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ABSTRACT

Surgery, although required to treat most solid cancers, can increase tumour seeding and
metastases. We have previously shown that surgery-induced myeloid derived suppressor cells
(Sx-MDSCs) play an important role in this process by directly suppressing NK cells. The Sx-
MDSCs increase significantly immediately after surgery but the exact mechanism by which
Sx-MDSCs suppress NK cells is still unknown. In this work, we have discovered that CD155
poliovirus receptor is significantly and specifically upregulated on Sx-MDSCs following
surgical stress but is minimally expressed on other immune cells. We also demonstrate that
blocking CD155 in vivo leads to an improved NK cell phenotype, measured by DNAM-1 and
NKG2D, and increased NK cytotoxicity. Additionally, ex vivo CD155 blockade significantly
decreases the suppressive effect of Sx-MDSCs in cancer patients. Expansion of CD155 on Sx-
MDSCs could be responsible for the profound postoperative NK cell suppression, which

makes it a very appealing perioperative target for immunotherapy.
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1. INTRODUCTION

1.1. The Role of Natural Killer Cells in Cancer

1.1.1. Natural Killer (NK) cell activity against tumours

First discovered in 1975 by Kiessling ef al. (1), Natural Killer (NK) cells are lymphocytes of
the innate immune system that play a key role in the first-line of immune response to pathogens
and tumours (1-6). They are derived from the bone marrow and circulate in the blood,
comprising between 5 to 15% of peripheral blood lymphocytes (3, 5, 7). The NK cell
phenotype is characterized by the absence of T cell receptor CD3 and presence of lineage
marker CD56 (8, 9). There are two main functional categories of NK cells, depending on their
relative expression of CD56 and CD16, either CD56"#"CD16™ or CD56%™CD16% (8, 10, 11).
More than 90 percent of human NK cells are CD56%™CD16" and these are responsible for the
majority of cytotoxicity against target cells in the resting state (8, 12—14). However, the
CD56EMCD16° NK cells produce significantly greater amounts of cytokines when stimulated,
including interferon-y (IFN-y), Tumor Necrosis Factor-a (TNF-a), Granulocyte-Macrophage
Colony Stimulating Factor (GM-CSF), interleukin-10 (IL-10) and IL-13 (8, 14, 15).

As part of the innate immune response, NK cells can be rapidly stimulated by circulating
cytokines such as IL-2 and IFN-y without requiring prior sensitization to target cells (3, 16).
Major histocompatibility complex (MHC) class-I is constitutively expressed on all healthy
cells, but frequently impaired or absent in virally-infected cells or tumours (7, 17). As initially
described in the “missing-self hypothesis™ of the innate NK cell response, loss of MHC class-
I on infected or transformed cells leads to NK cell activation, which results in direct cell lysis

via perforin and granzymes, and release of inflammatory cytokines including IFN-y and TNF-



a (7, 18). NK cells also play an important role in the adaptive response to anti-tumour
immunity (19-21). Once thought to be a feature unique to T cells and B cells, it is now known
that activated NK cells can have improved long-term effector functions and enhanced
responses to re-stimulation (20). O’Leary et al. discovered that severe combined
immunodeficiency (SCID) mice deficient in lymphocytes (T cells, B cells, and NK cells) were
unable to mount a hapten-induced delayed type hypersensitivity (DTH) response (21).
However, adoptive transfer of only NK cells from sensitized donor mice resulted in normal
DTH, confirming the ability of NK cells to mount an adaptive immune response (21).

NK cell activity was initially thought to be simply from recognizing MHC-absent cells as
“non-self”, triggering cytotoxic activity (4, 7, 22). However, their effect on target cells is more
delicate and depends on specialized and complex signaling pathways from a combination of
activating and inhibitory receptors, cytokines, chemokines and adhesion molecules (2—4). Key
human inhibitory receptors, such as killer cell immunoglobulin-like receptors (KIRs), Natural
Killer Group 2 A (NKG2A, or CD1359), killer cell lectin-like receptor 1 (KLRG1) and
leukocyte immunoglobulin-like receptor (LILR), have an immunoreceptor tyrosine-based
inhibitory motif (ITIM) in the cytoplasmic domain and they recognize various MHC class-I
ligands (3, 5, 15). Activating NK cell receptors, on the other hand, contain the immunoreceptor
tyrosine-based activating motif (ITAM) and, once bound, trigger increased cytotoxic activity
marked by downstream degranulation and cytokine production (5). Notable human activating
receptors include DNAX Accessory Molecule-1 (DNAM-1), NKG2D, CD16, the natural
cytotoxicity receptor (NCR) family (NKp30, NKp44, NKp46, NKp80) and select KIRs. Most
of these trigger the Src homology 2 domain-containing kinases (ZAP70 or Syk) signalling
pathways, but NKG2D utilizes phosphatidylinositol 3-kinase (PI3K) (3, 5, 15). Murine NK

cell receptors have some degree of overlap with humans. Inhibitory murine receptors include



Ly49A, Ly49C, KLRG1, LILR, and NKG2A, while activating receptors are Ly49D, Ly49H,
CD16, CD244, NCRs, NKG2D and DNAM-1 (3, 5).

DNAM-1, also known as CD226, is an activating receptor expressed on most NK cells and has
the ability to bind two known ligands, CD155 and CD112 (5, 23-25). The DNAM-1-CD155
relationship will be discussed in detail further (section 1.4) but in brief, the two DNAM-1
ligands CD155 and CD112 can be overexpressed on several tumours, highlighting a key anti-
tumour role for this NK cell receptor. In fact, binding of DNAM-1 with its ligand triggers
direct NK cell cytotoxicity and increased IFN-y production (26-28).

NKG2D is also an activating receptor found on NK cells and T cells that plays an integral role
in tumour immune surveillance (5, 29, 30). There are various known stress-induced NKG2D
ligands that have some homology to MHC class-I ligands, including the MHC-class I-chain
(MIC) related A and B antigens (MIC-A, MIC-B) and UL16-binding proteins (ULBP1,
ULBP2, ULBP3, ULBP4) in humans, and retinoic acid early inducible 1 (RAE-1) in mice.
These ligands are all expressed at low levels under normal conditions but are significantly
upregulated in times of stress (3, 25, 29, 30). Additionally, they are overexpressed in several
tumours including breast, lung, kidney, prostate and colon cancers (17, 30). Key in vitro studies
have confirmed the anti-tumour role of NKG2D by transfecting NKG2D ligands into various
target tumour cells. NK cells exhibited enhanceSmuld cytotoxicity against MICA-transfected
Daudi lymphoma cells but blockade of either MICA (clone 2C10) or NKG2D (clone 1D11)
significantly decreased NK-mediated killing by twofold and tenfold, respectively (17).
Importantly, some tumours can overexpress either DNAM-1 or NKG2D ligands, but not both,
and presence of either DNAM-1 or NKG2D on NK cells is needed for NK-mediated
cytotoxicity of tumour cells (31, 32). El-Sherbiny et al. studied these two receptors on NK

cells of multiple myeloma patients. By performing cytotoxicity assays of isolated NK cells



cultured with multiple myeloma cell lines, they noted that blocking DNAM-1 or NKG2D with
a monoclonal antibody led to impaired cytotoxicity only if the tumour overexpressed the
associated ligands (31). Similarly, Gilfillan et al. developed DNAM-1-" mice and saw that ex
vivo NK cytotoxicity was relatively preserved in DNAM-17 mice if tumours overexpressed
NKG2D ligands, such as YAC-1 cells, but killing was significantly impaired by more than
tenfold if tumours lacked NKG2D ligands, like BI6F10 cells. Interestingly, NK cells from
wild type (WT) mice with normal DNAM-1 expression did not have an impaired killing ability,
regardless of ligand expression on target cells, suggesting the presence of only one receptor,
NKG2D or DNAM-1, is sufficient to preserve NK-mediated killing of tumours (32). Given
the fact that NK cells require NKG2D and DNAM-1 to maintain effective anti-tumour immune
surveillance, it is no surprise that tumours have developed several escape mechanisms,

including inhibition of these activating NK cell receptors.

1.1.2. Tumour-induced dysfunction of NK cells

NK cells play a central role in tumour surveillance, but several cancers have developed
mechanisms to subvert the NK immune response either by directly suppressing NK cells or
avoiding their detection (25, 33-35). This concept of immune escape is critical for tumour
survival and can be accomplished through various pathways, including modifying tumour
antigens, increasing inhibitory molecules such as programmed death-ligand 1 (PD-L1) or
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and/or inducing a suppressive tumour
microenvironment (TME) with regulatory T cells (Tregs) and, as discussed in more detail in
1.3, Myeloid Derived Suppressor Cells (MDSCs) (25, 33, 34).

At a certain point during cancer progression, the rate of tumour growth surpasses

vascularization, transitioning the TME to a hypoxic state (36—38). Hypoxia in the TME seems



to be the main trigger that induces immunosuppressive changes, first by releasing reactive
oxygen species (ROS), anti-inflammatory cytokines such as transforming growth factor-3
(TGF-B) and growth factors including vascular endothelial growth factor (VEGF) (39, 40).
Hypoxic changes in the TME can also cause downregulation of activating NK cell receptors
including some NCRs (NKp30, NKp44, NKp46) and NKG2D, leading to impaired
cytotoxicity (35, 40, 41). Balsamo et al. studied the NK cell phenotype under hypoxic
conditions. After culturing healthy isolated NK cells in a hypoxic anaerobic incubator, they
noted a significant downregulation of NKp30, NKp44, NKp46, and NKG2D, as well as
impaired NK function measured by CD107a degranulation and chromium 51 (°!Cr)-release
cytotoxicity when co-cultured with melanoma target cells (41). Interestingly, the hypoxic
stress can cause some tumours to shed surface NKG2D ligands, which appears to downregulate
and antagonize NKG2D receptors on NK cells and T cells (30, 40, 42).

Furthermore, certain tumours are able to escape the immune response by downregulating the
NKG2D and DNAM-1 pathways specifically (25). Studies have shown that NKG2D and
DNAM-1 both play important anti-tumour roles in vivo (29, 43) and targeting these two
activating receptors may be a promising approach to cancer immunotherapy (25). In fact,
murine models lacking either NKG2D or DNAM-1 had significantly higher tumour growth
and metastases compared to WT mice (29, 43). DNAM-1"" mice receiving subcutaneous (SC)
MethA fibrosarcoma injections had much larger tumours and decreased overall survival (OS)
compared to WT mice (10% vs 80% at 50 days) (43). Additionally, ex vivo NK cytotoxicity
from DNAM-1"" mice was markedly impaired against various murine lymphoma target cells
(43). In another study, NKG2D deficient transgenic adenocarcinoma of mouse prostate
(TRAMP) murine model (Klrkl”~ TRAMP), Guerra et al. showed that lack of NKG2D

function caused a significant increase in tumour growth and earlier onset of disease (29).



Another key mechanism of NKG2D downregulation is through tumour production of
suppressive cytokines, most notably TGF-3 (44, 45). Lee et al. cultured fresh healthy NK cells
with plasma isolated from cancer patients and noted, similar to unpublished results from our
laboratory, a significant downregulation of NKG2D and decrease in NK cytotoxicity of target
CEM leukemia cells. However, when blocking with anti-TGF-B1 antibody, NKG2D levels and
NK cytotoxicity both normalized (44). Interestingly, there is a direct correlation between NK
cell function and levels of activating receptors on tumour-infiltrating NK cells, including
DNAM-1 and NKG2D (46). Mamessier et al. measured these activating receptors on NK cells
isolated from the TME of 139 breast cancer patients undergoing surgical resection. DNAM-1
and NKG2D levels decreased progressively with cancer stage and this correlated with lower
CD107a degranulation and IFN-y production (46). While there are several studies on cancer
models supporting the central role of NK cells in anti-tumour immune surveillance, another,
less well studied mediator of devastating suppression of NK cells, to a degree much greater

than the TME, is immediately following surgical stress.

1.2. Surgical Stress and NK Cell Suppression

1.2.1 Surgical stress

Surgery is well known as the only curative treatment modality for most solid malignancies,
and it is particularly important to ensure negative surgical margins of the cancer specimen (47—
51). While surgical resection of tumours has clear benefits, the stress on the immune system
can cause increased tumour growth and spreading (48, 52-55). However, this concept is not
new. It has been known for over 100 years that the stress induced by surgery can aggravate

postoperative metastases (56, 57). In animal models, this effect was much more pronounced if



primary tumours were not completely excised (56, 57). With surgical resection of a tumour,
there is 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) (53, 58). Surgery
can in fact cause accelerated growth of MRD, ultimately leading to decreased disease-free
survival (DFS) and overall survival (OS) (53, 54, 58).

The tissue trauma during surgery causes an immediate release of stress-induced hormones such
as glucocorticoids and catecholamines, resulting from stimulation of the autonomic nervous
system and hypothalamo-pituitary-adrenal axis (48, 59, 60). Additionally, endothelial injury
triggers activation of platelets and release of alarmins, or damage-associated molecular
patterns (DAMPs), and together these stimulate the release of growth factors including
epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and VEGF (51, 61—
64). These growth factors are released during the early inflammatory phase of wound healing
but they also negatively influence tumorigenesis by increasing tumour invasion, proliferation
and angiogenesis (61, 65, 66).

