnfa, 

using the SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad). mRNA levels were 

normalized to Tbp (∆Ct = Ct gene of interest – CtTbp).  mRNA expression was normalized to 

baseline samples (ddCt = 2^-(∆Ctsample – ∆Ct baseline)). 

4.1.12 Murine Model of Surgical Stress 

Within a few days, surgical stress can impact NKC and ultimately, lead to greater 

metastatic burden. We examined the systemic effects of surgery on NKC and postoperative 

metastatic burden, using the methodology described in sections 4.1.12.2 and 4.1.12.3 respectively.  

Drug administrations were performed as outlined in section 4.1.2. 

4.1.12.1 Inducing surgical stress in a murine model 

Surgical stress was induced by performing an invasive left nephrectomy. This is followed 

by abdominal closure using 5-0 Polysorb suture (Covidien; New Haven, CT) and skin staples. On 

POD1 or POD3, the mice were sacrificed by lethal buprenorphine IP injection at 0.1 mg/kg body 

weight, followed by cervical dislocation. Spleens were harvested via the left upper quadrant 

abdominal incision and splenocytes were dissociated through sterile 70 µm Cell Strainers (Thermo 

Fisher Scientific).  Splenocytes were washed once in CRPMI, counted, and used for subsequent 

experiments. 
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4.1.12.2 Ex-vivo Murine MDSC:NK Suppression assay 

On POD1 endpoints, processed splenocytes were pooled for each treatment group 

(minimum 4 mice per group). Treatment groups included mice that received surgery, drug 

administration, and a combination of both or none as controls. MDSCs were isolated from pooled 

splenocytes using the mouse MDSC isolation kit (Miltenyi) by immunomagnetic positive selection 

on the AutoMacsTM Cell Sorter, according to the manufacturer’s protocol(214). NK cells were 

isolated from pooled splenocytes processed from healthy mice that did not receive surgery or drug 

administration using the EasySepTM Mouse NK Cell Isolation Kit (Stemcell; Vancouver, CA) as 

per the manufacturer's protocol for immunomagnetic negative selection. NK cells and MDSCs 

were washed, counted and plated as described in section 4.1.6. Yac-1, a murine lymphoma cell 

line, were used as targets (instead of K562s) and underwent the same labelling, plating, and 

viability staining as described in section 4.1.6 to assess murine NKC. 

4.1.12.3 Assessing the postoperative metastatic burden 

This animal model of surgical stress has been previously published(103, 108). B16F10-

LacZ melanoma cells (3x105 cells, minimum 90% viability) were injected via intravenous (IV) tail 

vein into C57Bl/6 mice. 3 days following the tumour challenge, our standardized LacZ staining 

protocol was used for lung metastases(103). On the first day, lungs were washed twice in Wash 

Buffer (1M magnesium chloride, 1% deoxycholate, 2% nonidet-P40, 0.1M sodium phosphate 

buffer pH 7.3), and then stained overnight at 37oC with X-GalTM solution, 25 mg/mL in 

Dimethylsulfoxide (X-Gal in DMSO; Bioshop Canada). The next day, lungs were washed twice 

with Wash Buffer and incubated for 24 hours at 40C. On the third day, lungs were transferred into 
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10% buffered formalin for permanent fixation. Lungs were imaged using the Axiovision software 

v4.8 (Zeiss; Oberkochen, Germany) on the Zeiss SteREOTM Discovery Modular Microscope 

(Zeiss). From these electronic images, lung metastases were quantified using Fiji ImageJ. 

4.1.12.4 Adoptive Transfer 

To assess the effects of MDSC-specific inhibition of PI3Kγ, I utilized an MDSC adoptive 

transfer method(103). Here, donor mice received TG100-115, IPI-549, or no treatment following 

the dosing regimen outlined in section 4.1.2 (n = 8 per group). One day after drug administration 

began, surgery was conducted as described in section 3.8.1. As a control, a group of donor mice 

that did not receive surgery was included. On POD1, MDSCs were isolated as described in section 

4.1.12.2 and resuspended to 1x107 cells/mL concentration. Next, 5x106 isolated MDSCs were 

adoptively transferred to each recipient mice from their respective donor experimental group, 

except for the no transfer control group. One hour after the adoptive MDSC transfer, donor mice 

were tumour challenged with B16F10-LacZ, and lung metastases were counted on day 3 as 

outlined in section 4.1.12.3. 

4.1.13 Statistical Analysis 

Statistical tests were performed using GraphPad Prism 9. Unless stated otherwise in the 

figure legend, unpaired, non-parametric Mann-Whitney tests were performed when comparing 

between two groups (i.e., Baseline vs POD1). When comparing more than 2 groups (i.e., Baseline, 

POD1, and healthy), an unpaired, non-parametric Kruskal-Wallis test was used with Dunnett’s 

multiplate comparisons test. Significance was denoted as *p≤0.05; **p≤0.01; ***p≤0.001; 

****p≤0.0001. 
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4.2 Results  

4.2.1 Demographic Data 

The demographic data for 42 cancer patients who participated in this study is summarized 

in Table 1. Patients were diagnosed with various forms of cancer, in order of decreasing frequency: 

colorectal (30%), prostate (21%), lung and pancreatic (11%), renal (9%) ovarian, and 

neuroendocrine (7%), with an even spread in the cancer staging.  
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Table 1: Study participant demographics 

Category Sub-Category Result 

Total (n) N/A 42 

Gender (n) Male 24 

 Female 18 

Age (mean yrs; 95% CI) 64; 60 - 67 

Duration of surgery (mean hrs; 95% CI) 3.40; 2.76 – 4.04 

Type of cancer (n) Prostate 9 

 Colorectal 13 

 Lung 5 

 Ovarian 3 

 Renal 4 

 Neuroendocrine 3 

 Pancreatic 5 

Staging (n) I 7 

 II 9 

 III 11 

 IV 9 

 Unknown 6 
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4.2.2 Myeloid Derived Suppressor Cells Expand Following Surgery in Cancer patients 

The expansion and persistence of sxMDSC in the postoperative period has been reported 

previously. I profiled a cohort of cancer surgery patients (n=10) from various cancer histologies, 

surgical procedures, sex, and ages for changes immediately following surgery (POD1) using a 

harmonized multicolour flow cytometry panel for human MDSCs (Figure 2)(208). I specifically 

focused our analysis on the expansion and characterization of myeloid cells (CD33+Lin-), which 

was observed to be elevated before surgery in cancer patients compared to healthy volunteers. On 

POD1, there was a significant increase in the proportion of CD33+Lin- myeloid cells (Figure 2C, 

p<0.0001). G-MDSCs did not undergo any expansion post-operatively (Figure 2D). In contrast, 

the majority of sxMDSCs on POD1 were M-MDSCs and they underwent significant expansion 

(Figure 2E). In Moreover, it was previously shown in our lab by Dr. Angka that HLA-DR MFI is 

significantly lower in sxMDSCs than on baseline (Supplemental Figure 2). 
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Figure 2: Significant expansion of primarily M-MDSCs following surgery (POD1). Blood 

was collected from patients before surgery (baseline) and on postoperative day 1 (POD1). 

PBMCs were isolated by Ficoll-paque density centrifugation and stained with a harmonized 

multicolour flow panel for human MDSCs. A) Representative flow plots showing CD33 versus 

Lineage Markers (CD3/CD56/CD19) for Baseline (blue) and POD1 (red) PBMCs. B) 

Representative flow plots gated on CD33+Lin- MDSCs showing CD15 versus CD14 expression. 

C) Mean ± standard error mean (SEM) of healthy controls (n=6), baseline and POD1 patients 
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(n=10) proportion of bulk CD33+Lin+ MDSCs, D) M-MDSC (CD14+CD15-) and E) G-MDSC 

(CD14-CD15+) subsets (mean ± SEM shown). 

4.2.3 Surgical stress potentiates the suppressive activity of sxMDSCs 

To measure the suppressive capacity of MDSCs, I co-cultured NK cells with MDSCs 

isolated from POD1 PBMCs before determining the NKC of target tumour cells in a suppression 

assay (Figure 3A).  Isolated MDSCs were determined to be more than 90% pure, with little 

contamination from other cell types (Figure 3B). Moreover, suppression of NK cells was not due 

to MDSCs being targeted by NK92s because the viability of CD33+ cells was not affected 

following 6 or 24hr co-cultures with NK92 cells (Supplemental Figure 3).  Fluorescently labelled 

K562 target tumour cells (V450+) were gated and killing was determined using a viability dye 

(PI+) (Figure 3C). Postoperative sxMDSCs demonstrated significantly greater suppressive 

capacity than baseline counterparts (Figure 3D).   
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Figure 3: sxMDSCs mediate suppression of NK cell cytotoxicity. A) Schematic of 

suppression assay workflow. CD33+ myeloid cells (MDSC)s were isolated from PBMCs, either 

on baseline or POD1, using a CD33 IM positive selection. MDSCs were co-cultured with NK92-

MI cells for 24 hours. In the final 4 hours, fluorescently labelled NK-sensitive K562 target cells 

were added to the co-culture and killing was quantified by flow-based assay. B) CD33+ (red) and 

CD33- (blue) fraction following CD33 positive selection. C) Gating strategy for identifying 
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K562 cells labelled with fluorescent membrane dye (V450+) and killing (Viability Dye, PI+) D) 

Mean ± SEM of suppression assay with increasing relative concentration of MDSCs isolated 

from baseline or POD1 PBMCs (n=3). %Suppression of killing is shown which was determined 

by comparing NKC in wells containing MDSC:NK to control wells where MDSCs weren’t 

present (0:2:1, MDSC:NK:K562 ratio). Equation 1 was used to calculated % suppression of 

killing.  Statistics were performed by two-way ANOVA with Šídák’s multiple comparisons test, 

with a single pooled variance.  

4.2.4 Surgery-induced M-MDSCs specifically mediate suppression of NKC 

I isolated surgery induced (sx)M-MDSC and sxG-MDSCS using FACS to determine the 

suppressive capacity of each subpopulation. Given the slow rate of FACS, both sxM- and sxG-

MDSCs had to be pre-sorted prior to isolation of each specific sub-population. As mentioned in 

section 4.1.6, CD33 IM positive selection was used to isolate sxMDSCs. The positive fraction, 

which is used for suppression assay plating, contains both sxM- and sxG-MDSCS. However, as 

noted in Supplemental Figure 4B, the negative fraction has a large population of leftover sxG-

MDSCs. Therefore, a separate CD15 IM positive selection must be employed to acquire an 

appropriate sxG-MDSC pre-sort for FACS. As a result, POD1 PBMCs were split and either 

underwent a CD15 or CD33 IM pre-sort, stained and underwent FACS to isolate the sxM- and 

sxG-MDSC sub-populations (Figure 4A). Through this methodology, I was able to isolate >98% 

pure sxM-MDSCs (CD33+CD14+CD15-) and sxG-MDSCs (CD33+CD14-CD15+) (Figure 4B). 

Bulk-sxMDSCS (CD33 IM positive selection pre-sort), as well as FACS isolated sxM- and sxG-

MDSCs were plated in an ex vivo suppression assay. Here, I determined that only sxM-MDSCs 

mediate suppression of NKC (Figure 4C, n = 3). 
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Figure 4: Surgery-induced M-MDSCs mediate suppression of NK cytotoxicity, not G-

MDSCs. A) Experimental workflow for the isolation of bulk, sxM- and sxG-MDSCs. POD1 

PBMCs were split for pre-sorting with immunomagnetic (IM) positive selection using CD15 (G-

MDSC isolation) or CD33 (M-MDSC isolation) microbeads. CD15 and CD33 positive fractions 

were stained with fluorescent markers for CD33, CD15 and CD14.  A portion of the CD33+ 

fraction was left aside for plating bulk sxMDSCS. The remaining CD33+ fraction and CD15+ 

fraction was used for FACS of sxG- (CD33+CD14-CD15+) and sxM-MDSCS 
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(CD33+CD14+CD15-). Isolated bulk, sxM- and sxG-MDSCs were plated in an ex vivo 

suppression assay. B) Flow plot CD14 vs CD15 of bulk, sxG- and sxM-MDSCs following gating 

out cell debris, doublets, dead and CD33- cells. C) Mean ± SEM bulk, sxG- and sxM-MDSCs 

mediated suppression of NKC following 24 hour co-culture in ex vivo assay (n=3). Plated Ratio 

of MDSCs, NK cells and Targets (K562s) are shown.  