In response to tissue injury and DAMPs, immune cells are recruited to the site of injury, first
neutrophils followed shortly afterwards by monocytes (51, 61, 67, 68). Importantly, monocytes
have cell 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 and
trigger the Nuclear Factor k-B (NF«B) pathway (63, 64). This monocyte activation causes a
massive yet short-lived release of pro-inflammatory cytokines, including IL-1, IL-6, TNF-a,
IFN-y and GM-CSF (59, 62, 63, 69—71). Importantly, the expansion in these pro-inflammatory
cytokines is proportional to the degree of surgical stress (62, 63, 72, 73). In 2013, Narita et al.
evaluated cytokine levels of 165 prostate cancer patients undergoing surgery. Interestingly,

pro-inflammatory cytokines IL-1, IL-6, and TNF-a were all significantly elevated less than



one hour following surgery and this was notably higher in the open laparotomy group
compared to minimally invasive laparoscopy (72). In a randomized control trial (RCT)
comparing laparoscopic to open colon resections, Veenhof et al. showed that IL-6 was nearly
threefold higher in the open surgery group at 1 and 2 hours after surgery but the difference was
lost at 24 hours postoperatively (74). Therefore, if the stress of surgery is profound enough, a
systemic inflammatory immune response ensues which is proportional to the severity of tissue
damage (67, 69, 75, 76). In various animal models of surgery, the length and severity of
surgical stress correlates with postoperative tumour burden (62, 76—79). Certain groups were
able to show that mice undergoing less invasive laparoscopic surgery had significantly less
tumour growth and lung metastases compared to laparotomy (62, 76).

Furthermore, monocyte-derived IL-6 appears to be the major pro-inflammatory cytokine in the
immediate postoperative period and has a negative feedback effect on TNF-a and IL-1 to halt
the pro-inflammatory phase and transition into the anti-inflammatory response (63, 64). As
detailed in Figure 1 outlining the ebb and flow of surgical stress, the intense albeit short pro-
inflammatory phase in the 24 hours after surgery triggers a sustained anti-inflammatory phase,
which can last up to several weeks (64, 68). The latter is thought to be from an adaptive
response to limit excessive inflammatory damage (68, 80). The immunosuppressive phase
includes several components: release of anti-inflammatory cytokines (TGF-$, IL-4, IL-5, IL-
10, IL-13), prostaglandin E2 (PGE2), and impaired cellular immunity by direct suppression of
NK cells and T cells (48, 63, 81-83). Additionally, this suppressive phase is marked by
decreased lymphocyte proliferation (63, 82) and loss of T helper type-1 (Thl) cytokine
response (70, 81). Interestingly, the Th1/Th2 balance appears to shift towards Th2 in various
gastrointestinal (GI) surgeries (63, 81, 84) and this is particularly important because Th2 is

mainly responsible for producing anti-inflammatory cytokines (63, 84, 85).



In the relatively short perioperative period, these significant pro-metastatic and suppressive
changes occur, which enables tumour cells to evade the immune response (54, 67). In 2003,
Coffey highlighted the perioperative period as a critical window of opportunity for
immunotherapies (53). But surprisingly, the perioperative window of opportunity has mostly
been ignored for the development of potential immunotherapies (54, 86). In fact, less than 1%
of registered cancer trials are interventions in the perioperative period (87). One key innate
immune population to target in this critical window are the NK cells, which undergo profound
and devastating suppressive changes in the postoperative period. As discussed in the next
sections, postoperative NK cell suppression correlates with accumulation of anti-inflammatory

cytokines and surgery-induced MDSCs (summarized in Figure 1).
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Figure 1. The Ebb and Flow phases of surgical stress.

Surgical stress leads to an immediate but short ebb phase for 24 hours including the release of
pro-inflammatory cytokines in black (IL1-B, TNF-a, IL-6), DAMPs and growth factors. On
PODI, the flow phase begins, marked by anti-inflammatory cytokines in red (IL-6, IL-10,
TGF-B), upregulation of surgery-induced MDSCs in blue (Sx-MDSCs) and profound NK cell
suppression (cytotoxicity in green and IFN-y release in purple). The sustained flow phase can
persist for up to several weeks.

Reproduced with permission from Dr. Rebecca Auer and adapted from Angka et al. (64)
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1.2.2. Postoperative NK cell suppression

NK cells play a critical anti-tumour role perioperatively, as they are one of the main innate
immune cells responsible for clearing MRD by direct tumour lysis without requiring antigen
presentation (49, 71, 88-90). This function, however, is significantly impaired following
surgical stress (49, 83, 89-92). In 1991, Pollock et al. were the first to discover impaired ex
vivo NK cytotoxicity after surgery. They measured killing by >!Cr-release assay of K562 target
cells at baseline and on postoperative day 1 (POD1) for 34 cancer patients and noted a
significant decrease in all patients (90). In their follow-up study of 85 cancer patients, they
detected impaired NK-mediaed killing as early as 18 hours postoperatively (55). Importantly,
NK cell frequencies were still normal at that time point, suggesting the suppression was due
to direct impairment in tumour-lysis rather than a decrease in NK cell numbers (55). Results
from Whole Blood Gene Expression (WBGE) performed by Watt ef al. helped confirm these
findings. They measured WBGE for 6 colorectal cancer patients at baseline and POD1, and
their analysis revealed over 300 significantly differentially expressed genes on PODI1
compared to baseline (93). Interestingly, one of their top hits in terms of downregulated fold
change was a cluster corresponding to NK cell cytotoxic activity, Granzyme-B and IFN-y
encoding genes, while the genes significantly upregulated on POD1 included growth factors
(EGF, VEGF) and pro-inflammatory cytokines (IL-1, IL-6, TNF-a) (93).

The degree of surgical stress also appears to correlate with the amount of NK cell suppression
(88, 94). Leung et al. found that, while still significantly decreased in both groups, impairment
in ex vivo NK cytotoxicity was much less pronounced in laparoscopic colon resections
compared to laparotomy (94). Ramirez et al. identified significantly impaired NK cytotoxicity

following surgery in various cancer resections including mastectomies, thoracotomies, and
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liver resections (88). This highlights a key concept, that postoperative suppression of NK
function is present regardless of cancer type or surgical approach. In various preclinical animal
models, our group and others have shown that the degree of postoperative NK cell suppression
is directly linked to increased tumour seeding and metastases (83, 91, 92, 95). By performing
adoptive NK transfers into NK-deficient mice, we have previously shown that NK cells are
the main immune population responsible for controlling postoperative metastases (91, 95).
Surgically stressed NK cells resulted in significantly more lung metastases (91, 95) and their
ability to kill target cells ex vivo was markedly reduced compared to non-stressed NK cells
91).

While the postoperative NK function is significantly impaired, several studies have also shown
that absolute NK cell numbers are decreased (68, 71, 73, 81, 91). In a prospective study of
elective GI surgeries, Decker et al. discovered that NK cells are significantly lower on POD1
and POD2 compared to baseline (81). In other studies, NK cell numbers were significantly
decreased up until POD4 and PODS5 (68, 71). Ng et al. saw similar effects in lung cancer
patients. They measured lymphocyte populations at different postoperative time points (POD1,
POD3, POD7) and patients undergoing thoracotomy had significantly less NK cells until
POD7, but they did not measure beyond one week (73). Importantly, our group and others
have recently discovered that NK activity is impaired for much longer than initially
anticipated, up to one month after the date of surgery (14, 49, 96). In fact, Brochner et al.
measured NK cytotoxicity by *!Cr-release assay in ovarian cancer patients, and NK-mediated
killing was still impaired on POD21 (96). Similarly, in a study of 42 colorectal cancer patients,
we measured NK activity (NKA) by IFN-y release at various perioperative time points and
over 65% of patients still had suppressed NKA by POD28 (14). Despite clearly characterizing

the extent and duration of NK cell dysfunction following surgery, surprisingly most of these
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studies were unable to confidently determine the exact underlying mechanism of suppression.
This changed with the discovery of one key suppressive population that expands significantly

postoperatively, the Surgery-Induced Myeloid Derived Suppressor Cells (Sx-MDSCs).

1.3. Myeloid-Derived Suppressor Cells (MDSCs)

1.3.1. Characterization of Myeloid-Derived Suppressor Cells

It has been known for several years that tumour-infiltrating lymphocytes (TILs) can be
inhibited by suppressive myeloid cells in the TME (97, 98). First described in 1987, Young
reported a suppressive myeloid cell produced from the bone marrow that could strongly
suppress T cells in a murine model of Lewis lung carcinoma (97). This suppressive population
was thought to be stimulated by tumour production of colony stimulating factor (CSF) in the
TME. However, it was not until nearly 20 years later that the Myeloid Derived Suppressor
Cells (MDSCs) were properly described as a distinct population. MDSCs are very
heterogeneous and can have varying levels of granularity, but they are all by definition
immature myeloid cells (IMCs), including progenitors of macrophages, granulocytes and
dendritic cells (DCs) (99—-101). Most of the MDSC research has been in cancer models, but
several other pathological conditions can stimulate production of IMCs, including sepsis,
chronic inflammation and trauma (99, 102—104). As highlighted initially by Gabrilovich and
Nagaraj, the three original common features of MDSCs are: immaturity, myeloid origin and a
strong ability to suppress T cells (99).

Phenotyping studies have discovered important cell surface markers to identify the MDSCs.
In mice, MDSCs are characterized by the presence of granulocytic marker GR1 and myeloid

lineage marker CD11b (GR17/CD11b") (99, 105). This population represents only 2 to 4% of
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naive spleens but increases significantly in cancer up to 30 to 40% (99, 100, 106). Murine
MDSC subtypes can be separated based on the two molecules that form the GR1 receptor,
Lymphocyte antigen 6 complex locus G6D (Ly6G) and locus C1 (Ly6C) (99, 101, 102).
Monocytic MDSCs (M-MDSCs) express Ly6C only while polymorphonuclear MDSCs
(PMN-MDSCs) express Ly6G with minimal Ly6C (99, 101). Further phenotyping can
therefore characterize murine M-MDSCs as CD11b"/GR1™/Ly6G/Ly6C" and PMN-MDSCs
as CD11b"/GR1%/Ly6G*/Ly6C" (102). While phenotypically similar, these two subtypes are
quite different morphologically. N1, (107).

In humans, lack of the GR1 surface marker makes their characterization more difficult (103,
108). Human MDSCs are generally identified by the absence of lymphocyte lineage (Lin)
markers (CD3, CD19, CD56) and presence of common myeloid lineage markers CD33 and/or
CD11b (102, 106). Bronte et al. reported that CD33 can confidently be used as the sole myeloid
marker to characterize human MDSCs (102). Therefore, it is now accepted that the human
equivalent of M-MDSC can be identified as Lin/CD33*/CD14"/CD15% while the PMN-
MDSC as Lin/CD33*/CD14/CD15". Importantly, the human high-density (HD) neutrophils
are removed in the high-density layer during Ficoll gradient separation. The fraction of
remaining neutrophils, low-density (LD) neutrophils, are therefore considered PMN-MDSCs
during flow phenotyping as gated on Lin/CD33"/CD147/CD15" (102). As stated by Bronte,
Ficoll gradient separation is the only known method to separate human HD neutrophils from
PMN-MDSCs (102). However, such processing is not feasible for murine functional assays as
the volume of blood is often not sufficient (data not shown). Therefore, for murine phenotyping
both HD neutrophils and PMN-MDSCs are included in the granulocyte population.
M-MDSCs have much stronger suppressive activity than PMN-MDSCs, the latter being

relatively weakly suppressive (105). M-MDSCs inhibit cells in part by utilizing two key
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arginine pathways; inducible nitric oxide synthase (iNOS) to oxidize L-arginine into nitric
oxide (NO) and citrulline, as well as Arginase-1 (Arg-1), which converts L-arginine into urea
and ornithine (99, 103, 108). Additionally, TGF-f plays an important role in the suppressive
effect of M-MDSCs. In murine cancer models, exposing the CD11b*/GR1™ M-MDSCs to
fibrosarcoma 15-12RM and 18Neo cells (109) or CT26 colon cancer cells (110) activated the
production of TGF-B, but this effect was not seen with the CD11b*/GR 1t PMN-MDSCs (109).
The inhibition pathway by PMN-MDSC:s is therefore different, as they don’t appear to produce
TGF-B upon stimulation. Furthermore, they mainly produce reactive oxygen species (ROS)
through nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (99, 108).
Interestingly, ROS from MDSCs not only have the ability to directly inhibit cells but they can
also limit the differentiation potential of IMCs (100, 103, 111). In a murine C3 sarcoma model,
Kusmartsev was able to show that IMCs isolated from tumour-bearing mice had a significant
delay to differentiate into DCs and macrophages in vitro, while this process remained normal
in IMCs from naive mice. Additionally, ROS levels were significantly higher in the IMCs from
tumour-bearing mice (100, 111) and endogenous hydrogen peroxide is thought to play the

main role in the PMN-MDSC suppressive effect (111).

1.3.2. MDSCs in cancer and infection

Levels of MDSCs also correlate strongly with cancer stage and prognosis (112—115). Diaz-
Montero et al. measured MDSCs from peripheral blood mononuclear cells (PBMCs) of 106
cancer patients and both absolute MDSC numbers (MDSC/ul of blood) and percentage
increased progressively with cancer stage. These were highest in stage IV cancer patients,
almost twofold greater than early stage cancers (3.77% vs 1.26% of whole blood) (113).

Additionally, MDSC percentage was predictive of overall survival (OS) in metastatic breast
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cancer, where a high MDSC percentage was associated with a significantly lower OS (6.8
months vs 19.6 months) (114). In 40 gastric cancer patients, high levels of MDSCs in blood
correlated with advanced cancer stages III-IV and decreased OS (less than 60% vs 90% at 2
years) (115).

MDSCs appear to have a close reciprocal relationship with tumour cells of the TME. Firstly,
they are stimulated by various factors produced by the TME, including growth factors (VEGF
and GM-CSF), cytokines (IL-1p, IL-6, IL-10, IL13, and TNF-a), as well as COX-2 and PGE2
(106, 107, 116, 117). In a murine model, injecting IL-1B-secreting fibrosarcoma tumours
resulted in a significant increase in blood and spleen MDSCs compared to tumours without
IL-1pB production. Resecting the IL-1-secreting tumours then normalized MDSC levels within
7 to 10 days (116). PGE2, produced by conversion of arachidonic acid by COX-2, is another
key inflammatory mediator produced by several tumours and stimulates MDSCs (116—-118).
In fact, blocking PGE2 in a murine 4T1 breast cancer model, through knockout mice and COX-
2 inhibition, led to decreased MSDC numbers and significantly delayed tumour growth (118).
While MDSCs can be stimulated by TME factors, on the other hand MDSCs can infiltrate
tumours and remodel the TME into a more suppressive environment (117, 119). MDSCs
produce several important pro-metastatic and pro-angiogenic mediators including VEGEF,
matrix metallopeptidase-9 (MMP-9) and TGF-B (105, 117, 119-121). In fact, TGF-f
production from tumour-infiltrating M-MDSCs likely represents the main source of TGF-f in
the TME (120). In a MC26 colon cancer model, co-injection of MC26 with CD11b"/GR1*
MDSCs led to significantly higher tumour growth and angiogenesis compared to tumours
alone (121).

While most of the research on MDSCs has been related to cancer models or the TME, these

cells are also known to play a key role in suppressing lymphocytes during various acute and
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chronic viral infections including Hepatitis C Virus (HCV), Human Immunodeficiency Virus
(HIV), Vesicular Stomatitis Virus (VSV), and adenovirus (103, 122). Goh et al. studied
MDSCs in HCV patients and upon co-culture of HCV-induced MDSCs with NK cells, there
was significantly decreased NK-secreted IFN-y production (122). Interestingly, NK function
was normalized when blocking Arg-1 and restored in a dose-dependent manner when
supplementing the culture with L-arginine, suggesting the suppression of NK cells is
dependent on MDSC Arg-1 expression (122). Additionally, MDSC levels increase
significantly in sepsis patients with a nearly tenfold increase in gram negative sepsis compared
to healthy controls (104). A large amount of work has improved understanding of the role of
MDSCs in cancer, infections and sepsis, but one specific area that has not gained much

attention thus far is the critical perioperative window of immunosuppression.

1.3.3. Surgery-Induced MDSCs

Under normal conditions, even with a small amount of circulating myeloid progenitor cells
thy(MPCs) there are up to 1 x10'! granulocytes produced daily (123, 124). During times of
intense stress, such as trauma, severe infections or surgery, the bone marrow (BM) is
stimulated to produce an even higher amount of granulocytes, mainly neutrophils, as the first-
line of the inflammatory response (124—126). This process of intense de novo production of
myeloid cells is defined as emergency myelopoiesis (124—126). Since MDSCs are a subset of
IMC:s that are significantly upregulated in times of stress, one would expect MDSCs to also be
increased during emergency myelopoiesis, specifically following surgical stress. Additionally,
key pro-inflammatory cytokines that are strong mediators of emergency myelopoiesis, such as
IL-6 and G-CSF, are also significantly increased postoperatively (62, 72, 125). Surprisingly,

there are few studies examining the effects of surgical stress on MDSCs and even fewer
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characterizing the suppressive effect of surgery-induced MDSCs (Sx-MDSCs) on the innate
immune response (112, 127-129). In 1982 Uchida et al. studied 21 early-stage breast cancer
patients and detected a significant decrease in postoperative NK cytotoxicity (130).
Interestingly, this 40 to 50% suppression was thought to be dependent on “suppressor
monocytes”, as the cytotoxicity improved significantly when depleting monocytes from
postoperative PBMCs (130). Although unknown at the time, these cells were likely Sx-
MDSCs. Yuan et al. examined MDSCs perioperatively for 64 rectal cancer patients and
postoperative Sx-MDSC levels were significantly greater than at baseline, but their earliest
time point measured was POD7 and they did not assess suppressive function (128). They did,
however, by multivariate analysis discover an association between high baseline MDSC levels,
defined as greater than 3.87% of whole blood, and increased risk of local recurrence (128).
Similarly, Jones et al. detected a twofold increase in intermediate monocytes on POD1 for 40
lung cancer patients (127).

Compared to baseline, Sx-MDSCs appear to have a much more suppressive phenotype. Human
postoperative MDSCs isolated on PODI1 following thoracotomy for 76 lung cancer patients
had higher levels of MMP-9 and VEGF, as well as greater angiogenesis and tumour growth in
an allograft tumour model (112, 129). Sx-MDSCs isolated on POD1, POD3 and POD7
following thoracotomy also demonstrated higher levels of T-cell suppression in co-culture
suppression assays, with POD1 Sx-MDSCs having the strongest suppression (112).
Additionally, in a murine Lewis lung carcinoma experimental metastasis model of surgery,
consisting of laparotomy and left hepatectomy, blocking CD11b"/GR1* MDSCs in vivo led to
a significantly lower number of postoperative lung metastases (112, 129).

Using experimental (B16F10-LacZ melanoma) and spontaneous (4T1 orthotopic breast

cancer) murine models of surgical stress, we have previously shown that the percentage of
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CDI11b"/GR1" MDSC increases significantly in the spleen following surgery but decreases in
the bone marrow (131), reinforcing the concept of postoperative emergency myelopoiesis.
When measuring the PMN-MDSC percentage of 9 colorectal cancer patients undergoing
surgical resection, POD1 was more than twofold greater than baseline. Additionally, murine
and human POD1 Sx-MDSCs were greatly suppressive of NK cells in ex vivo co-culture
cytotoxicity assays, much more than baseline MDSCs (131). These studies suggest that Sx-
MDSC:s play a key role in the critical perioperative window. While phenotypically similar to
MDSCs from the TME, the acute stimulation following surgical trauma and resulting
emergency myelopoiesis appears to induce stronger suppressive and pro-metastatic properties,
although there are no known studies directly comparing TME MDSCs to Sx-MDSCs. We have
previously performed flow phenotyping studies of POD1 Sx-MDSCs for humans and murine
models (manuscript in preparation). The postoperative human Sx-MDSC population consists
mainly of M-MDSCs, identified by Lin/CD33*/HLA-DRY/CD14"/CD15", while murine Sx-
MDSCs were identified as CD457/CD11b"/GR17/Ly6G/Ly6C*. In an attempt to identify
unique surface markers on human Sx-MDSCs, we decided to analyze its cell surface receptors

by proteomic screen.

1.3.4. Sx-MDSC surface proteomic screen

In order to better characterize the Sx-MDSC population, we previously ran a proteomic screen
of N-glycosylated cell surface markers developed by our collaborator Dr. Kislinger (132).
CD33" myeloid cells were isolated from cancer patients at baseline and POD1, and N-
glycosylated surface proteins were analyzed by Liquid Chromatography-Mass Spectrometry
(LC/MS). Of the 1,176 peptides discovered, 127 were Cluster of Differentiation (CD)

molecules with 5 surface proteins detected at high intensities on POD1 while being
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undetectable at baseline. Listed in table 1, most of these proteins are known to be involved in
the suppressive mechanism of MDSCs, including IL-10 receptor, TNF receptor, and ADAM17
which is a metalloprotease that cleaves IL-6 and TNF-a into their mature forms (133).
However, one particular surface protein of interest was unexpectedly discovered, the CD155
Poliovirus receptor (PVR). As discussed in the next section, CD155 may play a critical role in

the Sx-MDSC suppressive phenotype.
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Table 1. Surgery-induced MDSC (Sx-MDSC) Surface Proteomic Screen

Predicted brotein CD33+ Fraction
CD33 Accession Baseline POD1
Subset Name
" #1 #1 #2
CD33- CD3 P04234 ND ND ND

CD33-/+ CD11b P11215 1.63E+08 5.02E+08  5.99E+08
CD33-/+ CD14 P08571 5.18E+07 6.53E+07 1.32E+08

POD1 IL10Rb Q08334 ND 2.70E+07  2.22E+07
POD1 TNFR1 P19438 ND 1.29e+07  2.38E+07
POD1 ADAM17 P78536 ND 1.29e+07  1.30E+07
POD1 CD82 P27701 ND 2.25E+06  7.43E+06
POD1 PVR P15151 ND 241E+06  2.41E+06

PODI — Postoperative day I, ND — not discovered, ILIORb — IL-10 Receptor b, TNFRI —
Tumor necrosis factor receptor 1, ADAMI17 — ADAM metallopeptidase domain 17, PVR —
Poliovirus receptor

Reproduced with permission from Dr. Rebecca Auer, unpublished data.
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1.4. CD155 Poliovirus Receptor

1.4.1. CD155 Poliovirus receptor and its ligands

First discovered in 1989, CD155, also known as poliovirus receptor (PVR) or Nectin-Like
(Necl)-5, is a 70 kD trans-membrane protein belonging to the immunoglobulin superfamily
(24, 134-136). While its expression is very low in normal human tissue, it is overexpressed in
several transformed cells (137-139) and is involved in cell adhesion, movement and
proliferation (24, 139). Necl receptors are responsible for cell to cell adhesion by forming
tight junctions between epithelial cells (24, 139). In normal conditions, cell to cell adhesion
leads to contact inhibition during which there is a halt in cell migration (24, 140, 141). This
concept of contact inhibition is particularly important to ensure controlled epithelial wound
healing following injury (24, 142). However, in transformed or malignant cells, there can be
loss of contact inhibition which leads to uncontrolled proliferation (24). CD155 is known to
colocalize with integrin at the leading edge of migrating cells (139). Through activators and
inhibitors of integrin and CD155-knock out (KO) fibroblast cell lines, Ikeda et al. confirmed
that CD155 and integrin are both required for directional cell migration and loss of either one
greatly reduces cell motility (138, 139). Importantly, by using an in vitro cell density assay of
NIH3T3 adherent fibroblast cells, Fujito ef al. showed that binding of CD155 with Nectin-3
during cell adhesion led to a significant downregulation of CD155, which limited NIH3T3 cell
movement and proliferation (143). The lack of contact-initiated downregulation of CD155 may
be one key mechanism of uncontrolled proliferation in transformed cells. CD155 also greatly
influences cell proliferation by shortening the GO/G1 rest phase and enhancing growth factor-

induced cell movement (136—138).
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The CD155 receptor has three known ligands on NK and T cells, including DNAM-1, T-cell
Immunoreceptor with Ig and ITIM domains (TIGIT) and CD96 (T-cell activated increased late
expression, or TACTILE) (24, 26, 28, 134, 144). DNAM-1 is a transmembrane glycoprotein
of the immunoglobulin superfamily expressed on the majority of lymphocytes including NK
cells and T cells (23, 24, 145). DNAM-1 is the only immune-activating receptor that, when
bound, stimulates cytotoxicity of NK cells and T cells, and increases IFN-y production (26,
27, 144, 146). In fact, cytotoxicity and production of GM-CSF and TNF-a were greatly
reduced against colorectal and ovarian tumour cells in vitro when blocking DNAM-1 with the
DX11 monoclonal antibody (27). Oppositely, TIGIT is inhibitory in nature (26, 28, 134, 136)
and binding of CD155 with TIGIT directly decreases NK cytotoxicity and IFN-y production
(147, 148). Staniestky et al. performed murine and human NK cytotoxicity assays and showed
that both NK cytotoxicity and IFN-y release were significantly greater when blocking TIGIT
with various monoclonal antibodies (147, 148). Chan et al. were the first to discover that CD96
shares a similar inhibitory function as TIGIT by directly inhibiting NK cells (28). They studied
CD967 mice and saw that the presence of CD96 expression in WT mice limited IFN-y
production in response to lipopolysaccharide (LPS) stimulation. Additionally, both TIGIT and
CD96 have a greater affinity for CD155 compared to DNAM-1 (28, 147, 149).

While initially thought to constitutively enhance cytotoxicity (23), it is now known that the
downstream effect of CD155 binding with DNAM-1 is not so simple. Ultimately, the effect of
CD155 on NK cells or T cells depends on the relative ratio of DNAM-1 to TIGIT/CD96 (134,
136, 150). Expression of DNAM-1 greater than TIGIT/CD96 enhances effector cell function
and improves cytotoxicity but the opposite occurs when TIGIT/CD96 expression prevails,
resulting in strong NK and T cell suppression (134, 136, 149). CDI155 also causes

downregulation of DNAM-1 on NK and T cells (10, 150, 151). Seth et al. determined that lack
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of host CD155, through knockout mice (CD1557") and a monoclonal antibody (clone 3F1), led
to a significantly higher expression of DNAM-1 on T cells (151). However, following adoptive
T cell transfers into WT mice with normal CD155 expression, DNAM-1 levels decreased back
to baseline (151). Importantly, CD15co5 has much greater affinity for TIGIT and CD96 than
DNAM-1 (28, 147). These changes induced by CD155 all lead to a general suppressive state

and appear to also play a central role in tumour immune evasion.