4.2.5 PI3Kγ signalling is upregulated in sxMDSCs 

It was previously observed that PI3Kγ is important for the suppressive activity of 

MDSCs(171). Genetic knockout or pharmacological inhibition led to a reduction in the suppressive 

phenotype of these cells, improved anti-tumour immunity and tumour clearance(171). Given the 

increased suppressive capacity of sxMDSCs, as well as the specific expansion and activation of 

sxM-MDSCs, I wanted to investigate if PI3Kγ signalling could contribute to this phenotype 

(Figure 5A). First, I determined if there were alterations in sxMDSC PI3K signalling. Since PI3K 

signalling leads to AKT phosphorylation, specifically at residue T308, I concluded that monitoring 

the phosphorylation status of this important “master regulator” could be a reporter of PI3K activity 

(Figure 5B)(180, 187). Phosphorylation of AKT at T308 residue was significantly greater in POD1 

M-MDSCs than their baseline counterparts (Figure 5C, p<0.05). This contrasts with the S473 

residue, which is not directly phosphorylated by PI3K, where no changes are observed following 

surgery (Figure 5D).  
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Figure 5: PI3K signalling in upregulated in postoperative MDSCs. A) sxM-MDSC 

(CD14+CD33+CD15-Lin-) were investigated by flow for phosphorylation of pAKT. MFI: Mean 

Fluorescence Intensity. B) Diagram of PI3K signalling. PI3K signalling leads to the activation of 

PDK1 and subsequent phosphorylation of AKT at T308 residue. Phosphorylation of S473 is 

mediated by MTORC, which can be independent of PI3K. Diagram was made with BioRender. 

C) Mean ± SEM of phosphorylation status (MFI) of AKT at T308 and at D) S473 residue 

measured by flow cytometry (n=5). 
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4.2.6 PI3Kγ inhibitors can block signalling and reduce suppression of NK cytotoxicity 

Next, I explored the ability of PI3Kγ inhibitors in blocking PI3K signalling and the 

suppressive activity of POD1 sxMDSCs. I demonstrated that PI3Kγ inhibitor treatment (IPI-549, 

TG-100 or Compound 17) led to a reduction in AKT phosphorylation in a dose-dependent manner 

(Figure 6A, p<0.05), indicating a reduction in PI3Kγ signalling. This reduction in AKT 

phosphorylation was comparable to that of pan-PI3K inhibitor, LY294002, treatment. Moreover, 

this reduction in PI3Kγ signalling was coupled with a reduction in the sxMDSC-mediated 

suppression of NKC of target K562 cells (Figure 6B). Interestingly, IPI-549 at 1 and C17 at ≥ 1μM 

led to a decrease in NKC in the absence of sxMDSCs (Figure 6C). 
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Figure 6: PI3Kγ inhibitors can block PI3K signalling and reduce suppression of NK 

cytotoxicity. A) Mean ± SEM dose response of AKT phosphorylation with PI3Kγ inhibitor 

treatment. POD1 sxMDSCs were treated with pan-PI3K inhibitor, LY294002 (purple), or PI3Kγ-

specific inhibitors, IPI-549 (orange), TG100-115 (blue), or Compound 17 (green), for 3 hours at 

the indicated concentrations. For each drug, lighter shades of its representative colour is used to 

indicate lower concentrations. pAKT(T308) phosphorylation (MFI) was quantified by flow (n=6). 

B) Mean ± SEM effect of PI3Kγ inhibition on sxMDSC-mediated suppression of NK killing. Prior 

to 20 hour incubation, MDSC: NK co-culture was treated with PI3Kγ inhibitors. A suppression 

assay was conducted and quantified by flow (n=6). C) Mean ± SEM NK-mediated cytotoxicity of 

K562 targets with PI3Kγ inhibitor treatment in the absence of sxMDSCs. Signficant differences 

compared to DMSO control are shown. 
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4.2.7 SxMDSCs do not inhibit NK cells through a contact independent route  

MDSCs can mediate the suppresion of NK cells through both contact dependent and 

independent mechanisms. Market et al. demonstrated the effect of postoperative TGF-β in NK cell 

activity inhibition, suggesting that it was a good candidate to explore in mediating sxMDSC 

suppression of NKC(148). MDSC-derived TGF-β can signal to NK cells through cell-to-cell 

contact dependent (membrane-bound TGF-β) or independent (soluble TGF-β) mechanisms 

(Figure 7A). Moreover, blockade of TGF-β with a monoclonal antibody or TGF-βR inhibitor, 

SB525334, had a similar efficacy to PI3Kγ inhibition in reducing sxMDSC-mediated suppression 

of NKC (Figure 7B, p<0.05). However, no changes in total (Figure 7B) or active TGF-β  (Figure 

7E) were observed comparing before and after surgery or with IPI-549 treatment. The HEK-

BlueTM reporter cell line was unable to detect any in MDSC supernatant (Supplemental Figure 5). 

Moreover, sxMDSC supernatant was unable to suppress NKC (Figure 7D).  
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Figure 7: sxMDSCs may not secrete soluble suppressive factions. A) Schematic illustrating 

contact-dependent (membrane-bound) and independent (soluble) routes of MDSC-derived TGF-β 

expression and signalling blockade. Blockade can be achieved by a monoclonal antibody (mAb) 

directed against TGF-β or a TGF-β receptor (TGF-βR) small molecular inhibitor, SB525334, 

which prevents downstream signalling in NK cells. Both strategies can effectively block contact 

dependent and independent routes of TGF-β activity. Diagram was made with BioRender. B) Mean 

± SEM of suppression assay comparing the efficacy of TGF-β blockade to that of PI3Kγ inhibition 

in reducing sxMDSC-mediated suppression of NK cells (n=3). C) Mean ± SEM of total TGF-β 

was measured by ELISA in isolated baseline and POD1 MDSC supernatant following 24-hour 

incubation in the presence or absence of 1μM IPI-549 (n=3). D) Mean ± SEM effect of PI3Kγ 
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inhibition on NK suppression by sxMDSC supernatant. sxMDSCs were incubated for 24 hours in 

the absence or presence of 1μM IPI-549. Supernatant was half diluted (50% supernatant) in fresh 

CRPMI and plated onto NK92 co-cultured with target K562 cells (n=3). Control baseline MDSCs 

supernatant (Ctrl), Media only, and 100ng/mL rTGF-β were used as controls. The killing was 

quantified by flow. E) A TGF-β cell-based assay was used to quantify active TGF-β. Here, 

HEKBlue TGF-β 293 cells were plated along with the same supernatant conditions as shown in D 

for a period of 24 hours. The reporter lines expressed SEAP in response to TGF-β signalling. SEAP 

expression is quantified by transferring the supernatant into a colorimetric alkaline phosphatase 

assay (QUANTI-Blue, n=3). 

 

4.2.8 PI3Kγ controls translational and transcriptional programming in surgery-inducded 

MDSCs 

To further understand the role of PI3Kγ in MDSC activity, I investigated the effects of 

inhibiting various downstream effectors. Activation of PI3Ky leads signal transduction via 

PDK1, and Akt, followed by activation of mTORC1, then S6K (Figure 8A). This pathway has 

several implications in metabolism as well as translation and protein synthesis(215). 

Interestingly, inhibition of PI3Kγ (IPI-549), PDK1 (GSK2334470), AKT (MK-2206), or S6K 

(LY2584702) all lead to a reduction in sxMDSC suppressive activity (p < 0.05) (Figure 9B). 

Given the role of S6K in initiating translation, I also investigated the role of PI3Ky in mediating 

the expression of immune effector mRNA transcripts. I investigated the expression of anti-

inflammatory transcripts, Arg1, Il10, Tgfb as well as pro-inflammatory transcripts, Il1b, Il12b, 

and Tnfa in MDSCs isolated from baseline and POD1, in the presence or absence of 1μM IPI-

549 (Figure 9C). Surgical stress caused a significant decrease in all pro-inflammatory transcripts, 

Il1b, Il12b (p<0.01) and Tnfa (p<0.001), while anti-inflammatory Arg1 (p<0.01) was 

upregulated. PI3Kγ blockade with IPI-549 treatment in POD1 sxMDSCs, prevented the surgery-

induced reduction of pro-inflammatory transcripts Il1b, and Il12b (p <0.05), however it did not 

rescue Tnfa mRNA expression. 
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Figure 8: PI3Kγ mediates transcriptional and translational programming in sxMDSCs. A) 

Schematic of inhibitors targeting effectors downstream of PI3Kγ signalling. Diagram was made 
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with BioRender. B) Mean ± SEM of suppression assay  comparing efficacy of administrating 

inhibitors at 1μM concentration targeting PI3Kγ (IPI-549), PDK1 (GSK2334470), AKT (MK-

2206), and S6K (LY2584702) (n = 6). C) Mean ± SEM of mRNA expression of transcripts with 

anti- vs. pro-inflammatory effects. MDSCs were isolated on baseline and POD1 PBMCs and 

incubated in the presence or absence of 1μM IPI-549 for 24 hours at 37oC. Following incubation, 

RNA was extracted, reverse transcibed to cDNA and qPCR was used to determine the expression 

of the indicated transcripts. Expression is normalized to baseline expression. 

 

4.2.9 PI3Kγ inhibitors can block signaling in murine splenic G-MDSC and M-MDSC, in 

vitro 

I wanted to move towards investigating the efficacy of PI3Kγ inhibitors in reducing 

postoperative metastatic burden in our murine model. Prior to this, I wanted to confirm that these 

inhibitors can block PI3Kγ signalling in murine MDSCs in vitro (Figure 9A). Splenic MDSCs 

were shown to respond to postoperative stress as they undergo expansion and exhibit a significant 

increase in immunosuppressive activity(103). Both M-MDSCs (CD11b+Ly6C+, Figure 9C) and G-

MDSCs (CD11b+Ly6G+, Figure 9D) isolated from spleens showed down-regulation of AKT 

phosphorylation at 1μM and 10μM IPI-549 and 10μM TG100-115. IL-4 caused increased 

phosphorylation of AKT and served as a positive control.   
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Figure 9: In vitro PI3Kγ inhibitor treatment blocks signalling in murine splenic MDSCs. A) 

Schematic of experimental workflow. Spleens were harvested on POD1 from mice that 

underwent surgery. Splenocytes were dissociated and treated with IPI-549 or T100-115 for 3 

hours before detection of pAKT by flow. No treatment controls were included. B) Representative 

flow plot for murine M-MDSCs (CD11b+Ly6C+) and G-MDSCs (CD11b+Ly6G+), cell debris 
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was excluded, and live single cells were gated on, following by gating for Ly6C/CD11b or 

Ly6G/CD11b. C) Mean ± SEM phosphorylation of AKT (T308) in M-MDSCs and (D) G-

MDSCs (n=3). 
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4.2.10 PI3Kγ inhibitors can block signalling caused by surgical stress 

Next, I investigated the effects of surgical stress on PI3Kγ signalling in murine splenic 

MDSCs. As outlined in Figure 10A, beginning from one day before surgery to the POD1 endpoint, 

mice were administered either TG100-115 or IPI-549 as indicated in section 4.1.2. In both M-

MDSCs (Figure 10B) and G-MDSCs (Figure 10C), the surgery caused an increase in pAKT MFI 

on POD1 compared to no surgery controls (p<0.01). Moreover, M-MDSCs had reduced pAKT 

MFI when surgery was conducted alongside the administration of 6mg/kg TG100-115 or 30mg/kg 

IPI-549 (p<0.05). The lower dosages of TG100-115 and IPI-549 did not affect the surgery-induced 

increase of pAKT MFI in M-MDSCs. However, G-MDSCs showed no reduction in pAKT MFI 

with either TG100 -115 or IPI-549 administration. 
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Figure 10: In vivo PI3Kγ blockade leads to reduction in signalling in M-MDSC only. A) 

Schematic of experimental workflow. Mice were administered TG100-115 (6mg/kg) or IPI-549 

(30mg/kg) intraperitoneally on the specified days ( ). No treatment controls were included. The 

experiment was endpointed on POD1 and pAKT in splenic MDSCs and was quantified by flow. 

B) Mean ± SEM phosphorylation of AKT (T308) in M-MDSCs and (C) G-MDSCs (n = 3). 
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4.2.11 Surgical stress potentiates sxMDSC activity and postoperative metastatic burden 

Alongside an increase in PI3Kγ signalling in POD1 M-MDSCs, I also demonstrated that 

sxMDSCs are more suppressive than baseline counterparts in an ex vivo suppression assay co-

culture with NK cells and Yac-1 target cells (Figure 11). A significant reduction in Yac-1 target 

killing was observed at ratios of 4:1, 8:1 and 16:1 MDSC:NK cells in POD1 MDSCs compared to 

baseline MDSCs (n = 3, p <0.01, Figure 11B). Moreover, when these sxMDSCs are transferred to 

healthy mice that did not receive surgery themselves, it led to a greater increase in metastatic 

burden than mice that received preoperative MDSCs (n=3, p<0.05, Figure 11C) 
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Figure 11: Surgery potentiates murine sxMDSC suppressive activity, leading to greater 

inhibition of NK cell cytotoxicity and postoperative metastatic burden. A) Schematic of 

experimental workflow. Splenic MDSCs were isolated on POD1 endpoint from mice that received 

surgery and co-cultured in a suppression assay with splenic NK cells isolated from naïve mice. 
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Cytotoxicity of Yac-1 target cells was measured by flow cytometry. Isolated sxMDSCs were 

adoptively transferred to recipient mice that were challenged with lung-metastases forming 

B16F10 LacZ tumour cells. On POD3 endpoint, lung metastases were counted following LacZ 

staining. B) Mean ± SEM of baseline and POD1 (red) suppression of NKC against Yac-1 targets 

with increasing MDSC concentration (n=3). Statistics were performed using two-way ANOVA 

with Šídák’s multiple comparisons test, with a single pooled variance. C) Mean ± SEM of B16F10 

LacZ lung metastases (n = 3) in recipient mice that received no MDSCs (no transfer), MDSCs 

from mice that did not receive surgery (Pre-op MDSC) or surgery induced MDSCs (sxMDSC). 
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4.2.12 PI3Kγ inhibition in MDSCs leads to a reduction in suppression of NK cell cytotoxicity 

Next, I determined whether systemic administration of PI3Kγ inhibitors before surgery 

could reduce the postoperative metastatic burden. Prior experiments conducted by Dr. Angka 

where PI3Kγ inhibitors were administered systemically prior to surgery lead to deleterious side 

effects including reduced ex vivo NKC against Yac-1 targets as well as increased tumour 

metastases compared to mice that only received surgery (Supplemental Figure 6). Both 

observations are contradictory to our hypothesis: inhibiting PI3Kγ signalling can reduce 

postoperative NKC suppression and metastatic burden. This suggests that despite a beneficial 

reduction in sxMDSC-mediated suppression of NK activity, systemic PI3Kγ inhibition has an 

overall negative effect on NK-mediated anti-tumour immunity. As a result, we wanted to focus on 

the beneficial effects of PI3Kγ inhibition on the sxMDSC population, while excluding the 

deleterious effects of reduced NKC. To accomplish this, sxMDSCs were isolated from mice that 

were given TG100-115 or IPI-549 prior to surgery and NK cells were isolated from naïve mice 

that did not receive surgery or PI3Kγ inhibitors (Figure 12A). These sxMDSCs were co-cultured 

with the NK cells in an ex vivo suppression assay to determine the effects of sxMDSC-specific 

PI3Kγ inhibitor administration on NKC. No surgery and no treatment control MDSCs were also 

included in this experiment. sxMDSCs caused a significant reduction in NKC compared to no 

surgery control (no Sx) MDSCS (Figure 12B). Moreover, MDSC-specific treatment of TG100-

115 or IPI-549 led to reduced NK cell suppression (p<0.05, n = 3). 
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Figure 12: In vivo PI3Kγ blockade in sxMDSCs leads to a reduction of ex vivo NK 

suppression.  A) Schematic of experimental workflow. Mice were administered TG100-115 

(6mg/kg, once a day intraperitoneally) or IPI-549 (30mg/kg, twice a day by oral gavage) on the 
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specified days ( ) and underwent surgery. No surgery and no treatment controls were included. 

On POD1, MDSCs were isolated from spleens collected from surgery stressed and no surgery 

mice, while NK cells were also isolated from naïve (no surgery) mice. Ex-vivo suppression assay 

with Yac-1 targets was conducted and killing was quantified by flow. B) Yac-1 NKC following 

co-culture of MDSCs with NK cells with or without PI3Kγ inhibitor treatment (n=3). 

 

4.2.13 MDSC-specific PI3Kγ inhibition reduces the postoperative metastatic burden 

Next, I wanted to determine the efficacy of PI3Kγ inhibitors in reducing postoperative 

metastatic burden. To accomplish this, sxMDSCs from surgery stressed mice, that were treated 

with either TG100-115 or IPI-549, were adoptively transferred to mice that were challenged with 

B16LacZ tumour-forming cells. After 3 days, lung metastases were counted following LacZ 

staining (Figure 13A). No transfer, no surgery, and no treatment controls were also included. There 

was no significant difference between mice that received no MDSCs and mice that received no-

surgery control MDSCs (n = 8, p<0.05, Figure 13B). Adoptive transfer of sxMDSCs caused a 

significant increase in lung metastases compared to no-surgery controls. sxMDSCs that were 

transferred from mice that also received IPI-549 treatment led to a significant reduction in lung 

metastases. However, in contrast, TG100-115 treatment could not reduce lung metastases.  
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Figure 13: MDSC-specific PI3Kγ blockade leads to a reduction in metastatic tumour burden. 

A) Schematic of experimental workflow. Donor mice were administered TG100-115 or IPI-549 

on the specified days ( ) and underwent surgery. On POD1 endpoint, spleens were collected and 

MDSCs were isolated. MDSCs were adoptively transferred to recipient mice that were challenged 

with lung metastases forming B16LacZ cells. After 3 days, lungs were collected from recipient 

mice, and lung metastases were counted following standardized X-gal staining protocol. No 

surgery and no treatment controls were included for donor mice. B) Effect of adoptive transfer of 

sxMDSCs with or without PI3Kγ blockade, MDSCs were not given to “no transfer” controls. Data 

shown is combined from 2 repeats of this experiment (n=8). C) Representative images of lung 

metastases from experiment groups. 
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4.3 Discussion  

4.3.1 Surgical Stress and NK cell Suppression 

Surgery is critical for curative resection of tumours in solid malignancies. However, several 

independent studies, as well as ones conducted at our lab, have demonstrated a clear link between 

surgical resection and an increased risk of cancer recurrence as well as a metastatic burden in both 

human(127) and murine models(103, 108). The surgery stress response, an “ebb and flow” of a 

crashing wave of pro-inflammatory signals immediately after the physical injury caused by 

surgery, followed by receding compensatory anti-inflammatory signals, which skews the 

postoperative environment towards a pro-tumorigenic state(68, 69). The surgical stress response 

releases several factors such as VEGF, PDGF, and EGF which contribute to the growth and 

persistence of tumour cells. MRD which is left behind from the resection margin, as well as CTCs, 

produced by the physical disruption of the tumour during resection benefit from these factors(216).  

The surgical stress response also gives rise to several physiological responses that 

manifests as postoperative immunosuppression, the consequences of which is a significant 

impairment in anti-tumour immunity. Primarily, NK cells, which are critical for tumour 

surveillance are significantly suppressed in the postoperative period,  regardless of surgical 

approach, duration of surgery, or cancer type(99, 103, 105, 217). Ultimately, studies have 

confirmed that surgical stress causes suppression of NK-mediated cytotoxicity and IFN-γ 

secretion, which contributes to increased metastatic burden and poor survival(103, 108). To further 

add to these studies, my results highlight the detrimental impact of surgery-induced (sx)MDSC-

mediated suppression of NK cells.  Importantly, I was able to recapitulate the effects of increased 

metastatic burden in tumour-challenged mice that had never been exposed to surgery, when I we 
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adoptively transferred sxMDSCs from mice that did undergo surgery (Figure 13C). This aligns 

with a body of work from our lab as well as others, which highlights the role of sxMDSCs as 

drivers of postoperative immunosuppression thereby promoting postoperative metastatic 

burden(103, 105, 108, 169, 218). Taken together, sxMDSCs are potent antagonists of NK-

mediated anti-tumour immunity as they provide a foothold for residual cancer cells to re-establish 

metastatic foci in the aftermath of surgery. 

4.3.2 The Surgery Stress Response Potentiates surgery-induced (sx)MDSC Activity 

 The surgery stress response to leads to the immediate release of several signals, such as 

IL-1β, IL-6, TNF-⍺, and IFN-γ, as well as DAMPs(91). Together, these factors causes recruitment 

of granulocytes and monocytes to the site of injury to initiate wound healing(219). To meet the 

increased demands for myeloid cells necessary for wound healing, there is a significant release of 

IMCs from the bone marrow through emergency myelopoiesis. These IMCs are termed MDSCs, 

given their potential for suppressing immune activity. We further classify these MDSCs as 

sxMDSCs given their enhanced ability to suppress NK-cell activity than pre-operative 

counterparts. I have also demonstrated that sxMDSCs expand after surgery (Figure 2). I primarily 

observed an expansion of sxM-MDSCs.  By co-culturing pure populations of each subset with NK 

cells in an ex vivo suppression assay, I identified that it is sxM-MDSCs that mediate NK cell 

suppression, as opposed to sxG-MDSCs (Figure 4). Several studies have demonstrated that M-

MDSCs are more suppressive than G-MDSCs on a per-cell basis, which is attributed to the 

differences in their mechanisms of suppression(220). G-MDSC primarily use reactive oxygen 

species (ROS) as the mechanism of immune suppression(221). In contrast, M-MDSC primarily 

use up-regulation of inducible nitric oxide synthase (iNOS), arginase and immune suppressive 

cytokines such as TGF-β and IL-10(135)  to suppress various immune functions(222). The 
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differences in the mechanisms of suppression employed by these two subtypes suggest that those 

employed by sxM-MDSCs are more potent for suppressing NK cells. Indeed, studies have shown 

that sxG-MDSCs maybe more important for suppressing adaptive immune responses as well as 

promoting regulator T cell  proliferation(135, 222). The implications of the expansion and 

potentiation of suppressive activity of M-MDSCs is concerning, as it was correlated with a lower 

time to recurrence and OS(127), highlighting role of this subset of MDSCs as drivers of 

postoperative metastatic disease. Moreover, Dr. Angka demonstrated that HLA-DR MFI is 

significantly lower in sxMDSCs cells than in baseline (Supplemental Figure 2). Low or no HLA-

DR is an important marker of MDSCs, further indicating that surgical stress primarily causes the 

expansion of these suppressive cells(223).   

In addition to signalling their expansion, the surgery stress response also potentiates their 

suppressive activity. Notably, we have demonstrated the significant expansion and activation of 

sxMDSCs in both human and murine models(103, 105, 108). I have confirmed that these 

sxMDSCs exhibit a heightened ability for suppression of NK cell activity, compared to pre-

operative controls, resulting in significantly impaired NKC against both Yac-1 (Figure 11B) and 

K562 (Figure 3D)  cells. Looking at current research, the expansion as well as increased 

suppressive activity may be due to the presence of DAMPs, such as HMGB1, IL-6, GM-CSF, and 

IFN-γ, all of which are highly abundant because of the surgery stress response(224). This 

highlights the role of the surgery stress response as a mechanism that promotes the activation of 

sxMDSCs. Ultimately, the expansion and activation of these sxMDSCs can cause postoperative 

metastatic burden. 
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Taking a step back, I want to take a moment to consider the implications of what I have 

discussed thus far within the context of our knowledge of metastatic disease. It is well understood 

that many tumours will promote their own metastatic growth. Reflecting on a long history of 

research in the role of the primary tumour in establishing micro-metastases, it was Piaget in 1889 

who first coined this as the “seed and soil” hypothesis: host tissue is typically unfavourable for the 

growth of disseminated tumour cells (seed) and must undergo significant alterations to form the 

premetastatic niche (soil)(225). Established tumours can release factors that mediate the formation 

of the premetastatic niche which is necessary for the growth of disseminated tumour cells and 

development of metastatic foci(225). McAllister et al. described this phenomenon as “systemic 

instigation” when they demonstrated that a weakly metastatic tumour model was able to form 

persistent lung metastases only in the presence of an “instigating” primary tumour from an 

aggressive breast cancer cell line, with known ability to alter the local microenvironment, thereby 

priming the premetastatic niche(226). Although an “instigating” tumour model was not used in my 

study, surgery itself clearly qualifies as a “systemic instigator”. My work demonstrates that the 

surgery stress response causes significant systemic changes that ultimately lead to the expansion 

and activation of sxM-MDSCs as the drivers of postoperative suppression and metastatic disease. 

 

4.3.3 The Role of PI3Kγ in sxMDSC Activity 

4.3.3.1 Identifying PI3Kγ as a potential antagonist of MDSC Activity 

Our lab has demonstrated through MDSC depletion studies, that these cells play a critical 

role in mediating postoperative NK cell suppression, and lung metastases(108).  However, this is 
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not feasible in cancer surgery patients due to the deleterious effects of ablating myeloid 

progenitors. Although MDSCs are a subset of myeloid cells that can disrupt immunosurveillance, 

myeloid cells as a whole are critical in the wound healing process after surgery(227). Therefore, 

identifying MDSC-specific therapeutics would be a more feasible approach to inhibiting their 

suppressive activity postoperatively. To identify potential therapeutic targets that attenuate 

suppression in sxMDSCs, Dr. Angka conducted a high-throughput screen of small molecules, 

where he identified PI3Kγ as a critical pathway in sxMDSC suppressive activity (Supplemental 

Figure 1). Kaneda et al. demonstrated PI3Kγ as a molecular switch that can determine the 

inflammatory or immunosuppressive fate in myeloid cells. PI3Kγ activity led to activation of an 

immunosuppressive transcription program driven by C/EBPβ, while inhibition lead to an 

inflammatory phenotype driven by NF-κb activation(171).  Several studies have demonstrated that 

PI3Kγ inhibition can reduce MDSC-mediated suppression of anti-tumour immunity and tumour 

volume. PI3Kγ is most abundantly expressed in myeloid cells out of all other cell and tissue types. 