1.4.2. Cancer CD155 expression

CD155 is expressed at low levels in normal human tissue but is upregulated in several different
types of cancer (136, 152—155). Sloan et al. noted an absence of CD155 expression by
immunohistochemistry (IHC) in most organs, including brain, heart, pancreas, intestine,
skeletal muscle and others (152). However, expression is significantly increased in various
cancers, such as prostate, kidney, colorectal, pancreatic, non-small cell lung (NSCL), ovarian
and breast cancers, as well as more rare tumours such as glioblastoma and fibrosarcoma (152—
160).

The first key step in the sequence of cancer metastasis described by Thiery pertains to
disruption of cell adhesion and increased cell motility (161), for which it is known CD155 can
impact. CD155 contributes to loss of contact inhibition in tumours, which enhances migration
and proliferation of invasive and/or metastatic cancers (152, 155, 162, 163). Additionally,
CD155 colocalizes at the edge of tumours with actin and integrin, and increases tumour growth
by shortening the GO/G1 phase (136, 138, 139, 152). In vitro CD155 blockade of glioblastoma
tumours with several anti-CD155 monoclonal antibodies significantly decreased tumour
migration in transwell assays (152). Similarly, two studies performing CD155 knockdown by

small interfering RNA (siRNA) in colon and lung cancer cell lines significantly impaired
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tumour proliferation, measured by transwell migration and gel invasion assays (155, 163).
Overexpression of CD155 also seems to increase VEGF production and angiogenesis in the
TME (153). Nishiwada et al. measured intra-tumoral vessel density of excised pancreatic
cancer tissue for 134 patients and noted a significant increase in angiogenesis if the tumour
had high CD155 expression (153).

These pro-tumorigenic modifications caused by CD155 result in a direct increase in tumour
burden and metastases, which are significantly minimized by blocking tumour CD155 (162,
164, 165). In a murine model of CD155-overexpressing CT26 colorectal cancer cells, injection
of an anti-CD155 antibody led to a threefold decrease in lung metastases (162). Similarly, Li
et al. used various CD155-KO cell lines including B16F10, LWT1 and MC38, and loss of
tumour CDI155 led to a significant decrease in tumour growth and metastases (164).
Interestingly, in a survival model of orthotopic 4T1 breast cancer, mice receiving 4T1-CD155
KO had a much higher survival at 50 days compared to 4T1-WT tumours (60% vs 5%,
p<0.001) (164).

The effect of CD155 is not limited to increased tumour invasion and proliferation. Several key
studies have highlighted the impact of tumour CD155 upregulation on the suppressive NK cell
phenotype (10, 32, 166, 167). The presence of DNAM-1 is required for engagement of NK
cells with CD155-expressing tumours and resulting anti-tumour cytotoxic activity (31, 32,
167-169). However, overexpression of CD155 on various cancer cells leads to the direct
downregulation of DNAM-1, and upregulation of TIGIT/CD96, tipping the balance towards
NK cell and T cell suppression (10, 32, 136, 166, 167). Carlsten et al. measured DNAM-1
levels on NK cells from ovarian cancer patients. NK cells isolated from circulating PBMCs
had greater expression of DNAM-1 compared to NK cells from the peritoneal fluid, but

DNAM-1 was significantly downregulated upon ex vivo co-culture with several CD155-
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expressing ovarian cancer lines (10). Okumara et al. detected a significant decrease in ex vivo
NK-mediated cytotoxicity of BI6F10 tumours, measured by CD107a degranulation and IFN-
y production, following DNAM-1 blockade using DNAM-17- mice and anti-DNAM-1
antibody (clone TX42) (166). Similarly, Gilfillan et al. performed ex vivo cytotoxicity studies
of NK cells isolated from DNAM-1"- and WT mice and revealed that absence of DNAM-1 led
to a significant decrease, more than fivefold, in cytotoxicity of CD155-expressing B16F10
tumours (32). These DNAM-1"- mice also had significantly more lung metastases in their
spontaneous B16F10 intravenous (IV) model and larger primary tumour volumes following
subcutaneous (SC) injections (32). In their follow-up study, DNAM-1"- mice had impaired
cytokine clearance of B16F10 lung metastases. Administering IL-2, IL-12 and IL-21
intraperitoneally (IP) significantly decreased metastases only in the WT mice without
improving tumour burden in DNAM-1-" mice (167).

In terms of cancer outcomes, tumour CD155 levels strongly correlate with cancer stage (157,
170-172) and high tumour CD155 expression has been associated with a poor prognosis in
various malignancies including sarcoma, leukemia, melanoma, breast, lung, pancreatic, and
bladder cancers where high CD155 leads to decreased disease-free survival (DFS) (153, 157—
159, 172, 173) and overall survival (OS) (171, 172). In two studies measuring CD155 after
surgical resection for lung cancer and breast cancer patients, tumour IHC staining confirmed
that high CD155 expression was strongly associated with lymph node metastases, increased
cancer stage, decreased DFS (35% vs 95% at 5 years, p=0.0004) (157) and reduced OS (50%
vs 80% at 5 years, p=0.035) (171). Zhang et al. recently analyzed CD155 expression for several
cancer outcomes. Most strikingly, in 228 patients with invasive bladder cancer undergoing

curative resection, high tumour CD155 expression, determined as more than 50% by IHC
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staining, led to a significant decrease in OS from 75% to less than 35% at 5 years (p<0.001)
(172).

Together, these studies have highlighted the strong pro-tumorigenic effects of CDI15S5,
including increased proliferation, invasion and angiogenesis. Additionally, CD155 induces
strong tumour-mediated suppression of NK cells and T cells by downregulating DNAM-1 and
tipping the balance towards a greater TIGIT/CD96-to-DNAM-1 ratio. More recently, tumour
infiltrating myeloid cell (TIMC) CD155 expression was found to play an equally important

role in immunosuppression.

1.4.3. CD155 expression on myeloid cells

While much less is known on the effect of myeloid CD155 expression on tumour growth and
metastases, some key studies have highlighted that host CD155 may contribute to the pro-
metastatic and suppressive changes. Abe et al. studied CDI155 in a murine model of
spontaneous colitis-associated neoplasia. Interestingly, after injecting carcinogenic agents
dextran sodium sulfate (DSS) and dimethylhydrazine (DMH), CD155"" mice had significantly
less inflammatory changes and colon tumours compared to WT (165). While they
hypothesized that increased CD155-induced epithelial proliferation in WT mice instigated the
malignant process, they did not determine the underlying mechanism of host CDI155
expression in tumour formation (165).

Li et al. were the first to show that CD155 is not only overexpressed on tumours but also on
TIMCs (164). In multiplex IHC of excised human melanoma tumours, they discovered a high
co-localization of CD155 with CD11c¢"CD14" myeloid cells(164). Furthermore, they used T
cell (anti-CD4, anti-CDS8) and NK cell (anti-asGM 1) depleting antibodies to determine that the

tumour growth was CD8+ T cell dependent and lung metastases were NK cell dependent.
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Importantly, compared to CD155”7" mice, presence of host CD155 expression in WT mice
caused an increase in tumour growth and metastases, regardless of tumour CD155 expression
(B16F10-WT or B16F10-CD155 KO cells), indicating an important role for myeloid CD155
expression in tumour immune evasion. Lastly, by administering anti-DNAM-1 antibody (clone
480.1) in CD1557- mice, they convincingly showed that DNAM-1 expression is required for
the anti-tumour effect as DNAM-1 blockade led to a significant increase in tumour volume
(164).

Similarly, Wu et al. also performed multispectral IHC of resected human head and neck
squamous cell carcinoma (HNSCC) tumours and determined that CD155 was strongly co-
expressed with CD11b* tumour-infiltrating stromal cells (174). Interestingly, in their murine
ex vivo co-culture suppression assays of CD8+ T cells with M-MDSCs or PMN-MDSCs,
blocking TIGIT with anti-TIGIT antibody (clone 1G9) resulted in greater proliferation of
CD8+ T cells, although they did not examine the impact of CD155 blockade (174). These
findings created a provocative link between myeloid CD155 expression and NK cell
suppression. However, there are no known studies examining CD155 expression directly on
MDSC populations, nor the contribution of surgically-induced CD155 expression on the
suppressive MDSC phenotype, which provides strong rationale for this research project. The
proposed mechanism of Sx-MDSC CD155 suppression is summarized in figure 1 comparing

the pathway at baseline (A) to the postoperative state (B).
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Figure 2. Tipping the balance: Proposed Mechanism of Surgery-Induced MDSC (Sx-
MDSC) CD15S Suppression Following Surgical Stress.

A) At baseline without surgery, CD155 is shown with its three NK cell ligands DNAM-1
(activating) and TIGIT, CD96 (inhibitory). The higher ratio of DNAM-1 to TIGIT/CD96 leads
to an activating signal with increased IFN-y production. B) Postoperatively, CD155 is
upregulated on Sx-MDSCs, leading to the downregulation of NK cell DNAM-1 and tipping
the balance towards an inhibitory signal with decreased IFN-y. Image created by Andre B.
Martel.
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2. RATIONALE AND HYPOTHESIS

2.1. Rationale:

Although barely expressed in normal epithelial tissue, CD155 is overexpressed in various types
of cancer (152, 154, 156) and has strong immunosuppressive and pro-metastatic effects in
several cancer models (136, 164, 173). CD155 has been shown to increase tumour cell invasion
and proliferation, thereby increasing tumour volume and worsening metastatic burden (152,
155, 162, 163). More recently, studies have discovered high co-localization of CD155 on
TIMCs (164, 174), creating a provocative role for myeloid CD155 expression in tumour
immune evasion. To date, CD155 has never been studied on specific MDSC populations.
Furthermore, its expression has never been measured in the perioperative setting. It is well
known that Sx-MDSCs expand significantly following surgical stress (127, 128, 131), directly
inhibit NK cells in suppression assays (131) and worsen tumour growth and metastases (112,
129). Through the downregulation of DNAM-I, expansion of CD155 on Sx-MDSCs
immediately following surgical stress could be responsible for the suppressive postoperative
NK cell phenotype, which makes it a very appealing perioperative target for immunotherapy

in cancer patients.

2.2. Hypothesis:

CD155 expression increases significantly on Sx-MDSCs following surgery and is responsible

for postoperative NK cell suppression and cancer metastases.
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2.3. Research Aims:

2.3.1. Measure the perioperative Sx-MDSC CD155 expression in cancer surgery patients and
animal models of surgical stress.

2.3.2. Determine whether targeting CD155 in vivo is sufficient to restore NK cell function and
reduce metastases in the murine model of surgical stress.

2.3.3. Investigate the role of Sx-MDSC CDI155 expression on the suppressive NK cell

phenotype in human cancer patients.

3. METHODOLOGY

3.1. Cell Lines

K562 (human leukemia, ATCC CCL-243™) and YAC-1 (murine lymphoma, ATCC TIB-
160™) cells were obtained from the American Type Culture Collection (ATCC; Manassas,
VA) and maintained in HyClone™ Roswell Park Memorial Institute (RPMI) medium (GE
Healthcare; Mississauga, ON) supplemented with 10% Fetal Bovine Serum (FBS; Sigma-
Aldrich, St. Louis, MO). NK92 MI (human NK cell, ATCC CRL-2408™) was also obtained
from ATCC but maintained in HyClone™ RPMI (GE Healthcare) supplemented with 10%
FBS (Sigma-Aldrich), 50,000 Units (U) of Penicillin-Streptomycin (Pen-Strep; Thermo Fisher
Scientific, Waltham, MA), 10 mM HEPES (Sigma-Aldrich) and 55 pM B-mercaptoethanol
(Sigma-Aldrich). B16F10-LacZ (murine melanoma expressing LacZ) were previously
transfected by Christiano T. de Souza and maintained in HyClone™ Dulbecco’s Modified
Eagle’s Media (DMEM; GE Healthcare) supplemented with 10% FBS (Sigma-Aldrich).
B16F10-CD155 KO and B16F10-parental wild-type (WT) cells were provided in kind by Dr.

Mark J. Smyth’s research group (QIMR Medical Research Institute, Herston, Queensland,
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Australia). The BI6F10-CD155 KO cell line was previously knocked out using CRISPR-Cas9
with CD155 small oligonucleotide RNA (sgRNAs) subcloned into the PX330 vector and
transfected into B16F 10 cells, as previously published(164). Both the BI6F10-CD155KO and
B16F10-parental WT cells were maintained in HyClone™ DMEM (GE Healthcare), 10% FBS
(Sigma-Aldrich) and 50,000 U Pen-Strep (Thermo Fisher Scientific).

All above cell lines were cultured in a 37°C incubator with 5% CO> and mycoplasma
contamination was verified by e-Myco™ VALID Mycoplasma PCR Detection Kit (iNtRON
Biotechnology, Sangdaewon-Dong, South Korea). Passage cell viability was confirmed by

counting on the Vi-Cell XR Cell Viability Analyzer™ (Beckman Coulter; Brea, CA, USA).

3.2. Animals

All female C57BI1/6 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. Mice were between the ages of

6 to 10 weeks for all experiments.