It is the dominant PI3K isoform expressed in myeloid cells(228). Both characteristics mean that 

targeting the PI3Kγ isoform is a potentially potent MDSC-specific strategy to prevent 

postoperative metastases and NK cell suppression.  

4.3.3.2 PI3Kγ signalling is upregulated in postoperative MDSCs and contributes to the 

immunosuppressive phenotype 

Activation of PI3Kγ, as well as all other isoforms, leads to PDK1-mediated 

phosphorylation of AKT at the T308 residue leading to its activation. Given the various roles AKT 

carries out within the cell, I monitored T308 phosphorylation as an indicator of PI3K signalling in 

MDSCs. I observed a significant increase in pAKT (T308) in sxMDSCs, compared to baseline 
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controls, in both humans (Figure 5C) and our murine model of surgery (Figure 10B and C). Despite 

the increased phosphorylation of T308 of AKT observed in sxMDSCs, compared to baseline, S473 

phosphorylation remained unchanged (Figure 5D). As mentioned in section 1.2.5.2, S473 is 

phosphorylated by mTORC2, which can function independently of PI3K/PDK-1 activity(179). 

PI3Kγ-specific inhibitors, IPI-549, TG100-115, and Compound 17 were all able to reduce pAKT 

signalling in sxMDSC (Figure 6A). Increased PI3Kγ signalling in sxMDSCs could be caused by 

IL-6, PGE-2, or DAMPs such as LPS and HMGB1, all of which are highly abdundant in the 

postoperative environment. As mentioned prior, these factors have been shown to lead to the 

expansion and activation of MDSCs in a PI3Kγ-dependent manner(193, 195, 196, 229, 230). 

Moreover, as shown in (Figure 6B), ex vivo co-culture suppression assays demonstrated the 

effectiveness of PI3Kγ inhibition in reducing MDSC-mediated suppression of NKC.  My findings 

further corroborate what was described by Kaneda et al.; the suppressive activity of MDSCs, both 

within and outside perioperative contexts, is controlled by PI3Kγ signalling. However, this 

signalling pathway may be even more prominent within the context of surgical stress due an 

overwhelming systemic abundance of soluble factors that can signal through PI3Kγ, that are 

typically not present in pre-operative conditions. Taken together, this suggests that upregulated 

PI3Kγ signalling, potentially stimulated by the surgery stress response, in sxMDSCs leads to a 

heightened immunosuppressive phenotype. 

4.3.3.3 sxMDSC do not secrete soluble TGF-β and the role of PI3Kγ in this pathway is yet 

to be elucidated 

Given that PI3Kγ is involved in the suppressive phenotype of sxMDSCs, I next wanted to 

investigate potential suppressive effector molecules released by sxMDSCs that could be mediated 
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by PI3Kγ. Tai et al. demonstrated the increased expression of TGF-β in postoperative plasma(103).  

Moreover, Market et al. demonstrated that postoperative TGF-β can inhibit NK cells. Taken 

together, this placed TGF-β as a potential candidate involved in sxMDSC suppressive 

activity(104). Moreover, it could be under the control of PI3Kγ signalling. MDSC-derived TGF-β 

can signal to NK cells through cell-to-cell contact dependent or independent mechanisms (Figure 

7A). Membrane-bound TGF-β on MDSCs was shown to result in significant suppression of NKC, 

while soluble MDSC-derived TGF-β served to suppress distant NK cells(148). I was able to 

demonstrate that TGF-β blockade with either a monoclonal antibody or TGF-βR inhibitor, 

SB525334, had a similar efficacy as PI3Kγ inhibition in reducing sxMDSC-mediated suppression 

of NKC (Figure 7B).   

Moreover, Market et al. demonstrated that TGF-β blockade in postoperative plasma 

reversed the suppression of NK cells. Given that the surgery stress response potentiates sxMDSC 

suppressive activity, I investigated the effects of surgery on MDSC-derived TGF-β. However, I 

was unable to detect any changes in TGF-β expression, in total (Figure 7C, active and latent) and 

bioactive (Figure 7E) TGF-β. It should be noted that a vast majority of TGF-β molecules are latent 

and are sequestered by a covalent association with the latency-associated protein (LAP) and the 

latent TGF-β-binding protein (LTBP)(231). Despite its abundance, latent TGF-β is not biologically 

active and requires proteolytic cleavage which can be mediated by an array of proteases that are 

present in the host circulation and on various cell surfaces. This is important to note because, all 

though total TGF-β can be reliably measured by ELISA, it is not an indication of the expression 

of active TGF-β. Unfortunately, an ELISA is not sensitive enough to be able to reliably quantify 

active TGF-β levels. Active TGF-β levels could potentially be changing from baseline to POD1 in 

MDSCs if there are differences in the expression of TGF-β activating proteases. Therefore, active 
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TGF-β was measured with a HEKBlueTM cell-based reporter, which produces SEAP downstream 

of TGF-β signalling. However, this assay was unable to detect any differences in TGF-β with or 

without PI3Kγ inhibition. Although the HEKBlueTM cell-based reporter was able to detect as little 

as 3pg/mL of rTGF-β, but unable to detect any in sxMDSC supernatant (Figure 7D). Moreover, 

the sxMDSC supernatant was unable to suppress NKC (Figure 7D). Therefore, TGF-β derived 

from MDSCs does suppress NKC, however, this is not through a contact independent mechanism. 

This suggests that sxMDSCs may mediate suppression via membrane-bound, rather than soluble, 

TGF-b.  However, it is difficult to determine the role of PI3Kγ in TGF-β expression in MDSCs 

and it will require more work to investigate if there is a connection. 

4.3.3.4 PI3Kγ controls translational and transcriptional programming in sxMDSCs 

To determine a mechanistic role for PI3Kγ in sxMDSC-mediated suppression of NK 

cells, I investigated the effects of inhibiting downstream effectors in the signalling pathway. 

Activation of PI3Ky leads to signal transduction via PDK1, Akt, followed by activation of 

mTORC1, then S6K (Figure 8A).  Inhibition of PI3Kγ (IPI-549), PDK1 (GSK2334470), AKT 

(MK-2206), or S6K (LY2584702) all lead to a reduction in sxMDSC suppressive activity (Figure 

8B). Since the effect of reduced MDSC suppressive activity is seen with S6K inhibition, it 

suggests that S6K may underlie sxMDSC function. Signal transduction via S6K leads to the 

activation of ribosomal S6 protein, which is key for initiating translation (215). This suggests 

that PI3Kγ may transduce signals that lead to a translational program via S6K activation, which 

mediate sxMDSC immunosuppression function. Moreover, activation of S6 (by S6K) was shown 

to upregulate glycolysis and the TCA cycle (232). Jian et al. identified that MDSCs demonstrate 

significantly higher glycolytic activity than their normal cell counterparts. Upregulation of 
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glycolysis prevented excess reactive oxygen species (ROS) production by MDSCs, which 

protected MDSCs from apoptosis(233). ROS production from MDSCs is an important 

mechanism for its immunosuppressive activity (234). Therefore, increased glycolytic activity 

because of S6K activation may be a protective mechanism against endogenously produced ROS.  

Given the role of S6K in activating translational machinery, it brought into question 

whether PI3Kγ may also control the expression of mRNA transcripts in sxMDSCs. I investigated 

the expression of anti-inflammatory transcripts, Arg1, Il10, Tgfb as well as pro-inflammatory 

transcripts, Il1b, Il12b, and Tnfa in MDSCs isolated from baseline and POD1, in the presence or 

absence of 1μM IPI-549 (Figure 8C). Surgical stress caused a significant decrease in all pro-

inflammatory transcripts, Il1b, Il12b and Tnfa, while anti-inflammatory Arg1 was upregulated. 

PI3Kγ blockade with IPI-549 treatment in POD1 sxMDSCs, prevented the surgery-induced 

reduction of pro-inflammatory transcripts Il1b, and Il12b, however it did not rescue Tnfa mRNA 

expression. It seems that PI3Kγ signalling in the post-operative environment causes sxMDSCs to 

reduce their expression of pro-inflammatory effectors IL-1β and IL-12, leading to a pre-

dominantly suppressive phenotype. Indeed, Kaneda et al. identified PI3Kγ as a molecular switch 

between immune stimulation and suppression(171). Activation of PI3Kγ lead to a primarily 

suppressive phenotype driven by C/EBPβ activation, while blockade of this signalling pathway 

lead to an immunostimulatory phenotype mediated by NFκB activation. PI3Kγ therefore may 

play a critical role in promoting the activation of a suppressive transcriptional programming 

leading to the enhanced suppressive capacity of sxMDSCs.  
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4.3.3.5 PI3Kγ inhibition reduces signaling thereby reducing sxMDSC-mediated NK cell 

suppression and postoperative metastases 

I used our standard model of surgical stress to determine the efficacy of PI3Kγ inhibitors 

in reducing postoperative metastatic burden. This model involved challenging mice with lung-

metastases forming B16F10-LacZ tumour cells followed by performing a highly invasive right 

nephrectomy. Previous work in our lab has demonstrated that surgical stress in this model leads to 

a significant increase in postoperative lung metastases(103, 107, 108). This coincides with an 

expansion of circulating sxMDSCs with increased suppressive potency as well as dysfunctional 

NK cells that is observable soon after surgery, on POD1. Therefore, surgical stress in this murine 

model leads to a similar expansion and activation as observed in patients postoperatively. To 

confirm that PI3Kγ inhibitor administration can cause measurable reductions in signalling in our 

murine model, I monitored the phosphorylation of AKT. Indeed, IPI-549 and TG100-115 

treatment reduced pAKT both in vitro (Figure 9) and in vivo (Figure 10). Interestingly, G-MDSCs 

did not respond to inhibitor treatment in vivo while M-MDSCs showed a significant reducation in 

pAKT (Figure 10C). Currently, we are uncertain as to what could cause this, but it may suggest a 

difference in the make up of isoforms that result in phosphorylation of AKT such that G-MDSCs 

may have lower expression of PI3Kγ than M-MDSCs. Indeed, G-MDSCs do express PI3Kγ 

however it is expressed at equal proportion to PI3Kα, and PI3Kδ(235). This in in contrast to M-

MDSCs, where PI3Kγ is by far the most dominant isoform, and primarily relies on this isoform to 

mediate PI3K signalling(236). 

Next, I demonstrated that in an ex vivo co-culture suppression assay, with sxMDSCs 

recovered from surgery stressed mice, induced suppression of NK cells isolated from healthy mice 
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(Figure 11B). Moreover, MDSCs from non-surgery stressed mice showed reduced suppressive 

potency than postoperative counterparts. Interestingly, PI3Kγ inhibitor treatment, namely IPI-549, 

either in vitro or in vivo, lead to a reduction in sxMDSC-mediated suppression of NK cells. Taken 

together, PI3Kγ inhibition leads to reduced MDSC suppressive potency and improved NKC.  

Contradictory to our hypothesis, previously in our lab, Dr. Angka demonstrated that 

systemic administration of PI3Kγ inhibitors lead to an increase in tumour burden and reduced NKC 

(Supplemental Figure 6). Interestingly, despite the relatively low expression of PI3Kγ in NK cells, 

this isoform is critical for NK cell migration, development, and effector functions(237). p110γ 

deficiency and impairment of GPCR signaling prevented full NK cell maturation(238). Moreover, 

PI3Kγ is required for cytotoxicity, NK cell-target cell interaction and  receptor-induced IFNγ 

production (238). Taken together, PI3Kγ is critical for NKC, migration and maturation.  

Reflecting on our murine model, inhibiting this pathway may prevent NK-mediated 

clearance of B16F10 tumour cells, enabling greater tumour formation than in control surgery mice. 

Moreover, the fact that PI3Kγ is crucial for NK cell maturation and migration may explain why 

PI3Kγ inhibitor administration in the ex vivo co-culture suppression model showed a positive effect 

in reducing sxMDSC-mediated suppression of NKC. In this model, these functions may not be as 

important since the experimental design uses isolated mature NK cells which are already in close 

proximity with target cells. However, I did observe a reduction in NKC with PI3Kγ inhibition in 

NK cells that were co-cultured with K562s, in the absence of MDSCs (Figure 6C). This suggests 

that, in the ex vivo suppression assay, PI3Kγ inhibition can directly disrupt NK effector functions, 

but the benefit of inhibiting sxMDSC suppressive activity leads to an overall net improvement in 

NKC. In contrast, with systemic in vivo blockade of PI3Kγ signalling, more pathways necessary 
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for NK cell function, including maturation, migration, as well as NKC, are disrupted, leading to 

reduced tumour clearance which far outweighs the potential benefit of inhibiting sxMDSC 

suppressive activity. Therefore, investigating a strategy to ensure that only sxMDSCs are affected 

by PI3Kγ blockade is important to exclude deleterious effect on NK cell function involved with 

systemic administration. 

Despite the efficacy of PI3Kγ inhibition in reducing sxMDSC-mediated suppression of NK 

cells, direct inhibition of NK cell activity with systemic in vivo administration presents a 

significant barrier in leveraging the therapeutic potential of targeting this pathway. To circumvent 

this confounding effect and explore the effects of sxMDSC-specific inhibition of PI3Kγ on 

metastatic tumour burden, we utilized an adoptive transfer model. I first confirmed that sxMDSCs 

isolated from surgery-stressed mice could suppress NK cells from healthy, control mice in our ex 

vivo suppression assay, and that this suppression was reversed when the surgery stressed mice 

were treated with PI3Kγ inhibitors prior to sxMDSC isolation.  

Next, I took this a step further, as explained in section 4.1.12.4, by performing an MDSC 

adoptive transfer. Here, I was able to determine that adoptive transfer of sxMDSCs recapitulated 

the effects of postoperative stress demonstrated in previous studies(103, 108), resulting in increased 

metastatic burden in healthy mice that were tumour challenged (Figure 13B). This highlights that 

sxMDSCs are a primary driver of postoperative metastatic disease. However, IPI-549, but not 

TG100-115, treatment significantly reduced sxMDSC-mediated metastatic disease. Interestingly, 

this decrease in lung metastases was similar to that of control, non-surgery induced MDSCs, in 

other words, isolated from mice that were not exposed to surgery. This suggests that PI3Kγ 

inhibition can reverse the effects of surgical stress in activating and potentiating the suppressive 
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potency of sxMDSCs. Interestingly, these findings align with what was described by Kaneda et 

al., pharmaceutical blockade of PI3Kγ signalling lead to a significant reduction in tumour 

burden(171). However, it is important to note that these benefits in reduced postoperative 

metastatic burden were observed when PI3Kγ signalling was inhibited in the sxMDSCs population 

specifically. With systemic administration of PI3Kγ inhibitors, there was a detrimental effect on 

NK cell function as well as increased postoperative metastatic burden. Therefore, this experiment 

highlights the importance of developing an sxMDSC-specific approach for targeting PI3Kγ 

signalling, thereby limiting the deleterious effect observed with systemic administration. 

Taken together, Chapter 1 demonstrates that PI3Kγ signalling is upregulated in sxMDSCs. 

Moreover, sxMDSCs are significantly more suppressive than their preoperative counterparts. 

Targeting PI3Kγ signalling is a potent strategy to reduce sxMDSC-mediated suppression of NKC 

and metastatic burden. Despite the advantages of targeting PI3Kγ, this pathway is also important 

in NK anti-tumour immunity, therefore systemic administration can lead to deleterious effects 

resulting in NK cell suppression and increased metastatic burden. I was able to circumvent this 

issue using an adoptive transfer of sxMDSCs that were treated with PI3Kγ inhibitors into tumour 

challenged mice. From a clinical standpoint, isolating a patient’s MDSCs so that they can be 

treated with PI3Kγ inhibitors ex vivo followed by autologous transfer is cumbersome and 

expensive. Moreover, sxMDSC expansion, and subsequent NK cell suppression, occurs rapidly 

within a 24-hour period(99). Therefore, an sxMDSC-specific drug delivery approach for PI3Kγ 

inhibition is necessary and must be administered before surgery so that it may act rapidly to counter 

postoperative potentiation of sxMDSCs.  To circumvent these issues, Chapter 2 discusses the 

testing of an antibody-drug conjugate (ADC) targeting sxMDSCs with a PI3Kγ inhibitor payload.  
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4.3.4 Next steps 

Although I have demonstrated a link between PI3Kγ signalling and the suppressive activity 

of sxMDSCs, there are still questions that have yet to be answered. Specifically, although I have 

determined that PI3Kγ causes signalling via AKT, I have yet to elucidate further downstream 

effectors. Kaneda et al. identified that inhibition of PI3Kγ signalling cause a shift in transcriptional 

programming, going from an immunosuppressive phenotype controlled by C/EBPβ to an 

inflammatory one mediated by NF-κb. A greater understanding of the transcriptional changes that 

occur in sxMDSCs with PI3Kγ inhibition may help to elucidate the role of this signalling pathway 

in mediating suppressive activity. To investigate this, I would like to perform RNA-seq on 

sxMDSC with or without PI3Kγ inhibition. This would allow us to understand the various 

transcriptional changes that occur because of PI3Kγ blockade in sxMDSCs and its implications in 

reducing suppressive activity. 

Alongside a lack of understanding of the effect of PI3K blockade on the transcriptional 

programming of sxMDSCs, currently little is known about the PI3Kγ dependent mechanisms that 

sxMDSCs utilize to suppress NK cells. Kaneda et al. demonstrated that Arginase-1 expression is 

down-regulated with PI3Kγ inhibition(171). Arginase catalyzes the reaction of arginine into 

ornithine, which reduces the availability of this nutrient. This is problematic given the important 

role of arginine in NK cell function. As a result, MDSCs may cause a nutritional deficiency of 

arginine in the media, thereby inhibiting NK cell activity. As a next step, I plan to perform a 

proteomic screen to better understand the suppressive factors that could be expressed by MDSCs. 

I am currently also investigating arginase activity in baseline and postoperative MDSCs, with and 

without PI3Kγ inhibitor treatment. Taken together, this work may provide a better understanding 

of the mechanisms sxMDSCs rely on to suppress NK cells postoperatively.  
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Chapter 3 

4.4 Introduction 

Despite the potential benefits of PI3Kγ inhibition in reducing sxMDSC suppressive 

activity, it is plagued with deleterious side effects when administered systemically. As explained 

in Chapter 1, murine systemic administration of PI3Kγ inhibitors led to a reduction in NKC and 

increased postoperative metastatic burden. Despite the relatively low abundance of this isoform in 

NK cells, it plays an important role in chemotaxis and cytokine-stimulated NK effector 

functions(237, 238). Chapter 2 investigated the potential of an ADC as a strategy to direct a PI3Kγ 

inhibitor payload specifically to sxMDSCs. This would thereby eliminate the potential deleterious 

side effects of systemic administration while concentrating the therapeutic potential of PI3Kγ 

inhibition on the sxMDSC targets.   

4.4.1 CD155 as a marker of postoperative MDSCs 

Our first goal was to determine a potential sxMDSC marker. Previously in our lab, Dr. 

Angka and Dr. Martel performed a proteomic screen of N-glycosylated cell surface markers on 

sxMDSCs using a protocol that was developed by our collaborator, Dr. Kislinger(239). Of the 

1,176 peptides discovered, 5 surface proteins were detected at high intensities on POD1 while 

being undetectable at baseline. Among these was CD155 (Poliovirus Receptor, PVR), which has 

been shown to be important for MDSC suppressive activity. Dr. Martel performed further 

validation by flow cytometry which established that CD155 was consistently upregulated on M-

MDSCs on POD1 as compared to baseline and healthy donors (Supplemental Figure 7). 
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CD155, also known as poliovirus receptor (PVR) or Nectin-Like (Necl)-5, is a 70 kD trans-

membrane protein belonging to the immunoglobulin superfamily(240). While its expression is very 

low in normal human tissue, it is overexpressed in several transformed cells and is involved in cell 

adhesion, movement, and proliferation, and is associated with a poor prognosis in cancer 

patients(241, 242). The receptor has three known ligands on NK and T cells: DNAM-1(52), 

TIGIT(243), and CD96 (T-cell activated increased late expression, or TACTILE)(244). While 

CD96 and TIGIT are considered to be immunosuppressive, DNAM-1 is an immune-activating 

receptor that, when bound, stimulates cytotoxicity of NK cells and T cells, and increases IFN-γ 

production(245, 246). Despite the importance of CD155 expression for DNAM-1 activity, research 

has demonstrated that chronic expression of CD155 on malignant cells results in the 

downregulation of DNAM-1. This down-regulation is associated with NK cell 

immunosuppression(247). For my undergraduate honours thesis, I demonstrated that postoperative 

NK cells have a marked reduction in DNAM-1 expression (Supplemental Figure 8), which is 

associated with reduced effector functions. Martel et al. has further investigated the role of CD155 

on sxMDSCs in DNAM-1 down-regulation and NK cell suppression. He demonstrated that the 

SKII.4 monoclonal antibody, which is directed against human CD155, could block CD155-

DNAM-1 interactions, thereby reducing sxMDSC-mediated NKC in an ex vivo co-culture 

suppression assay (Supplemental Figure 9). My work will capitalize on CD155 as an sxMDSC-

specific marker for targeted PI3Kγ inhibitor drug delivery.  

4.4.2 The Antibody-drug conjugate 

ADCs are innovative biopharmaceutical products in which a monoclonal antibody is linked 

to a small molecule drug with a stable linker. They couple the antigen specificity of antibodies to 

the activity of small molecules via these cleavable linkers. Conventionally, ADCs have been 
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developed for cancer-specific targeting with a cytotoxic payload to kill tumor cells without 

harming the healthy cells. This is in comparison to chemotherapy, with its poor specificity towards 

tumor cells/tissues, is often associated with a poor therapeutic response and substantial toxicities 

to normal healthy tissues(248). However, since then, ADCs have been explored for applications in 

a wide variety of diseases with various payloads(249). Here, I explore the use of an ADC as a 

strategy to target sxMDSCs with a PI3Kγ inhibitor payload.  

4.4.3 Development of an sxMDSC-specific Antibody-drug Conjugate  

Our collaborators at ADMARE were able to develop an ADC using the SKII.4 monoclonal 

antibody (targeting CD155) linked to a PI3Kγ inhibitor payload at a 4:1 ratio (inhibitor:antibody). 

This payload, known as Compound 17, was first reported in the paper that also identified TG100-

115 as a PI3Kγ -specific inhibitor. As a result, Compound 17 has a chemically similar structure to 

TG100-115(206). They both bind to the ATP binding pocket of PI3Kγ by interacting with the same 

protein residues. Unfortunately, the Compound 17 – CD155 ADC was the only one that was 

developed as attempts to conjugate IPI-549 or TG100-115 to the SKII.4 antibody led to unstable 

compounds.  

Once the ADC has bound to CD155 expressed on sxMDSCs, it must undergo 

internalization via receptor-mediated endocytosis, which forms an early endosome. Endosomal 

trafficking is highly complex and can have multiple different fates. It could undergo cargo 

recycling where it is returned to the cell surface or undergo endolysosomal degradation. If the 

endosome is recycled back to the plasma membrane, the ADC is unable to deliver its payload 

thereby preventing its therapeutic activity. In contrast, internalized cargo destined for the 

endolysosomal degradation pathway is retained in a maturing endosome until finally being 
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delivered to the lysosome(250). The ADC specifically relies on this pathway to exert its therapeutic 

activity as it leads to the cleavage of the linker between the SKII.4 antibody and small molecular 

inhibitors, thereby releasing the C17 payload. This payload can then traverse through the 

endosomal lipid bilayer into the cytosol, where it can inhibit PI3Kγ signalling.  Therefore, the 

acidification and maturation of the endosome containing the ADC complex is critical for the 

eventual processing and release of the payload(250). 

This chapter will investigate the efficacy of the ADC compound in reducing sxMDSC-

mediated suppression of NK. 

4.5 Rationale and Hypothesis 

4.5.1 Rationale 

Systemic administration of PI3Kγ inhibitors lead to a deleterious reduction of NKC and 

increased postoperative metastatic burden compared to untreated controls. Therefore, the objective 

of Chapter 2 was to determine the efficacy of the αCD155-C17 ADC as an sxMDSC-specific 

approach for PI3Kγ inhibition. The advantage of this approach is that it can exclude the negative 

effects of PI3Kγ inhibition on NK-mediated tumour immunosurveillance while maximizing its 

therapeutic efficacy on reducing sxMDSC-mediated suppression of NKC. CD155 is upregulated 

on sxMDSCs and is a suitable target for cell-specific drug delivery via an ADC. As shown in 

Figure 5C, sxMDSCs also demonstrate increased PI3Kγ signalling which contributes to their 

suppressive phenotype. Taken together, an ADC that can deliver the PI3Kγ inhibitor payload, 

Compound 17, leading to the inhibition of this pathway in sxMDSCs can lead to a reduction in 

their suppressive activity.  
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4.5.2 Hypothesis 

I hypothesize that the αCD155-C17 ADC can target CD155 expressed on sxMDSCs and 

can reduce their PI3Kγ signalling, thereby leading to a reduction in their suppression of NK 

cytotoxicity.  