3.3. Cancer Surgery Patients

Cancer patients were consented through the Perioperative Human Blood and Tissue Collection
Program (PHBSP), which was previously approved by the Ottawa Health Science Network
(OHSN) Research Ethics Board (REB) under protocol number 2011884. For recruitment, any
patient at least 18 years of age with diagnosis of resectable primary malignancy was included.

The following exclusion criteria were used: evidence of tumour metastasis,
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immunosuppressive conditions such as Lupus, Rheumatoid Arthritis, or steroid use, as well as
recent neoadjuvant chemotherapy and/or radiation therapy within the last 4 weeks. Blood was
drawn by registered nurses (RNs) in the surgical day care unit (SDCU) at baseline before
surgery (PODO0) and on the surgical wards on POD1. A total of 40 mL of blood was collected
into BD Vacutainer™ sodium heparin collection tubes (Thermo Fisher Scientific) for each
timepoint and processed in the laboratory within 2 hours. Blood was gently overlaid on Ficoll-
Paque PLUS (Thomas Scientific; Swedesboro, NJ) and centrifuged at 400g for 30 minutes
with slow acceleration and deceleration of 1/0. PBMCs were isolated from the mid-cloudy
layer, washed in HyClone™ Phosphate-Buffered Saline (PBS; GE Healthcare), counted on
Vi-Cell XR™ (Beckman Coulter) and resuspended to 1 x10e” cells/mL (1 x10e® cells/well) in
Flow Buffer, comprised of PBS (GE Healthcare), 1 mL UltraPure™ 0.5M EDTA (Thermo

Fisher Scientific) and 2.5 g Bovine Serum Albumin (BSA; Bioshop Canada, Burlington, CA).

3.4. Murine Model of Surgical Stress

In our animal model of surgical stress (82, 91, 95), B16F10 melanoma cells (3 x10 €’ cells,
minimum 90% viability) were injected via IV tail vein into C57Bl/6 WT mice (n=15
experiments), followed 10 minutes later by laparotomy, mobilization of bowel, left

nephrectomy and stapled abdominal closure to induce surgical stress (Figure 3).
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Figure 3. Animal Model of Surgical Stress to Examine Perioperative CD155 Expression.
Representative flow diagram of our animal model of surgical stress. After growing B16F10
melanoma in vitro, 3 x10e> cells are injected in mice via IV tail vein. Ten minutes later, mice
undergo surgery (laparotomy, mobilizing of bowel, left nephrectomy and stapled closure).
Endpoint is performed on POD1 or POD3 to process spleens, blood and/or lungs. POD —
Postoperative day.
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To minimize the effect of tumour CD155 expression on the postoperative immune response,
B16F10 cell lines deficient in CD155 (B16F10-CD155 KO) were used for most experiments,
unless specifically mentioned. B16F10 cells expressing LacZ (B16F10-LacZ) were used to
visualize lung metastases for certain POD3 experiments, as previously done (82, 91, 95). On
POD1 or POD3, the mice were sacrificed by lethal buprenorphine IP injection at 0.1 mg/kg
body weight, followed by cervical dislocation. Blood was collected by cardiac puncture and
stored in Microvette™ CB 300 pl lithium heparin coated tubes (Sarstedt, Newton, NC, USA).
Spleens were harvested via left upper quadrant abdominal incision and splenocytes were
dissociated through Fisherbrand™ Sterile 70 um Cell Strainers (Thermo Fisher Scientific).
Blood and spleen samples were processed using our standardized protocol, including
Ammonia Chloride Potassium (ACK) lysis buffer to remove erythrocytes (once for
splenocytes and twice for murine blood), washed with PBS and counted on Vi-Cell XR™,
Cells were resuspended to 1 x10 € cells/mL in Flow Buffer.

For lung processing on certain POD3 endpoints, our standard LacZ staining protocol was used.
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 37°C with X-Gal™ 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 4°C. On the third day, lungs were transferred into 10% buffered formalin for
permanent fixation. Images of each lung were obtained electronically using Axiovision
software v4.8 (Zeiss; Oberkochen, Germany) on the Zeiss SteREO™ Discovery Modular

Microscope (Zeiss). From these electronic images, lung metastases were quantified visually.
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3.5. Immune Cell Phenotyping

3.5.1. Human Samples

Human PBMCs were washed and stained with Fixable Viability Stain 510 (BD Biosciences;
Franklin Lakes, NJ), followed by extracellular staining of MDSC surface receptors, including:
CD33, CD14, CD15, HLA-DR, CD155 and an exclusion gate for lymphocytic lineage (Lin-)
markers (CD3, CD56, CD19). Expression of CD155 was measured using PE-labelled mouse
anti-human clone SKIL.4 (Biolegend; San Diego, CA, USA) and compared to its isotype
control PE-mouse IgG1l k clone MOPC-21 (Biolegend). For details on antibodies, see
Appendix A: Antibody Table. Samples were fixed with paraformaldehyde solution 1% in PBS
(PFA; Thermo Fisher Scientific) and analyzed within 24 hours on the BD LSR Fortessa™ (BD
Biosciences) using the BD FACSDiva™ software version 8.0.3, at the University of Ottawa
Flow Cytometry Core Facility (Ottawa, ON). Flow cytometric analysis of the human Sx-
MDSC population was gated as BV510/Lin/CD33/CD14"/CD15" while the low-density

(LD) neutrophils were gated BV5107/Lin”/CD33*/CD147/CD15".

3.5.2. Murine Samples

Murine cells were washed and stained with Fixable Viability Stain 510 (BD Biosciences),
followed by BD Pharmingen™ Fc Block with Purified Rat Anti-Mouse CD16/32 (Mouse BD
Fc Block™, BD Biosciences). These cells were then stained for extracellular murine MDSC
surface markers (CD11b, GR1, CD155) and NK cell surface markers (CD122, DX5, DNAM-
1 and NKG2D). CD155 expression was measured using APC-labelled rat anti-mouse clone
TX56 (Biolegend) and compared to its isotype control APC-rat IgG2a k clone RTK2758

(Biolegend). In terms of NK markers, DNAM-1 was measured with BV421-rat anti-mouse
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clone TX42.1 (Biolegend) and its isotype BV421-rat IgG2a k clone RTK2758 (Biolegend),
while NKG2D with FITC-hamster anti-mouse clone C7 (Biolegend) and isotype FITC-
armenian hamster IgG clone HTK888 (Biolegend). For details on antibodies, see Appendix A:
Antibody Table. Samples were fixed with PFA and analyzed within 24 hours on the BD LSR
Fortessa™ using the FACSDiva™ software version 8.0.3 (BD Biosciences) at the University
of Ottawa Flow Cytometry Core Facility. Flow cytometric analysis of murine Sx-MDSCs, also
known as M-MDSCs, were identified as BV510/CD45%/CD3/CD11b"/GR1™ and
granulocytes (which includes PMN-MDSCs and neutrophils) as BV510/CD45/CD3-

/CD11b"/GR1", NK cells were gated BV510/CD45%/ CD122"/CD49b*".

3.6. Ex Vivo Murine NK Cytotoxicity Assay

On certain POD1 endpoints (n=3 experiments), processed splenocytes were pooled for each
treatment group (minimum 4 mice per group). NK cells were isolated from pooled splenocytes
using the EasySep™ Mouse NK Cell Isolation Kit (Stemcell; Vancouver, CA) as per the
manufacturer's protocol for immunomagnetic negative selection. NK cells were washed twice
in RPMI, counted by hemocytometer (HC) and resuspended to 1 x10e® cells/mL. NK cells
were then plated in triplicates at the following diluted concentrations for effector-to-target
(E:T) ratios 4:1 (20,000 cells/well), 2:1 (10,000 cells/well) and 1:1 (5,000 cells/well). At the
same time, YAC-1 murine lymphoma target cells were washed in PBS, resuspended to 1 x10e®
cells/mL and labelled with Cell Proliferation Dye eFluor™ 450 (CP450; eBioscience; San
Diego, CA, USA) for 15 minutes at 37°C. Labelling was stopped by washing in RPMI,
counting by HC and resuspending to a concentration of 5 x10e? cells/mL (5,000 cells/well).
CP450-YAC-1 cells were then plated with NK cells in triplicates, incubated for 4 hours at

37°C, followed by addition of cell viability dye Invitrogen™ Propidium Iodide (PI; Thermo
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Fisher Scientific). Samples were analyzed on the BD Celesta™ (BD Biosciences) at the
University of Ottawa Flow Cytometry Core Facility. NK cytotoxicity was measured as the

percentage of dead CP450-labelled YAC-1 target cells gated on CP4507/PT".

3.7. In Vivo CD155 Blockade

The monoclonal anti-mouse CD155 clone 4.24.1 was previously shown to increase host NK
cell DNAM-1 expression, as well as decrease tumour volume and lung metastases following
IP injections(164). This antibody was administered in our murine model of surgical stress as
described in 3.4 and outlined in Figure 4. Anti-mouse CD155 antibody (a-CD155) clone 4.24.1
(Leinco; St. Louis, MI, C2833 Low Endotoxin Functional Formulation) was injected IP at a
dose of 500 ug on day 0. The next day, BI6F10 CD155-KO melanoma cells were injected via
IV tail vein (3 x10e’ cells) followed 10 minutes later by laparotomy and nephrectomy. On
PODI1 or POD3, mice were sacrificed and splenocytes isolated by our standard protocol
described in 3.4. Splenocytes were stained for flow cytometric analysis of extracellular NK
cell surface markers, including DNAM-1 and NKG2D. Additionally, on POD1 NK cells were
isolated for an ex vivo NK cytotoxicity assay as per our protocol described in 3.6. At one POD3
endpoint, BI6F10-LacZ cells were used to visualize lung metastases. Lungs were stained and

images were obtained using our protocol detailed in section 3.4.
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Figure 4. Modified Animal Model of Surgical Stress with In Vivo CD155 Blockade.
Representative flow diagram of the modified surgical stress model of in vivo CD155 blockade.
The day before B16F10-CD155 KO tumour injections, mice receive a-CD155 IP (500 mg,
clone 4.24.1). Surgery also consists of laparotomy and left nephrectomy. On POD1, NK cells
are isolated from the splenocytes for ex vivo cytotoxicity assay with YAC-1 murine target cells.
POD — Postoperative day.

43



3.8. Ex Vivo Human Suppression Assay

3.8.1. Cell preparation

Our laboratory and others have confirmed that the human NK92-MI cell line commonly used
in NK cytotoxicity assays does not express DNAM-1 (ATCC, CRL-2408™, data not shown)
and cannot be used as effector cell to examine the impact of ex vivo CD155 blockade on NK
cell function. I therefore created and optimized a new protocol using healthy donor NK cells.
In this new co-culture suppression model, NK cells were sorted on Miltenyi autoMACS Pro
Separator™ (Miltenyi; Bergisch Gladbach, Germany) using StraightFrom™ Whole Blood
CD56 Microbeads (Miltenyi) as per the manufacturer’s standard protocol. Isolated NK cells
were washed with RPMI, counted by HC and resuspended to 1.1 x10e® cells/mL in RPMI.
PBMCs were isolated from POD1 cancer patient blood (n=3) using the standard Ficoll-Paque
PLUS™ protocol described in 3.3. Sx-MDSCs were positively sorted on the autoMACS Pro
Separator™ (Miltenyi) using CD33 MicroBeads™ (Miltenyi) as per the standard manufacturer
protocol. Sx-MDSCs were then washed with RPMI, counted by HC, resuspended to 4 x10e’
cells/mL and plated in triplicates. Minimum acceptable cell viability for the NK cells and Sx-

MDSCs was set at 92%.

3.8.2. Ex vivo CD155 blockade and plating

Cell surface CD155 was blocked by incubating isolated Sx-MDSCs for 30 minutes with a
purified monoclonal anti-human CD155 clone SKII.4 (Biolegend) or isotype control purified
mouse IgG1 k (Biolegend). CD33" Sx-MDSCs were then co-incubated in triplicates for 20
hours with CD56" healthy NK cells at a ratio of 4:1 Sx-MDSCs (4 x10¢> cells/well) to NK

cells (1 x10¢e> cells/well). The next day, K562 leukemia target cells were washed in PBS,
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resuspended to 1 x10e® cells/mL and labelled with CP450 (eBioscience) for 15 minutes at
37°C. Labelling was stopped by washing in RPMI, counting by HC and resuspending to a
concentration of 1 x10e> cells/mL. CP450-K562s were then plated at 5,000 cells/well for a
final E:T ratio of 8:2:1 (MDSC:NK:K562), incubated for 4 hours at 37°C, followed by plating
of cell viability dye PI (Thermo Fisher Scientific). Samples were analyzed on the BD
Celesta™ (BD Biosciences) at the University of Ottawa Flow Cytometry Core Facility. NK
cytotoxicity was measured as the percentage of dead CP450-K562s gated on CP4507/PI*. An

outline of this novel suppression assay can be found in Figure 5.
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Figure 5. Representative Diagram of a Novel Human CD155 Suppression Assay.
Sx-MDSCs are isolated from PODI1 cancer patient blood using CD33* Microbeads™ on the
autoMACS Pro Separator™, incubated with purified human a-CD155 (clone SKII.4 or isotype
control) and plated in triplicates. NK cells are isolated from healthy donor blood using
StraightFrom™ whole blood CD56 Microbeads on the autoMACS Pro Separator™. Healthy
NK cells are incubated + Sx-MDSCs + a-CD155 for 20 hours. On day 2, CP450-K562 target
cells are plated for 4 hours for a final MDSC:NK:K562 ratio of 8:2:1. NK cytotoxicity is
measured by flow cytometry as % dead K562s (gated CP4507/PI").
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3.9. Statistical Analysis and Software

FlowJo LLC software version 10.6.1 (FlowJo; Ashland, OR) was used for all flow cytometric
gating and analyses (see 3.5 for gating details). Graphpad Prism software version 8.4, 464
(Graphpad; San Diego, CA, USA) was used for statistical analysis and to generate graphs. All
data of biological and technical replicates for murine samples and cytotoxicity assays are
represented in graphs as Mean + Standard Deviation (SD). Because of inter-experimental
variability in MFI and percentage for NKG2D and DNAM-1 (Figure 13), Mean of
experimental replicates for POD1 and POD3 groups were normalized to the No Surgery group
Mean and represented as fold change (FC) + Standard Deviation (SD).