4.5.2.1 Aims 

The aims of Chapter 2 are: 

• Confirm the internalization and endolysosomal degradation of the αCD155-C17 

ADC following CD155 binding 

• Determine the effect of αCD155-C17 ADC on PI3Kγ signalling in sxMDSCs 

• Investigate the efficacy of αCD155-C17 ADC in reducing sxMDSC-mediated 

suppression of NKC 

4.6 Methods 

All relevant methods were the same as in Chapter 4.1. The additional methods in this 

chapter were the internalization assay and multiple single-guide RNA (sgRNA) Cas9 CD155 

knockout (KO). 

4.6.1 Internalization assay 

sxMDSCs were isolated as described in section 4.1.6. 5x105 sxMDSCs were plated on to 

2 seperate V-bottom 96 well plates designated as control and internalization. Cells were washed 
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with wash buffer (PBS with 1% FBS) and resuspended in a 15μg/mL dilution of mouse anti-

CD155 SKII.4 mIgG1 (Biolegend) or a 15μg/mL dilution of a matched mouse mIgG1 isotype 

(Biolegend), followed by 1 hour incubation on ice for labelling. Samples were washed with wash 

buffer and resuspended in a 5μg/mL dilution of an anti-mIgG1 secondary antibody conjugated to 

a pH-sensitive FITC dye (pHAB, Goat α FITC mIgG1-Fc-pHAb conjugate Fc-λ, donated by 

ADMARE), followed by 30 minutes incubation on ice. Cells were again washed with wash buffer 

and the internalization plate was resuspended in CRPMI, followed by a 4-hour incubation at 37oC 

in a 5% CO2 chamber. The control plate was instead immediately stained with an MDSC ECS 

master mix as explained in section 4.1.5. After the 4-hour incubation, the internalization plate was 

washed with wash buffer and stained with the same MDSC ECS master mix. Following staining, 

cells were fixed, and flow cytometry was used to determine the internalization signal.  

4.6.2 Multi-guide sgRNA Cas9 CD155 Knockout 

4.6.2.1 Reagents and Preparation 

A Gene Knockout V2 Kit containing a single tube mix of 3 pre-designed sgRNAs 

(1.5nmol, each 100 nucleotides long) each targeting different protospacer adjacent motif (PAM) 

sites on the CD155 gene, Cas9 2NLS nuclease (20μM, S. pyogenes), nuclease-free Tris-EDTA 

(TE, (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) buffer and nuclease-free water was ordered from 

Synthego. A 4-D NucleofectorTM Kit V4X-2012 (optimized for K562 transfection) which 

contained pMAXGFPTM vector (1 μg/μL in 10 mM Tris pH 8.0) as a positive control was ordered 

from Lonza-Bioscience.  
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4.6.2.2 Electroporation of RNP complexes and confirmation of CD155 KO 

Multi-guide sgRNA were prepared according to Gene Knockout V2 protocol (Synthego). 

Briefly, the provided 1.5nmol sgRNA were rehydrated in nuclease-free TE buffer to a final 

concentration of 100 μM (100 pmol/μL). The rehydrated multi guide sgRNA was then diluted to 

a working concentration of 30μM (30pmol/μL). Electroportaion was conducted according to the 

manufacturer's protocol (Lonza-Bioscience). Briefly, the provided supplement was added to the 

NucleofectorTM solution at a 4.5:1 ratio (Nucleofector:supplement). Cas9 2NLS (20μM) was 

mixed with sgRNA (30μM) at a 9:1 ratio (sgRNA:Cas9) diluted to the 25μL reaction volume with 

the prepared NucleofectorTM solution and incubated for 10 minutes, designated as the RNP 

solution. A separate transfection control was included by diluting 2μg of pMAXGFPTM vector in 

NucleofectorTM solution. 

Cells were prepared for transfection according to the optimized Nucleofection protocol 

provided by Lonza-Bioscience. Briefly, K562s were replated whenever they reached 1x106 

cells/mL and seeded at 1x105 cells/mL in a T75 flask. 2 days before electroporation, cells were 

subcultured at a density of 3x105cells/mL. When cells were ready to be electroporated, they were 

harvested and washed in PBS. Cells were resuspended in prepared NucleofectorTM solution 

containing supplement to a final concentration of 1.33x107 cells/mL. 25μL of the prepared RNP 

solution was added to 75μL of K562 suspension (1x106 cells) in a 100μL NucleovetteTM. 

Electroporation was performed according to manufacturer's protocol optimized for K562 

electroporation on the 4-D NucleofectorTM instrument (Lonza-Bioscience). Following 

electroporation, cells were plated into pre-warmed CRPMI to recover. GFP expression in 
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transfection control wells were determined using the EVOSTM M5000 Imaging System 

(Invitrogen; Waltham, MA). 

After 24 hours of recovery, the bulk population was expanded and underwent limiting 

dilution to 0.5x106 cells/mL to isolate clones. Individual cells were plated and grown out. CD155 

knockout was confirmed by flow cytometry by washing the cells in PBS and resuspended in ECS 

Master mix containing CD155 Clone SKII.4 APC (Biolegend) and BV510 Fixable Viability dye. 

A matched mouse IgG1 isotype Clone MOPC-21 APC (Biolegend) was used for CD155 gating. 

Confirmed CD155 knockout were then sent for Sanger sequencing following DNA isolation using 

DNAeasyTM Kit (Qiagen; Germantown, MD), according to the manufacturer’s protocol.  Genetic 

knockout of CD155 was confirmed by Inference of CRISPR edits (ICE) analysis by 

Synthego(251). 

4.7 Results 

4.7.1 αCD155-C17 ADC undergo internalization proportional to the expression of CD155 

Since an antibody drug conjugate needs to undergo internalization and lysosomal 

processing to deliver its drug payload, I investigated the internalization of αCD155.  αCD155 or a 

matched mIgG1 isotype with scrambled antigen specificity was incubated with POD1 sxMDSCs. 

A secondary αmIgG1 antibody conjugated to a pH-sensitive dye (pHAB) is then added. As the 

CD155 receptor is internalized and acidified in the lysosome, the pHAB fluoresces thereby 

providing a measurable signal for internalization. Fluorescence is measured immediately after the 

addition of the secondary antibody (no internalization) or after incubating for 4 hours (Figure 14A). 

Fluorescent internalization signal (MFI) increased by 13.6% (left) and 37.6% (right) when 
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incubated with the isotype (non-specific) antibody, compared to 74.6% (left) and 86.3% (right) 

with αCD155 after 4 hours (Figure 14B). There was a positive correlation (R2=0.39, Sy.x = 16.38) 

between the surface expression density (MFI) of CD155 on sxMDSCsvs. the internalization of 

CD155 in sxMDSCs (Figure 14D).   
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Figure 14: CD155 antibody undergoes internalization. A) Schematic of internalization assay. 

αCD155 primary antibody (or isotype) is incubated with sxMDSCs (CD155+). Secondary antibody 

cojugated to pH-sensitive dye targets primary antibody. A subset of the sample is stained and 

flowed immediately to determine the “no internalization” signal. The rest of the sample is 

incubated for 4 hours to enable internalization of CD155. Upon acidification of the lysosome, the 
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pH sensitive dye becomes fluorescent which is then detected by flow. B) Representative MFI plots 

of two patients following internalizaton assay. Isotype is shown as a dashed line in blue (0 hr) and 

red (4 hr). Anti-CD155 is shown as a soild line line in blue (0 hr) and red (4 hr). C)Diagram of 

ADC targetting CD155 expressed on POD1 MDSCs. D)Dot plot correlation between the 

proportion of of MDSCs that internalized CD155 and surfacesurface expression density of CD155 

(MFI) (n=8). Patient number ID is indicated.  

 

4.7.2 αCD155-C17 ADC does not reduce sxMDSC-mediated suppression of NKC against 

CD155+ targets beyond ADC treatment alone  

I investigated the efficacy of the αCD155-C17 ADC in reducing sxMDSC-mediated 

suppression of NK cells in our ex vivo suppression assay. NK cells and MDSCs were co-cultured 

with either DMSO, IPI-549, C17, αCD155-C17, or αCD155. 1μM IPI-549 and 0.1μM C17 lead to 

a significant reduction in sxMDSC suppression of NK cells compared to untreated controls 

(p<0.05, Figure 15A). 1μM C17 completely abolished MDSC suppressive activity (p<0.01). Both 

αCD155-C17 and αCD155 reduced suppressive activity (p<0.05), however, the αCD155-C17 

ADC was unable to reduce suppressive activity beyond the effect of CD155 blockade alone. 

Moreover, when NK cells and K562 target cells were co-cultured without the presence of MDSCs, 

αCD155-C17, and αCD155 caused increased killing (p<0.05, Figure 15B). Alongside sxMDSCs, 

K562s also highly express CD155 (Figure 15C and D). This presents a possible confounding effect 

as the αCD155-C17 and αCD155 are capable of directly binding to the K562s which may mediate 

ADCC. This would explain the direct effect of αCD155-C17 and αCD155 treatment in increasing 

NKC of K562 cells despite the absence of sxMDSCs. 
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Figure 15: ADC treatment did not improve NK cell cytotoxicity beyond CD155 mAb 

treatment.  A) Comparison of effect of ADC treatment or CD155 blockade vs PI3Kγ inhibition 

on suppression of NKC in MDSC:NK:K562 culture (n = 3) and (B) NK killing in NK:K562 co-

culture (n=3). Significant differences compared to DMSO control are reported. C) Contour flow 

plot of CD155 expression on K562, anti-CD155 (left) and isotype (right). D) Histogram of anti-

CD155 (red) and isotype (blue) on K562.  
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4.7.3 Development of a Cas9 CD155KO K562 Target cell line 

Given the confounding effect of CD155 expression on K562, we wanted to develop a 

CD155KO cell line. Since we have standardized our suppression assay model with K562 cells, I 

wanted to use a CD155 genetic KO K562 cell line to test the efficacy of the ADC. A pool of 3 

sgRNAs, each targeting a unique PAM site on CD155, was used which was complexed with Cas9 

(Figure 16A). WT K562 cells were electroporated with this ribonucleoprotein (RNP) complex. 

Qualitatively, most of the cells were GFP+ compared to mock controls, suggesting good 

nucleofection efficiency (Figure 16B). After 3 days, loss of CD155 surface expression was 

confirmed by flow, whereby both Pool #1 and Pool #2 showed a reduction in CD155 MFI 

compared to the mock control (Figure 16C). Given the baseline efficiency of reduction of CD155 

expression in both pools, Pool #2 was used for further processing.  CD155 expression continued 

to decrease in Pool #2 approaching that of the isotype MFI up to day 7 (Figure 16D).  Following 

limiting dilution and clonal expansion, clone 6 was isolated from Pool #2. Clone 6 showed a 

complete loss of CD155 expression which was confirmed by flow (Figure 16E). Sanger 

sequencing, followed by ICE analysis revealed multiple indels in all three cut sites in proximity to 

the PAM (Supplemental Figure 10). 
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Figure 16: Development of a CD155 KO K562 Cell line. A) Schematic of workflow for 

knocking out CD155. K562 cells were electroporated with multiple sgRNA-Cas9 RNP complexes. 

pMAXGFPTM vector was used as a transfection control and efficiency was determined by IF. 

Pooled cells underwent limiting dilution for clonal selection, followed by expansion. CRISPR-
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Cas9 mediated CD155 KO in K562 cells was confirmed by flow and gene sequencing. B) 

Representative IF image of GFP expression in K562 cells following nucleofection with 

pMAXGFPTM transfection control vector (GFP+) and mock. C) Histogram of expression of CD155 

in K562 cells 3 and (D) 7 days after nucleofection. E) Histogram of expression of CD155 in 

isolated clone 6 (CD155 KO) following limiting dilution of Pool #2. 

 

4.7.4 αCD155-C17 ADC treatment leads to a modest reduction of sxMDSC-mediated 

suppression of NKC against CD155KO Targets  

Following knockout of CD155 in K562, MDSC-mediated suppression of NKC against 

CD155KO K562 targets was tested. Expectedly, 1μM IPI-549 caused a significant reduction in 

suppression of NKC (p<0.01), the same was true for 0.1μM C17 (p<0.05) and 1μM C17 (p<0.01, 

Figure 17A). 2 μg/mL, 10 μg/mL, 20 μg/mL of αCD155-C17 did reduce sxMDSC-mediated 

suppression of NKC (p<0.05). In contrast, αCD155 did not cause a reduction in NKC suppression.  

αCD155-C17 and αCD155 did not cause an increase in killing when NK92 cells were co-cultured 

with K562 CD155KO in the absence of sxMDSCs (Figure 17B). This suggested that the ADCC 

effect observed in Figure 15 was effectively abolished by CD155KO.  

To confirm that αCD155-C17 could affect PI3Kγ signalling, sxMDSCs were treated with 

the ADC and pAKT was quantified by flow (Figure 17C). 1μM IPI-549, 0.1μM C17 and 1μM C17 

caused a significant reduction in pAKT MFI (p<0.05). 2 μg/mL, 10 μg/mL, 20 μg/mL of αCD155-

C17 also reduced pAKT levels (p<0.05). However, the effect did not show a dose dependent 

response. 2 μg/mL, 10 μg/mL, 20 μg/mL of αCD155 did not cause a reduction of pAKT levels.   
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Figure 17: ADC treatment caused a modest improvement reduction of NK suppression when 

using K562 CD155KO targets. A) Suppression assay with MDSCs:NK: CD155KO K562 (n = 

3). B) Killing assay with NK:CD155KO K562 co-culture (n = 3). C) Phosphorylation of AKT 

(T308) with PI3Kγ inhibitor, αCD155-C17 (ADC) or αCD155 mAb treatment (n = 3).  
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4.8 Discussion 

Despite the potential benefits of PI3Kγ inhibition in inhibiting sxMDSC suppressive 

activity, it is plagued with deleterious side effects when administered systemically. As explained 

in 4.2.12,  systemic murine administration of PI3Kγ inhibitors led to a reduction in NKC and 

increased postoperative metastatic burden (Supplemental Figure 6). Despite the relatively low 

abundance of PI3Kγ in NK cells, it plays an important role in chemotaxis and cytokine-stimulated 

NK effector functions(237, 238). Chapter 2 investigated the potential of utilizing an ADC as a 

strategy to direct a PI3Kγ inhibitor payload specifically to sxMDSCs. This would thereby 

eliminate the potential deleterious side effects of systemic administration while maximizing the 

therapeutic benefit of PI3Kγ blockade by specifically concentrating it on sxMDSC targets.  

4.8.1 CD155 is a suitable target for sxMDSCs 

Our first goal was to determine a potential sxMDSC marker. From a proteomic screen, Dr. 

Martel identified that CD155 is highly upregulated in sxMDSCs. CD155 is a Nectin-type receptor 

that can interact with DNAM-1, TIGIT and CD96, which are expressed on NK cells(246). This 

suggests that CD155 may be an important molecule in sxMDSCs that enables crosstalk between 

NK cells and MDSCs. Previous research has demonstrated that TIGIT+ NK cells were able to 

interact with CD155 expressed on MDSCs, leading to their suppression(147). Blockade of the 

TIGIT-CD155 interaction, or by separating the cells by using a transwell, prevented MDSC-

mediated NKC suppression. Previously, I had determined that postoperative NK cells demonstrate 

a significant reduction in DNAM-1 expression (Supplemental Figure 8), which is coupled with a 

reduction in effector functions(99). Research has shown that co-culturing NK cells with CD155+ 

cells lead to a similar phenotype as surgery stress, namely the reduction in DNAM-1 

expression(245).  Given the upregulation of CD155 on MDSCs, a similar effect could occur in the 
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postoperative environment, leading to the observed reduction in DNAM-1 expression on NK cells. 

Dr. Martel investigated the use of the SKII.4 antibody for CD155 blockade and demonstrated a 

marked reduction in sxMDSC-mediated suppression of NKC (Supplemental Figure 9). My work 

focused on targeting CD155 as a unique marker of sxMDSCs for ADC-mediated PI3Kγ inhibitor, 

Compound 17, drug delivery (αCD155-C17). Thus, I wanted to investigate its potential in targeting 

PI3Kγ signalling in MDSCs, thereby reducing the suppression of NKC.  

4.8.2 αCD155 undergoes internalization in the endolysosomal degradation pathway, which 

is critical for ADC-mediated therapeutic activity 

As described by Chalouni et al. ADC internalization, and processing is an important step 

for its therapeutic activity(252). Therefore, for the C17 small-molecular inhibitor to carry out its 

function, following CD155 binding, the ADC must be internalized and undergo acidification as 

part of endolysosomal degradation. We investigated the internalization of αCD155 by using the 

workflow described in 4.6.1. Briefly, antibody binding to CD155 causes receptor-mediated 

endocytosis which forms an early endosome. The αCD155-C17ADC specifically relies on the 

endolysosomal degradation pathway as it leads to the cleavage of the linker between αCD155 and 

the drug thereby releasing the C17 payload. This payload can traverse through the endosomal lipid 

bilayer into the cytosol, where it can inhibit PI3Kγ signalling.  We confirmed that the ADC 

undergoes endolysosomal degradation by using a pH-sensitive dye which fluoresces as the 

endosome acidifies. Acidification is not present in endosome trafficking that leads to the receptor 

being recycled back to the cell surface and is exclusive to the endolysosomal degradation pathway. 

Therefore, this pHAB allowed us to quantify CD155 internalization events that will specifically 

undertake the critical endolysosomal degradation pathway, which is necessary for ADC function. 

We determined that CD155 does undergo internalization following SKII.4 binding, compared to a 
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non-specific, isotype-matched control antibody (Figure 14B). Notably, CD155 internalization was 

directly correlated with the expression of CD155 on MDSCs. This is important to note since 

internalization does not seem to plateau where it reaches a fixed upper rate limit, instead, it 

suggests that internalization is only limited by the magnitude of CD155 expression on sxMDSCs. 

However, this protocol does not capture some key pieces of information. DeVay et al. 

demonstrated target receptors for ADCs can have different affinity for endosomal trafficking(253). 

Some targets were more likely to undergo endolysosomal degradation, thereby bolstering 

therapeutic efficacy, while other targets preferentially were recycled back to the cell surface. It is 

important to be able to investigate the preferential trafficking of CD155 upon ADC binding, and 

whether that is skewed towards endolysosomal degradation or not(253). Moreover, although these 

results indicate proper internalisation and processing of the ADC, it does not indicate whether the 

payload is efficiently cleaved and released. In the next section, I attempted to determine the release 

of the payload from the endolysosome to exert its therapeutic effects by investigating the effects 

of the ADC on sxMDSC-mediated suppression of NK cells and phosphorylation of AKT as an 

indicator of PI3Kγ signalling. 

4.8.3 αCD155-C17 was not as effective as C17 alone in reducing sxMDSC-mediated 

suppression of NKC and inhibiting PI3Kγ signalling 

Having confirmed that αCD155-C17 can undergo internalization, I have attempted to 

determine the efficacy of αCD155-C17 in reducing sxMDSC-mediated suppression of NKC. 

Although αCD155-C17 treatment improved NKC compared to DMSO controls it was unable to 

surpass the effect of CD155 blockade alone (Figure 15A). Moreover, both αCD155-C17 and 

αCD155 increased NKC against K562s in the absence of sxMDSCs (Figure 15B). Alongside 
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sxMDSCs, K562s also highly express CD155 (Figure 15C and D). This presents a possible 

confounding effect as the αCD155-C17 and αCD155 are capable of directly binding to the K562s 

which may mediate ADCC. This would explain the direct effect of αCD155-C17 and αCD155 

treatment in increasing NKC cells despite the absence of sxMDSCs.  

This led to the development of a CD155-/- K562 cell line (Figure 16). Although this 

approach enabled the determination of PI3Kγ inhibitor payload mediated reduction of sxMDSC 

activity, the effect was modest. It should be noted that 5μg/mL, 10μg/mL, and 20μg/mL 

concentration of αCD155-C17 provides approximately 0.1uM, 0.2μM and 0.4μM concentration of 

C17, respectively. The highest concentration, 20μg/mL of αCD155-C17, had a similar efficacy to 

0.1μM of the unconjugated C17 drug, despite delivering approximately 4 times the concentration 

(0.4μM of C17) (Figure 17A). This suggests that conjugating C17 to the αCD155 led to an overall 

reduction in efficacy when it was administered in the form of an ADC. 

This was further confirmed by investigating phosphorylation of AKT, as an indicator of 

PI3Kγ signalling, following αCD155-C17, C17 or aCD155 treatment. Although αCD155-C17 had 

a greater ability to inhibit PI3Kγ signalling by reducing pAKT compared to αCD155, its efficacy 

was not as potent as the effect of the unconjugated C17 at 0.1μM (Figure 17C). Given the 

observation that both inhibition of sxMDSC suppressive activity and PI3Kγ signalling does not 

exhibit a dose-dependent response to αCD155-C17 treatment, it suggests that there is a potential 

rate limiting step that is reducing the overall efficacy of the C17 compound when administered in 

the form of an ADC. In this ex vivo model, there are 2 major steps needed to deliver the C17 

payload from the ADC. First, αCD155-C17 must bind to CD155 and undergo internalization. Next, 

following endolysosomal processing, the C17 payload must be cleaved from its linker so that the 
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small molecular inhibitor can exert its effect on the sxMDSC. In section 4.7.1, I concluded that 

ADC internalization is only limited by the magnitude of CD155 expression on the sxMDSC. In all 

instances, patients show highly upregulated CD155 expression (Supplemental Figure 7) following 

surgery which would be sufficient for αCD155-C17 internalization. In follow up discussions with 

Admare, they indicated that they faced a great deal of difficulty in preparing a stable ADC 

conjugate with the C17 inhibitor. As a result, they had to make use of a linker which is known for 

its high stability which may potentially come at the cost of reduced cleavage efficiency. They 

suggested that following internalization, the linker may not be cleaved effectively, preventing the 

release of the C17 inhibitor. This conclusion does corroborate with the observations made: despite 

proper internalization of the ADC, the release of the C17 could be a rate limiting step, thereby 

preventing its activity in targeting PI3Kγ. Unfortunately, the instruments and expertise needed to 

confirm the poor performance of the αCD155-C17 ADC is beyond the scope of this thesis. Despite 

this, the potential for inhibiting PI3Kγ in sxMDSCs shows promise and we are already considering 

alternative approaches for sxMDSC-specific targeting. 

4.8.4 Alternative approach to target MDSCs 

Reflecting on the results, it is disappointing that the ADC did not show efficacy in reducing PI3Kγ-

mediated suppression of NKC, beyond the C17 compound on its own. If anything, this was an important 

learning moment for me: as scientists, we are left to make amends with the fact that even the most valiant 

of efforts may be unfruitful. Yet there is an unspoken curiosity of results that do not align with expected 

results, that stokes the fires of creativity, as we search for the silver lining to carry us forward in our 

research efforts. For me, after reviewing the available literature, that silver lining is recognizing that this 

was the first time ever that an ADC has been developed to target sxMDSCs. Our partners at Admare went 

through significant hurdles to identify an appropriate PI3Kγ inhibitor payload and linker to develop this 
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truly one-of-a-kind therapeutic product. Given the novelty of this research, it is important to view it as a 

“first attempt”, for what could be a powerful strategy to target sxMDSCs and prevent postoperative 

immunosuppression.  As such, it prompted me to consider alternative approaches for an MDSC-specific 

strategy to target PI3Kγ.  

As mentioned, CD155 is the poliovirus (PV) receptor, which PV binds to undergo cell entry.  PV 

was shown to bind to the membrane-distal, N-terminal domain known as “D1” of CD155 which interacts 

with specific residues on the PV capsid(254). This binding process causes changes in the structural 

conformation of PV which causes the virus to “unzip” thereby releasing its genetic code for replication 

upon entry. The PV capsid consists of 60 copies of each of the VP1, VP2, VP3, and VP4 proteins, which 

forms 5 icosahedral axes. Belnap et al. utilized a crystal structure of PV complexed with soluble CD155 

to determine the binding regions(255). They identified that D1 binds to the viral canyon, a narrow 

depression around each of the icosahedral axes. Importantly, specific residues in the interface between the 

VP1, VP2, and VP3 subunits interact with the D1 domain of CD155 in the viral canyon(254). Mutational 

studies demonstrated that residues on VP1, and not VP2 or VP3, were critical for CD155 binding(256). 

Taken together, VP1 could be used as a ligand to direct MDSC-specific therapeutic by targeting CD155 

expression. This could include linking VP1 with a PI3Kγ inhibitor payload or loading an exosome with 

this payload and coating it with VP1 particles(257). This approach provides an entirely new approach to 

targeting MDSCs, separate to an ADC-based platform. 

 

Conclusion  

Despite the importance of surgery for tumour resection, the full benefits of this curative 

procedure cannot be realized due to the consequences of postoperative suppression of tumour 

immunosurveillance. Therefore, perioperative research which attempt to reduce the counter-
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productive side effects of surgery will ultimately lead to improved patient outcomes. Surgery 

causes activation of the surgery stress response which is marked by two clashing forces, an 

inflammatory phase, and the CAR. The physical trauma that is induced by surgery causes an 

overwhelming release of DAMPs. These DAMPs activate neutrophils which are a key promoter 

of the acute inflammatory phase, while anti-inflammatory cytokines dominate the CAR. The CAR 

is responsible for significant suppression of NK cells. This may provide a window of opportunity 

for residual tumour cells to re-establish themselves and manifest as postoperative metastatic 

disease. Moreover, several effectors of the surgery stress response promote the expansion, 

migration, and activation of MDSCs. DAMPs signals emergency myelopoiesis from the bone 

marrows which leads to the rapid expansion of immature myeloid cells (MDSCs). Factors that are 

highly expressed during the CAR potentiate the suppressive activity of MDSCs. So much so, that 

we have termed these unique, highly suppressive immunoregulatory cell as surgery induced 

MDSCs (sxMDSCs). This prompted the search for potential sxMDSC antagonists. 