Due to the relatively small group sizes, all statistical analysis was done with non-parametric
testing without assuming a normal distribution. Paired cancer patient samples comparing
baseline to POD1 were analyzed by Wilcoxon matched rank test. For all unmatched human
cancer patients and murine experiments, groups of two were analyzed by non-parametric
Mann-Whitney test, while groups of 3 or more were compared by non-parametric Kruskal-
Wallis testing. Statistical significance was determined as a p value < 0.05, and indicated in the

figures as *p < 0.05, **p < 0.005, ***p < 0.0005 and ****p < 0.0001.
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4. RESULTS

4.1. Perioperative profiling of CD155 in human cancer surgery patients

4.1.1. Clinical demographics of human cancer patients

For human studies, 20 cancer patients were recruited through PHBSP. Blood was processed at
baseline the morning of surgery and on POD1. Details for human blood processing can be
found in section 3.3. The cancer patients had a similar distribution between males (n=11) and
females (n=9). Median age was 64, with 50% (10/20) of patients between 60-69 years of age.
Most surgeries, 60% (12/20), were performed open by laparotomy compared to 40% (8/20) by
minimally invasive surgery (MIS). For the types of cancers, there were 8 gastrointestinal (GI),
7 genitourinary (GU) and 5 lung cancers. Since we expected to observe the effect of MDSC
CD155 expansion across all cancer subtypes, we did not restrict recruitment. Most patients
recruited had early stage cancers as 90% (18/20) were either stage I (n=11) or stage II (n=7).
There were only 2 stage III cancer patients and no stage IV patients since metastatic disease
was part of the exclusion criteria in the study. However, these cancer patients were
prospectively consented 1 to 3 days before surgery and final surgical pathology staging was
used to determine cancer stage. Recruiting later stage cancers such as stage III was important
to examine the CD155 mechanism in advanced cancers with possible micro-metastases around
surgery. In terms of length of surgery, 85% (17/20) were greater than 2 hours with 35% (7/20)
between 2-4 hours and 50% (10/20) greater than 4 hours. Of note, there were no significant
differences in length of surgery between the open (mean 246 minutes) and MIS groups (mean

195 minutes, p=0.34). A summary of clinical demographics is outlined in Table 2.
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Table 2. Clinical Demographics of CD155 Profiling in Cancer Patients.

Category Subcategory Cancer

Total (n) 20
Sex Male (n) 11 (55%)

Female (n) 9 (45%)
Patient Age (median years) 64; 45-83

< 60 years (n) 6

60-69 years (n) 10

> 70 years (n) 4
Type of Surgery Open (n) 12 (60%)

MIS (n) 8 (40%)
Type of Cancer Gl 8

GU 7

Lung 5
Cancer Stage I 11

Il 7

1] 2

v -
Length of Surgery < 2 hours 3

2-4 hours 7

> 4 hours 10

MIS — Minimally Invasive Surgery, GI — Gastrointestinal, GU — Genitourinary

50



4.1.2. Flow cytometry validation of perioperative human CD155 on Sx-MDSCs

The first step was to validate CD155 expression on human MDSCs by flow cytometry. A
common flow cytometry gating strategy was used for all cancer patients (Figure 6A). After
removing debris, doublets and dead cells, non-myeloid cells were excluded, including
lymphocyte lineage (Lin) markers CD3, CD19, and CD56. Then, CD33" myeloid cells were
further gated into Sx-MDSCs (CD14%/CD15") while the low-density (LD) neutrophils were
gated CD147/CD15" (Figure 6A).

When comparing presentative histograms of a cancer patient for Sx-MDSC CD155 Mean
Fluorescence Intensity (MFI) to its isotype, CD155 expression is much greater on POD1 (red)
than at baseline before surgery (black, Figure 6B). Both POD1 and baseline samples were
higher than the isotype control (green), which was the same at baseline or POD1 (Figure 6B).
Additionally, POD1 LD neutrophils (blue) have significantly lower CD155 expression
compared to POD1 Sx-MDSC (red, Figure 6C). In fact, LD-neutrophil CD155 MFI is almost
equivalent to the isotype control (green, Figure 6C).

For the 20 cancer patients recruited, there is a statistically significant increase in Sx-MDSC
CD155 expression on POD1 compared to baseline (BL; n=20, p<0.0001; red, Figure 6D) and
this is much higher than the healthy donor (HD) controls (green, n=2, Figure 6D). However,
CDI155 is minimally expressed on other immune cell types and there is no increase with
surgical stress, including CD15" LD-neutrophils (n=10, p=0.63; Figure 6E) and lymphocytes

(NK cells, B cells and T cells; n=10, p=0.63; Figure 6E).
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Figure 6. Flow Phenotyping of Sx-MDSC CD155 in Human Cancer Patients.

A) Smooth plots representing the flow cytometry gating strategy for the human Sx-MDSC
population, gated on BV5107/Lin/CD33*/CD14%/CD15'" based on its isotype control. Lin gate
excludes CD3, CD19, CD56. B) Representative histogram of CD155 MFI for one cancer
patient at baseline (black) compared to PODI (red). Isotype control also shown (green). C)
Representative histogram of CD155 MFI for the same POD]1 cancer patient. POD1 Sx-MDSC
(red) compared to POD1 LD-neutrophils (blue). Isotype control shown (green). D) %CD155+
Sx-MDSCs on POD1 compared to baseline in cancer surgery patients (red, n=20). Healthy
donor controls shown (HD, green, n=2). E) CD155 expression on POD1 compared to baseline
for CD15" LD-neutrophils (blue, n=10) and Lin+ (NK/B/T cells; red, n=10). POD1 compared
to baseline using paired non-parametric Wilcoxon matched rank test. NS= not significant,
*Hx4p<0.0001. Lin — Lineage, LD — low density, HD — healthy donor, BL — baseline
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4.1.3. Subgroup analyses of Sx-MDSC CD155 in cancer patients

After confirming that the increase in postoperative CD155 expression is specific to the Sx-
MDSC population, the next step was to perform CD155 subgroup analyses of these 20 cancer
patients. Regardless of subgroup analysis, there was a profound upregulation of CD155 on
POD1. When dividing based on age groups (<60, 60-69 and >70 years of age), although not
statistically significant (p=0.27), CD155 appears to correlate with age where all low baseline
CD155 (<25%) are patients younger than 60 years of age (Figure 7A). When comparing
baseline CD155 between males and females, there does not appear to be a difference (Figure
7B, p=0.23).

In one set of subgroup analyses, we wanted to determine whether the degree of surgical stress
could affect the increase in postoperative CD155 (Figure 7C-D). Although not statistically
significant (p=0.1), the surgical approach may have an effect on CD155 levels by which open
surgeries have a greater proportion of high (>50%) baseline CD155 (75%, 9/12) compared to
MIS (12.5%, 1/8; Figure 7D).

Tumour biology itself may have an interesting correlation with baseline CD155. In terms of
cancer type, there is a significant difference in baseline CD155 between GI, lung and GU
cancers (p=0.02, Figure 7E). In fact, low baseline CD155 (30% or lower) were all GU while
GI and lung cancers were above this threshold (Figure 7E). Additionally, CD155 correlated
with cancer stage, where baseline CD155 was also significantly different between stage I, 11
and III cancers (p=0.02, Figure 7F). The low baseline levels of CD155 were all stage I cancers,
whereas stage II and III all expressed greater than 50% at baseline. This appears to increase
progressively with cancer stage, although only two stage III cancer patients were recruited

(Figure 7F).
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Together these results in human cancer patients suggest that human CDI155 expression is
specific to the M-MDSC population and baseline host CD155 may have important correlations
with type of cancer and cancer stage. We next sought to examine whether this effect was

recapitulated in our animal model of surgical stress.
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Figure 7. Perioperative Sx-MDSC CD155 Profiling in Human Cancer Patients.

A) %CD155+ Sx-MDSC in patients < 60 years old (blue, n=7), 60-70 years old (red, n=9),
>70 years old (grey, n=4). B) %CD155+ Sx-MDSC between males (blue, n=11) and females
(pink, n=9). C) %CD155+ divided by length of surgery less than 2 hours (yellow, n=3), 2 to 4
hours (purple n=7) and more than 4 hours (teal, n=10). D) CD155+ between surgical approach,
open (red, n=12) and MIS (teal, n=8). E) %CD155+ based on different types of cancer: GI
(brown, n=8), lung (blue, n=5), GU (purple, n=7). F) %CD155+ between cancer stages, stage
I (blue, n=11), stage II (red, n=7), stage III (purple, n=2). Non-matched baseline compared by
non-parametric Mann-Whitney (2 groups) or Kruskal-Wallis (3 groups). NS= not significant,
*p<0.05. MIS — Minimally Invasive Surgery, GI — Gastrointestinal, GU — Genitourinary.
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4.2. MDSCs and granulocytes both expand postoperatively

Firstly, based on the theory of emergency myelopoiesis, one would expect to see a dramatic
and immediate increase in immature myeloid cells (IMCs) following surgical stress. As
explained in the introduction, human HD neutrophils were separated from PMN-MDSCs, also
known as LD neutrophils, during Ficoll separation. In murine experiments however, PMN-
MDSCs cannot be separated from neutrophils and these are both included in the granulocyte
population. For that reason, and the fact that emergency myelopoiesis greatly expands
immature monocytes, we decided to focus our investigations on the M-MDSC population
specifically, termed Sx-MDSC following surgery.

In several murine experiments (n=15), I have seen a significantly increased frequency of
myeloid cells postoperatively (Figure 8). Interestingly, these results highlight distinct
differences in the accumulation of myeloid populations in the spleen with no significant
increase in Sx-MDSCs until POD3 (n=63, p<0.0001; Figure 8A), whereas granulocytes
increase on PODI1 (n=45, p<0.0001) and remain elevated on POD3 (n=65, p<0.0001; Figure
8B). In the blood, Sx-MDSCs increase significantly on PODI1 (n=15, p<0.0001) and remain
elevated on POD3 (n=15, p<0.0001; Figure 8C) while granulocytes peak on PODI (n=15,
p<0.0001) but decrease by POD3 (n=15, p=0.0003; Figure 8D). These results were pooled
with animal experiments previously completed in the laboratory by Leonard Angka, PhD

candidate.
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Figure 8. Surgery-Induced Myeloid-Derived Suppressor Cells (Sx-MDSCs) and
Granulocytes Expand Following Surgical Stress.

A) Sx-MDSCs isolated from the spleen on PODI (red, n=45) and POD3 (maroon, n=63)
compared to no surgery (black, n=95). B) Granulocytes isolated from the spleen on POD1 (red,
n=45) and POD3 (maroon, n=63) compared to no surgery (black, n=95). C) Sx-MDSCs
isolated from blood on PODI1 (red, n=15) and POD3 (maroon, n=15) compared to no surgery
(black, n=30). D) Granulocytes isolated from blood on POD1 (red, n=15), and POD3 (maroon,
n=15) compared to no surgery (black, n=30). All samples are shown as Mean of Scatter Dot
Plots. Groups compared by non-parametric Mann-Whitney. NS= not significant,
*HXEP<0.0001, ***p<0.0005. No Sx — No Surgery, POD — Postoperative day. NB — data is
pooled with experiments completed by AB Martel and L Angka.
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4.3. Flow cytometry validation of cell populations in our murine model of surgical stress

4.3.1. Confirming CD155 expression in murine melanoma cell lines

Prior to characterizing CD155 in our murine model of surgical stress, we initially wanted to
confirm CD155 expression levels in the 3 murine BI6F10 melanoma cell lines: B16F10-LacZ,
B16F10-WT, and B16F10-CD155 KO. As detailed in methodology section 3.1, the latter 2
cell lines were provided by Dr. Smyth’s research group (QIMR Medical Research Institute,
Herston, Queensland, Australia). Flow cytometry gating of these melanoma cells was done by
first excluding all debris and doublets based on FSC/SSC, excluding dead cells (BV510") and
then measuring CD155 based on CD45/CD3" (Figure 9A). CD155 was gated based on its
isotype control (Figure 9B). Both B16F10-LacZ and B16F10-WT cell lines expressed greater
than 99% CD155 while the B16F10-CD155 KO did not express any (0.99%, Figure 9C).
Importantly, in order to mitigate the effect tumour CDI155 expression may have on the
postoperative NK cell phenotype (DNAM-1 and NKG2D) and cytotoxicity, all following
murine experiments were performed with the BI6F10-CD155 KO cell line unless specifically

stated.
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Figure 9. Validation of CD155 Expression in Murine B16F10 Melanoma Cells.

A) Smooth plots representing the flow cytometry gating strategy for murine melanoma tumour
cell lines. After removing debris, doublets and dead cells, CD155 expression is measured after
gating CD457/CD3". B) Smooth plots of the [gG2a isotype controls (clone RTK2758) for all 3
cell lines: B16F10-LacZ, B16F10-WT, and B16F10-CD155 KO. C) Smooth plots of tumour
CD155 expression (clone TX56) for all 3 cell lines: B16F10-LacZ (99.5%), B16F10-WT
(99.2%) and B16F10-CD155KO (0.99%). SSC — Side scatter, FSC — Forward scatter, Iso —
Isotype, WT — Wild type, KO — knockout.
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4.3.2. Phenotyping of immune cell populations

Our established animal model of surgical stress, detailed in section 3.4, is our standard model
to examine the effect of cancer surgery on different immune cell populations. We used
B16F10-CD155 KO melanoma injections prior to laparotomy and nephrectomy to minimize
the effect of tumour CD155 on the immune response. On POD1, mice were endpointed and
splenocytes processed for flow cytometry validation. Cell processing details can be found in
section 3.5.

Figure 10 illustrates the key flow cytometry gating strategies used to identify the important
murine immune cell populations: Sx-MDSCs, granulocytes and NK cells. After excluding
debris and doublets based on FSC/SSC and dead cells (BV510"), cells were further gated
CD45%/CD3". The CD11b* myeloid cells were separated based on granularity; granulocytes
are GR1M while Sx-MDSCs are GR1™™ (Figure 10A). The NK cells on the other hand were
gated based on the double positive population of CD122*/DX5" (Figure 10B). After validating
and optimizing the general flow cytometry staining of these cells, specific perioperative
surface markers of interest were analyzed, including CD155 on myeloid cells, as well as

DNAM-1 and NKG2D on NK cells.
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Figure 10. Flow Cytometry Gating of Postoperative Murine Immune Cell Populations.
A) Smooth plots representing the flow cytometry gating strategy for murine Granulocyte and
Sx-MDSC populations. After removal of debris, doublets and BV510" dead cells, gating
follows CD45%/CD3-/CD11b" and GRI1" for granulocytes whereas Sx-MDSC are GR1™. B)
Smooth plots illustrating the flow cytometry gating strategy for murine NK cells. Following
removal of debris, doublets and dead cells, gating follows CD45"/CD3/CD122*/DX5*. NK
cells are identified as the double positive CD122/DX5" population.
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4.4. Postoperative CD155 upregulation is specific to Sx-MDSCs in our murine model of

surgical stress

The next step was to examine the effect surgical stress may have on CD155 expression for the
GR1" granulocytes and GR1™™ Sx-MDSCs. When comparing representative smooth plots of
% CD155 expression, Sx-MDSCs have low levels of CD155 at baseline without surgical stress
(7.14%) but this increases dramatically on POD1 (44.4%) and persists until POD3 (59.6%,
Figure 11A). In contrast, granulocytes have minimal CD155 expression at baseline (1.89%),
on PODI (2.11%) and POD3 (1.86%, Figure 11B). These samples were all gated based on
their specific isotype controls.

When analyzing samples from all murine experiments (n=7), examination of CD155 MFI
(Figure 11C) and % CD155+ cells (Figure 11D) on these populations revealed a consistent and
statistically significant upregulation of CD155 on postoperative Sx-MDSCs as early as POD1
(n=25, p<0.0001) and interestingly, the effect persists on POD3 (n=11, p<0.0001). However,
minimal CD155 expression was observed on GRI1M granulocytes at all perioperative
timepoints and there was no significant increase of granulocyte-CD155 expression on PODI
or POD3, regardless of MFI (POD1 p=0.24, POD3 p=0.02; Figure 11E) or percentage (POD1
p=0.83, POD3 p=0.98; Figure 11F). These findings in our animal model are in keeping with
the human cancer patient results that postoperative CD155 expression is consistent and specific
to Sx-MDSCs while granulocytes have minimal CD155 expression at any perioperative

timepoint.
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Figure 11. Postoperative CD155 is Specific to Surgery-Induced MDSCs (Sx-MDSCs)
A) Representative smooth plots of CD155 expression on CD11b*/GR1™ MDSCs at various
perioperative timepoints: no surgery (7.14%), POD1 (44.4%) and POD3 (59.6%). B)
Representative smooth plots of CD155 expression on CD11b"/GR1" granulocytes at various
time points: no surgery (1.89%), PODI1 (2.11%) and POD3 (1.86%). C) CD155 MFI of
MDSCs on PODI1 (red, n=25) and POD3 (maroon, n=11) compared to no surgery (black,
n=33). D) %CD155+ MDSCs on POD1 (red, n=25) and POD3 (maroon, n=11). E) CD155
MFTI of granulocytes on POD1 (red, n=21) and POD3 (maroon, n=11) compared to no surgery
(black, n=33). F) %CD155+ granulocytes on POD1 (red, n=21) and POD3 (maroon, n=11).
All samples shown are Mean = SD. POD1 and POD3 groups compared to no surgery by non-
parametric Mann-Whitney. NS= not significant, ****p<(0.0001, *p<0.05.

69



4.5. Perioperative characterization of murine activating NK cell receptors

As aresult of the increase in Sx-MDSC CD155 expression following surgical stress, one would
expect a direct downregulation in its only known activating receptor DNAM-1 as previously
seen in several cancer models (10, 32, 136, 164, 166, 167). While surgical stress does not lead
to a significant decrease in DNAM-1 MFI on POD1 (n=21, p=0.63) or POD3 (n=13, p=0.94;
Figure 12A), the percentage of DNAM-1+ NK cells is significantly decreased on POD1 (n=12,
p<0.0001) and POD3 (n=9, p=0.003; Figure 13B). Because of inter-experimental variability,
the NK cell data was normalized to the No Surgery group (Figure 13).

As an additional marker of NK cell dysfunction, we examined the stress-induced activating
receptor NKG2D. Although its MFI is relatively normal on POD1 (n=21, p=0.47), the
%NGK2D+ is significantly decreased on POD1 (n=12, p<0.0001; Figure 12C). Furthermore,
NKG2D has a profound decrease on POD3 for both MFI (n=13, p<0.0001; Figure 12C) and

% (n=9, p=0.003; Figure 12D), suggesting an exhausted NK cell phenotype by POD3.
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Figure 12. Activating NK Cell Receptor Changes Following Surgical Stress.

A) DNAM-1 MFI fold change for CD122/DX5" NK cells on PODI (red, n=21) and POD3
(maroon, n=13) normalized to no surgery (black, n=33). B) %DNAM-1+ fold change for NK
cells on POD1 (red, n=12) and POD3 (maroon, n=9) normalized to no surgery (black, n=33).
C) NKG2D MFI fold change for NK cells on POD1 (red, n=21) and POD3 (maroon, n=13)
normalized to no surgery (black, n=21). D) %NKG2D+ fold change for NK cells on POD1
(red, n=12) and POD3 (maroon, n=9) compared to no surgery (black, n=21). All samples
shown are Mean + SD. POD1 and POD3 groups compared to no surgery by non-parametric
Mann-Whitney. NS= not significant, ****p<0.0001, **p<0.005.
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4.6. Targeting CD155 in vivo is sufficient to restore NK cell function and reduce

metastases in our murine model of surgical stress

4.6.1. Titrating anti-CD155 blocking antibody in vivo

Flow phenotyping of the NK cell population suggests that following surgical stress, NK cells
develop a dysfunctional phenotype as evidenced by a decrease in DNAM-1 and NKG2D.
Based on our rationale that CD155 blockade should result in improved NK cell function
through upregulation of DNAM-1, the next step consisted in optimizing the dose of in vivo
anti-CD155 antibody. Li et al. previously used 250 ug of the mouse a-CD155 clone 4.24.1 to
examine the effect on DNAM-1 expression in naive mice (164).

We therefore titrated the same antibody clone at the following doses in our animal model of
surgical stress: 0, 250, 500 and 750 pg. Although not statistically significant because of low
group numbers (n=3), administering 500 ug of a-CD155 led to the greatest increase in DNAM-
1 expression at baseline and on POD1 (Figure 13A). Additionally, mice receiving 500 pg of
a-CD155 had higher levels of NKG2D at baseline and this was even more pronounced on
PODI1 (Figure 13B). When examining Sx-MDSCs for a corresponding decrease in CD155
expression, all 3 doses of a-CD155 (250, 500 and 750 pg) led to a similar amount of CD155
downregulation compared to the negative control for percentage (Figure 13C) and MFI (Figure
13D).

Following dose titration, 500 pg was determined as the optimal dose, as measured by the
greatest increase in DNAM-1 expression while minimizing the postoperative downregulation
of NKG2D. We then proceeded to further investigate the effects of in vivo blockade on the

postoperative NK cell phenotype, including NK cytotoxicity.
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Figure 13. In Vivo Titration of a-CD155 in our Animal Model of Surgical Stress.

A) % DNAM-1+ of CDI122"/DX5" NK cells for the following a-CD155 IP doses (clone
4.24.1): 0 mg, 250 mg, 500 mg and 750 mg. Full boxes represent no surgery (n=3 per dose),
empty boxes PODI1 (n=3 per dose). B) %NKG2D+ of NK cells with the same a-CD155
conditions. C) %CD155+ of CD11b"/GR1™ MDSCs with the same a-CD155 doses. No
surgery (full boxes, n=3 per dose) compared to POD1 (empty boxes, n=3 per dose). D) CD155
expression of CD11b"/GR1" granulocytes with the same conditions. All samples shown are
Mean + SD.
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4.6.2. In Vivo CD155 blockade improves NK cell phenotype and cytotoxicity

In all in vivo blockade experiments (n=3) with the optimal a-CD155 dose of 500 pg, expression
of DNAM-1 was significantly increased in the groups receiving the antibody. At baseline,
there was a significant increase (n=13, p=0.04) and the effect was greatest on POD1 (n=5,
p=0.008; Figure 14A). Importantly, without a-CD155 there was a significant downregulation
of DNAM-1 on PODI1 (n=5, p=0.0002), but administering a-CD155 prevented the decrease in
DNAM-1 after surgery (n=5, p=0.55; Figure 14A).

When compared to baseline, NKG2D expression decreased on POD1 without a-CD155 (n=8,
p<0.0001) and with a-CD155 (n=8, p=0.01). While NKG2D expression did not change
following CD155 blockade at baseline (n=13, p=0.24), NKG2D significantly increased on
PODI1 in the mice receiving a-CD155 (n=8, p=0.0002; Figure 14B). Together these results
highlight an important role for Sx-MDSC CD155 expression on the postoperative NK cell

phenotype.
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Figure 14. In vivo CD155 Blockade Improves the Postoperative NK Cell Phenotype.

A) % DNAMI1+ NK cells (CD122/DX5%). In no surgery groups, + a-CD155 (black, n=13)
compared to — a-CD155 (dark grey, n=13). On POD1, + a-CD155 (red, n=5) compared to —
a-CD155 (light grey, n=5). B) %NKG2D+ NK cells. In no surgery croups, + a-CD155 (black,
n=13) compared to — a-CD155 (dark grey, n=13). On PODI, + a-CD155 (red, n=5) compared
to — a-CD155 (light grey, n=5). All samples shown are Mean = SD. Groups compared by non-
parametric Mann-Whitney test. NS= not significant, ****p<0.0001, ***p<0.0005, *p<0.05.
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Additionally, during ex vivo NK cytotoxicity assays, NK cells were isolated from pooled
splenocytes using the EasySep™ Mouse NK Cell Isolation Kit (Stemcell, section 3.6 for
details). This cytotoxicity assay was completed once, with increasing Effector-to-Target (E:T)
ratios of 1:1, 2:1, and 4:1. Compared to the mice without antibody treatment, mice receiving
a-CD155 injections at a dose of 500 pg IP prior to surgical stress showed enhanced killing of
YAC-1 target cells. Of note, there was no isotype control used in the negative control for this
experiment. At baseline (No Surgery groups), NK cytotoxicity of a-CD155 treated mice was
slightly higher (black) than the control mice (dark grey, Figure 15A). Interestingly, this effect
was even more pronounced following surgical stress at which time CD155 blockade led to
greater cytotoxicity (red) than the control mice (light grey, Figure 15B-C). In fact, the greatest
difference can be seen on PODI1 at an E:T ratio of 4:1, with a mean NK killing of 52% with a-
CD155 compared to 37.8% without antibody (Figure 15B-C). Since this was a single
experiment of technical replicates (n=3), statistical significance was not determined due to low

numbers.
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Figure 15. NK Cytotoxicity Following In Vivo CD155 Blockade.

A) Baseline NK cytotoxicity assay of % dead YAC-1 (CP4507/PI") with effector to target ratio
1:1, 2:1, 4:1. + a-CD155 (black) compared to — a-CDI155 (dark grey). B) POD1 NK
cytotoxicity assay of % dead YAC-1 cells with effector to target ratio 1:1, 2:1, 4:1. + a-CD155
(red) compared to — a-CD155 (light grey). C) Overview of combined baseline and POD1 NK
cytotoxicity assay in bar graph format. All samples shown are Mean of triplicates + SD.
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4.6.3. In Vivo CD155 blockade decreases postoperative lung metastases

The same in vivo CDI155 blockade model, consisting of a-CD155 500 pg injected IP
preoperatively, was used to examine lung metastases (mets) on POD3. Of note, the B16F10-
LacZ cell line was used in order to visualize the melanoma lung deposits. Lung mets were
quantified following our standard lung staining protocol. Without CD155 blockade, surgical
stress led to a significantly increased number of lung mets postoperatively (p=0.03; Figure
16A).