Previously in our lab, Dr. Angka identified PI3K as a target for reducing sxMDSC-

mediated suppression of NKC.  Given its role as a master regulator of many pathways, targeting 

PI3Kγ may serve to impact several of these suppressive mechanisms simultaneously. As 

highlighted by Zhu et al.(258), PI3Kγ inhibition is already undergoing investigations in Phase 2 

clinical trials for its efficacy in treating advanced solid tumors head and neck squamous cell 

carcinoma, triple negative break cancer, renal cell carcinoma and urothelial carcinoma(259–261). 

However, its application in the perioperative space, had yet to be investigated.  I have demonstrated 

that PI3Kγ inhibition shows efficacy in reversing the effects of surgical stress in inducing the 

suppressive activity of sxMDSCs thereby reducing postoperative inhibition of NKC and metastatic 

burden. However, the benefits of PI3Kγ inhibition are countered by its potentially deleterious 
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effects on NKC with systemic administration. In fact, systemic PI3Kγ blockade led to a significant 

increase in postoperative metastatic burden. This presents a troubling implication for the suitability 

of PI3Kγ inhibitors in a clinical setting, as it may inadvertently lead to worse patient outcomes and 

greater metastatic disease. As mentioned prior, PI3Kγ inhibitors are currently being tested in Phase 

2 clinical trials so it is important that we better understand the “double edged” nature of blocking 

this pathway to ensure the best possible patient outcomes and addressing the potential for negative 

side effects.  

These findings prompted us to consider a sxMDSC-specific approach to targeting PI3Kγ 

signalling. As a preliminary experiment, sxMDSCs were isolated from donor mice that underwent 

surgery in the presence or absence of PI3Kγ inhibition. These sxMDSCs were transferred to 

tumour challenged recipient mice. This ensured that only the adoptively transferred sxMDSCs 

were exposed to surgery-induced stress and PI3Kγ blockade. This sxMDSC-specific approach to 

determine the effects of PI3Kγ blockade allowed us to exclude the deleterious side effects on anti-

tumour immunity associated with systemic PI3Kγ inhibition in the recipient mice. I was able to 

determine that adoptive transfer of sxMDSCs to recipient mice recapitulated the effects of 

postoperative metastatic burden, leading to greater metastases. However, blockade of PI3Kγ 

signalling in the sxMDSCs, prior to adoptive transfer, prevented this increased metastatic burden. 

Therefore, this experiment served as an important steppingstone to confirm the necessity of an 

sxMDSC-specific approach for PI3Kγ blockade, to maximize the therapeutic benefits, while 

minimizing its deleterious effects on anti-tumour immunity mediated by NK cells. Chapter 2 

discussed the development of an sxMDSC-specific MDSCs. 
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Previously in our lab, Dr. Martel and Dr. Angka identified that CD155 was a viable 

candidate as a sxMDSC marker, given its significant upregulation postoperatively in this cell 

population. While its expression is very low in normal human tissue, it is overexpressed in several 

transformed cells and is involved in cell adhesion, movement, and proliferation, and is associated 

with a poor prognosis in cancer patients(241, 242). Dr. Martel investigated the role of CD155 on 

sxMDSCs in NK cell suppression. He demonstrated that the commercially available SKII.4 

monoclonal antibody, which is directed against human CD155, blocked interactions between 

sxMDSCs and NK cells, thereby reducing sxMDSC-mediated NKC in an ex vivo co-culture 

suppression model. My work capitalized on this unique expression profile of CD155 to directly 

target sxMDSCs. Using this information, Admare, our collaborators developed an ADC, named 

αCD155-C17, which conjugated the SKII.4 antibody-mediated targeting of CD155+ sxMDSCs 

with a PI3Kγ inhibitor payload (called C17) via a cleavable linker. I confirmed that the SKII.4 

antibody used for the αCD155-C17 undergoes internalization and endolysosomal degradation in 

sxMDSCs, following CD155 binding. Endolysosomal degradation is important as it enables the 

release of the PI3Ks inhibitor payload from the ADC via cleavage. However, the use of a clinically 

actionable ADC targeting sxMDSCs with a PI3Kγ inhibitor payload was not effective in reducing 

sxMDSC-mediated suppression of NKC. Moreover, it did not impact pAKT signalling to a greater 

degree than C17 compound alone. In fact, it seemed that conjugating the C17 compound to the 

SKII.4 antibody to form αCD155-C17 significantly reduced its therapeutic efficacy. We believe 

this is most likely due to ineffective cleavage of the linker, thereby preventing release of the C17 

payload to exert a therapeutic effect within the sxMDSC. Therefore, this inefficient cleavage acts 

a rate limiting step, preventing effective blockade of PI3Kγ signalling. As such, further 

investigation into new strategies for targeting sxMDSCs will be required. Notably, PV ligands that 
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binds to CD155 and mediate internalization are well characterized. This could offer an entirely 

new platform for sxMDSC-specific targeting separate to ADC-based treatments. Regardless, my 

work has highlighted the current gap in addressing the critical perioperative period that contributes 

to the risk of cancer recurrence in patients following surgery. Targeting PI3Kγ in sxMDSCs could 

be an important strategy to help reduce this risk.  

Final Thoughts and the Importance of this Work 

Patients who undergo cancer surgery have hope to be free of the burden that this disease 

places on them and their loved ones. Sadly, cancer recurrence, especially after curative surgery, is 

a devastating reality that many face. Currently, cancer surgery may seem like a double-edged 

sword as its negatives seek to undermine the therapeutic benefits it can have on a patient’s clinical 

outcomes. Research such as this shows compelling evidence that perioperative therapies are an 

overlooked, yet important area of research that has the potential to generate novel, targeted 

approaches that complement and improve surgical outcomes. I hope that our efforts one day ensure 

that patients undergoing curative surgery are truly free of the burden of cancer. 
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target pan-PI3K. He also conducted the initial mouse experiments shown in the supplementary 

figures. I would like to thank Dr. Rafeah Alam, and Dr. Alice Lau for their guidance on 

experiments as well as for editing this thesis.  I would also like to acknowledge the tremendous 

amount of work done by our collaborators at Admare who synthesized Compound 17, produced 

the ADC and validated it.  Unless stated otherwise in the figure legend, all other figures are 

results entirely from my own experiments.   



151 
 

Appendix 

 

 

Supplemental Figure 1: Identification of PI3K inhibitor, LY294002, as a potent sxMDSC 

antagonist. A) Schematic of 150 compound library screen (donated by ADMARE) which was 

used in a high throughput ex vivo sxMDSC:NK92 co-culture suppression assay. sxMDSC:NK92 

co-cultures were treated with 1μM of each compound for 20 hours, followed by addition of 

fluorescently-labelled NK-sensitive K562 target cells. NK-mediated K562 cytotoxicity was 

measured by viability dye using flow cytometry. Screen was conducted 4 times. B) Representative 

results from 150 compound screen. Compounds that improved NK cell cytotoxicity (blue, left y-

axis) by >50% from DMSO control (black dotted line), without impacting NK cell viability (red, 

right y-axis), were considered hits. LY294002 (indicated in purple) improved cytotoxicity in all 

screens and was the top hit in 3/4 screens. This experiment was conducted and analyzed by Dr. 

Leonard Angka.  
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Supplemental Figure 2: HLA-DRLo/neg M-MDSCs expand postoperatively. A) MFI of HLA-

DR in M-MDSCs (n=20). B) proportion of HLA-DRLo/neg M-MDSCs (CD14+CD15-CD33+CD56-

CD3-CD19-) in Healthy, Baseline and POD1 PBMCs (n=20). This experiment was conducted and 

analyzed by Dr. Leonard Angka. 

 

 

Supplemental Figure 3: NK92s are not cytotoxic against CD33+ (MDSCs). NK92s were co-

cultured with MDSCs at increasing ratios for 6 hour or 24 hours. NK-mediated cytotoxicity against 

MDSCs was determined by a fluorescent viability dye using flow cytometry (n=3). This 

experiment was conducted and analyzed by Dr. Leonard Angka. 
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Supplemental Figure 4: M- and G-MDSC isolation strategy.  A) Gating strategy for FACS of 

MDSC subpopulations. Cell debris, doublets, dead, and CD33- cells were gated out. CD14+CD15- 



154 
 

(M-MDSC) and CD14-CD15+ (G-MDSCS) were gated within the CD33+ cell gate. B) CD14 vs 

CD15 flow plot from M- and G-MDSC FACS strategy.  

 

Supplemental Figure 5: Titration curve of TGF-β cell reporter assay with rTGF-β or CD33+ 

cells. HEK-BlueTM TGF-β cells were plated and increasing concentrations of A) rTGF-β or B) 

CD33+ (MDSC) cell supernatant was added. After 24 hour incubation, QUANTI-BlueTM assay 

was used to measure SEAP production, proportional to quantity of bioactive TGF-β (n=3).  
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Supplemental Figure 6: Systemic administration of PI3Kγ inhibitors leads to deleterious 

reduction in NKC and increased postoperative metastasis in the B16F10LacZ murine model 

of surgical stress. A) Experimental outline and endpoints. Mice were administrated TG100-115 

(3mg/kg) intrapertinonarly or IPI-549 (15mg/Kg) by oral gavage. TG100-115 was administrated 

twice a day, while IPI-549 was given once a day. Drug administration began one day before 

surgery (POD-1) and continued daily until POD3, at which point experiment reached endpoint. 

Immediately prior to surgery, mice underwent tumour challenge with lung metastases forming 

B16F10LacZ cells. B) On POD3 endpoint, lung metastases were counted following X-Gal staining 

(n=6). C) NK cells were isolated on POD3 endpoint, and cytotoxicity against NK-sensitive Yac-1 

targets was determined in ex vivo killing assay (n=2). This experiment was conducted and analyzed 

by Dr. Leonard Angka. 
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Supplemental Figure 7: CD155+ MDSCs expand following surgery.  PBMCs were collected 

from healthy donors as well as cancer/non-cancer patients before (pre-op) and after (POD1) 

surgery. A) Proportion of MDSCs that are CD155+. This experiment was conducted and analyzed 

by Dr. Andre Martel. 

 

Supplemental Figure 8: Postoperative NK cells exhibit reduced DNAM-1 expression. A) 

Representative flow plot used as gating strategy to immunophenotype NK cells (CD56+CD3-

CD14-). Cell debris and non-singlets were excluded. B) Proportion of NK cells that are DNAM-

1+ in healthy (green), baseline (blue) and POD1(red) PBMCs (n=20). C) MFI of DNAM-1 

expression in NK cells (n= 20). I had conducted this experiment for my honours thesis. 
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Supplemental Figure 9: Ex vivo CD155 Blockade Decreases the Suppressive Effect of Sx-

MDSCs.  A-C) Suppression assays with POD1 Sx-MDSCs of 3 cancer patients (A – lung cancer 

lobectomy, B – retroperitoneal sarcoma resection, C – lung cancer lobectomy). % killing of K562s 

with Sx-MDSCs (blue, MDSC:NK:K562) or without Sx-MDSCs (red, NK:562). The suppression 

control without ⍺-CD155 is represented as the blue dotted line. Increase in killing with ⍺-CD155 

(0.5 µg/mL) is the proportion above this blue line. D) Mean % killing with Sx-MDSCs of all 

triplicates (n=9), comparing no ⍺-CD155 (grey) to + ⍺-CD155 (blue). All samples shown are Mean 

of triplicates ± SD. *p<0.05. This experiment was conducted and analyzed by Dr. Andre Martel. 
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Supplemental Figure 10: ICE analysis of multi-guide Knockout of CD155 in K562 Clone 6. 

A) The discordance plot shows the level of disagreement between the non-edited wild type 

(control) and the edited sample in the region around the cut site. It shows, base-by-base, the 

average amount of signal that disagrees with the reference sequence derived from the control trace 

file. On the plot, the green (edited sample) and orange (control sample) lines should be close 
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together before the cut site. The vertical dotted lines mark the cut site for each guide (g1, g2 and 

g3). The alignment window indicates the region of the traces with high agreement between the two 

sequences that is used to align the edited and control traces. The inference window marks the 

region of the traces around the cut site, which will be used to infer the change in sequence between 

the edited and control traces. High discordance between the control and editing sequence in the 

inference window represents a high level of sequence difference. B) Insertion or deletion (indel) 

sizes along with their relative prevalence in the entire edited population of genomes. C) Edited and 

control, non-edited Sanger traces in the region around the guide binding sites for each guide RNA. 

The horizontal black underlined region represents the guide sequence, along with the red 

underlined PAM. The vertical black dotted line represents the cut site. Cutting and error-prone 

repair typically result in mixed sequencing bases downstream of the cut. 