Interestingly, compared to mice without antibody blockade at baseline (mean 72.8, dark grey),
mice receiving a-CD155 injections had significantly less mets (mean of 21, black, p=0.03;
Figure 16A). On POD3, CD155 blockade also led to a significant decrease in lung mets (mean
120, red vs mean 190, light grey; p=0.03; Figure 16A). When comparing representative
images, a POD3 lung without CD155 blockade (Figure 16B) has a much higher number of
B16F10 melanoma lesions compared to a POD3 lung with a-CD155 treatment (Figure 16C).
These important findings confirm that in vivo CD155 blockade ultimately leads to an improved
postoperative NK cell phenotype as measured by DNAM-1 and NKG2D, as well as increased
NK cytotoxicity and less lung metastases. In order to determine a translational potential to

these findings, the last results focus on ex vivo blockade of human CD155 in cancer patients.
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Figure 16. In Vivo CD155 Blockade Leads to Reduced B16F10 Lung Metastases.

A) Quantification of B16F10-LacZ lung metastases based on standard X-Gal staining protocol.
In the no surgery groups, + a-CD155 (black) compared to — a-CD155 (dark grey). On POD3,
+ a-CD155 (red) compared to — a-CD155 (light grey). Samples shown are mean (n=4) + SD.
*p<0.05. B) Representative image of a POD3 right lung without CD155 blockade. BI6F10
lung mets are identified as small black lesions. C) Representative image of a POD3 right lung
following CD155 blockade.
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4.7. Ex vivo blockade of human CD155 improves NK cell cytotoxicity

4.7.1. Optimization of a novel human suppression assay

The purpose of this ex vivo suppression assay was to examine the impact of CD155 expressed
by Sx-MDSCs on NK cell cytotoxicity in human cancer patients. The first step was to ensure
the protocol was successful with the NK92-MI cell line as positive control, which is our
standard effector cell for killing assays. As shown in Figure 17A, adding POD1 Sx-MDSCs
decreased NK cytotoxicity by nearly 50% (blue, MDSC:NK:K562) compared to NK92 cells
and K562 cells alone (red, NK:K562). Since previous work from our laboratory has shown
that NK92-MI cells do not express DNAM-1 (data not shown), freshly isolated NK cells from
healthy donors were used (details in section 3.8 and Figure 5).

In terms of MDSC surface CD155 blockade, manufacturer recommendations for antibody
dosing (human anti-CD155 clone SKII.4) were a maximum of 2 pg/mL (Biolegend). For early
dose titration experiments we therefore compared the following conditions of a-CD155: 0,
0.25, 0.5 and 2 pg/mL (Figure 17B). The dose of 0.5 pg/mL was associated with the greatest
improvement in NK cytotoxicity, measured by % dead CP450*/PI" K562s, with Sx-MDSC
present (blue, Figure 17B). In fact, adding 0.5 pg/mL of a-CD155 nearly doubled killing
compared to the negative control without antibody (Figure 17B). In order to stimulate NK cells
and attempt to better detect a difference with antibody blockade, low-dose IL-2 (40 U/mL) was
added as a control. While significantly enhancing cytotoxicity, adding IL-2 abrogated the
effects of Sx-MDSC suppression, regardless whether a-CD155 was added (Figure 17C).
Therefore, after optimizing the protocol, all suppression assays were completed with a-CD155

at a dose of 0.5 pg/mL in the absence of IL-2 stimulation.
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Figure 17. Optimization of a Novel Ex Vivo CD155 Human Suppression Assay.

A) Suppression assay for the NK92-MI positive control. NK cytotoxicity measured as % dead
K562 (CP450%/PT") without Sx-MDSC (red, NK:K562) or with Sx-MDSC (blue,
MDSC:NK:K562). B) Dose titration of a-CD155 at various concentrations: 0, 0.25, 0.5 and 2
(ng/mL). % killing without Sx-MDSC (red) or with Sx-MDSC (blue). C) Low-dose IL-2
optimization. Suppression assay with or without a-CD155 (0.5 pg/mL) compared in presence
or absence of low dose IL-2 stimulation (40 U/mL). All samples shown are Mean of triplicates
+ SD.
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The next step to characterize CD155 blockade in this ex vivo suppression assay was to
determine whether a-CD155 remains stably bound to surface CD155 for the duration of the
20-hour assay. The rationale was that if blocking a-CD155 is still surface-bound 24 hours later,
this would result in a decrease of CD155 detection by flow cytometry. In order to do so, flow
phenotyping was performed on freshly isolated Sx-MDSCs with a-CD155 after a short 30-
minute incubation, and compared to Sx-MDSCs after a 24-hour incubation.

As illustrated in Figure 18A-B, both fresh and 24-hour samples had similar CD155 MFI
profiles for each of the following a-CD155 concentrations: 0 (blue, isotype control), low-dose
0.5 pg/mL (red), and high-dose 5 pg/mL (black). Additionally, low and high-dose blockade
both caused a near-identical downregulation of CD155 MFI, reinforcing 0.5 pg/mL as the
optimal dose for the suppression assay. This corresponded to a similar profile of %CD155+
Sx-MDSCs when comparing fresh (Figure 18C) to 24-hour samples (Figure 18D). Both had
approximately 70% expression without a-CD155 blockade (blue), which decreased to less than
5% with low-dose (0.5 pg/mL, red) and high-dose (5 pg/mL, black).

After optimizing this novel ex vivo suppression assay for the following conditions; low-dose
a-CD155 (0.5 pg/mL), no IL-2 and 8:2:1 effector-to-target (E:T) ratio (MDSC:NK:K562), we
next sought to evaluate the effect of CD155 blockade on Sx-MDSCs isolated from POD1

cancer surgery patients.
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Figure 18. a-CD155 is Stably Bound to Surface CD155 on Human Sx-MDSCs.

A) CD155 MFI histograms of human Sx-MDSC (CD33"/CD14"/CD15') at various a-CD155
blocking antibody concentrations: 0 pg/mL (blue, isotype), 0.5 pg/mL (red) and 5 pg/mL
(black). CD155 MFI of samples analyzed fresh (shaded colours) compared to after a 24-hour
incubation (solid colours). B) Bar graph representing CD155 MFI at the same a-CD155
blocking conditions, comparing fresh to 24 hours. C) %CD155+ Sx-MDSC of fresh samples
for the following a-CD155 concentrations: 0 pg/mL (blue, 76.2%), 0.5 pg/mL (red, 20.1%)
and 5 pg/mL (black, 6.45%). D) %CD155+ Sx-MDSC of 24hour samples for the same a-
CD155 concentrations: 0 pg/mL (blue, 65.1%), 0.5 ng/mL (red, 0.33%) and 5 pg/mL (black,
0.086%).
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4.7.2. Clinical demographics for ex vivo CD155 blockade

This ex vivo suppression assay was performed with POD1 Sx-MDSCs isolated from 3 different
cancer patients. Mean age was 65 (55-72) and cancer types included one retroperitoneal
sarcoma, which is a rare type of stromal tumour, and two lung cancers. Clinical demographics
are summarized in Table 3. Importantly, in order to obtain a consistent suppressive effect from
the POD1 Sx-MDSCs, only cancer patients with planned high surgical stress were recruited.
This can be seen in Table 3, with all patients having surgery length greater than 4 hours (mean
413 minutes). In fact, any patient with planned low surgical stress, determined as minimally
invasive robotic surgery (i.e. prostate cancer) or short surgeries less than 2 hours, were
excluded.

In terms of cell quality, POD1 Sx-MDSC viability was high for all patients, well above the
minimum pre-set viability of 92% (median 94.5%, Table 3). The measurement of cell viability
was performed by hemocytometer (HC) and confirmed by flow cytometry, gating CP4507/PI
as the live proportion of Sx-MDSCs (gating can be found in Appendix E). Similarly, the
viability for isolated healthy NK cells was always above 95%, as measured manually by HC

(data not shown).
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Table 3. Clinical demographics of cancer patients for ex vivo CD155 Suppression Assay.

Category Subcategory Cancer
Total (n) 3
Sex Male (n) 1 (33%)
Female (n) 2 (67%)
Patient Age (mean years) 65; 55-72
<60 years (n) 1
60-69 years (n) 1
> 70 years (n) 1
Type of Surgery Open (n) 1 (33%)
MIS (n) 2 (67%)
Type of Cancer Lung
GI 1
Cancer Stage I 2 (67%)
11 1 (33%)
I -
v -
Length of Surgery <2 hours -
2-4 hours
> 4 hours 3
Sx-MDSC Viability (%) Pl 94.5%
P2 95.2%
P3 93.8%

MIS — Minimally Invasive Surgery, GI — Gastrointestinal, PI — Patient 1, P2 — Patient 2, P3 —
Patient 3

92



4.7.3. Ex Vivo CD155 blockade decreases Sx-MDSC suppression

Ex vivo blockade of surface CD155 on POD1 Sx-MDSC using the purified human anti-CD155
antibody (clone SKII.4) led to increased NK cytotoxicity in all 3 cancer patients (Figure 19A-
C) compared to the isotype alone (IgG1 k isotype control, clone MOPC-21). As defined by the
area above the blue dotted line, adding the a-CD155 resulted in a nearly 40 to 50% increase in
NK cytotoxicity with Sx-MDSCs present (blue, Figure 19-A-C). Although the third patient
(Figure 19C) did not have as significant MDSC suppression at baseline prior to CD155
blockade (blue compared to red), the improvement with a-CD155 is still profound.

When plotting the mean NK cytotoxicity of triplicates for all 3 cancer patients, presence of
low-dose a-CD155 0.5 pg/mL leads to a statistically significant increase in killing of K562
target cells (p=0.008, Figure 19D). Combined, these 3 assays have a mean % NK cytotoxicity
that is more than twofold greater with a-CD155 present (36.5%) compared to without a-
CDI155 (17.9%). In other words, ex vivo CD155 blockade with a-CD155 led to a significantly

decreased suppression by the Sx-MDSCs.
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Figure 19. 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 with isotype alone (IgG1 k isotype control, clone MOPC-21) is represented
as the blue dotted line. Increase in killing with a-CD155 (0.5 pg/mL) is the proportion above
this blue line. D) Mean % killing with Sx-MDSCs of all triplicates (n=9), comparing isotype
(grey) to a-CD155 (blue). All samples shown are Mean of triplicates £ SD. *p<0.05.
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5. DISCUSSION

5.1. Surgical stress

5.1.1. Surgical stress and NK cell suppression

Without a doubt, surgery is a critical component for the curative treatment of cancer patients
(48-50). However many groups, including our laboratory, have convincingly shown that NK
cell function is significantly impaired following surgical stress, regardless of surgical
approach, length of surgery or cancer type (14, 55, 88, 90, 131). In keeping with these studies,
my results highlight the detrimental impact surgical stress can have on NK cell suppression.
The postoperative NK cell phenotype is significantly dysfunctional, marked by a profound
downregulation in activating receptors NKG2D and DNAM-1, as well as impaired ex vivo
cytotoxicity of YAC-I1 target cells (Figures 12, 15). Importantly, in murine models this
suppression of NK cytotoxicity correlates with increased postoperative tumour metastases and
poor survival (83, 91, 92, 95). As highlighted in Figure 16, I have also seen a significant
increase in lung metastases following surgical stress. While I did not perform experiments to
determine a direct correlation between NK function and metastases, we previously completed
adoptive NK cell transfers of surgically stressed mice into naive mice to confirm that NK cells
are an essential population responsible for clearance of metastases following surgery (91, 95).
Importantly, NK cell dysfunction is strongly related to expansion of myeloid cells following

surgical stress.

5.1.2. Expansion of granulocytes and monocytes after surgery

Several previous studies have shown that surgical stress leads to an immediate release of

growth factors such as EGF, PDGF and VEGF, pro-inflammatory cytokines IL-1, IL-6, TNF-
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a, and IFN-y, as well as DAMPs (51, 61-63). Together these factors cause a recruitment of
granulocytes and monocytes to the site of injury for the first phase of wound healing (61, 63,
68). Additionally, surgical stress is thought to cause a significant release of IMCs from the
bone marrow (BM) in order to respond to these signals. The Sx-MDSCs are a key subset of
IMCs that accumulate significantly in the circulation after surgery (127-129, 131). We have
previously measured MDSCs in various murine compartments including the bone marrow
(BM) and spleen perioperatively. On POD1, MDSCs decrease significantly in the BM while
increasing in the spleen, supporting the theory that emergency myelopoiesis causes a massive
and immediate release of IMCs after surgery (131).

While my results also confirm that MDSCs and granulocytes expand after surgery (Figure 6),
measuring these populations at multiple timepoints (POD1 and POD?3) in both the spleen and
blood helped gain a better understanding of their postoperative expansion. Granulocytes are
significantly upregulated on PODI1 but decrease in the blood by POD3 (Figure 6), suggesting
they are already present in circulation and have an immediate, although short response. This
is in keeping with the fact that the majority of granulocytes on POD1 are neutrophils and these
cells are the first to be recruited to the site of injury, but peak early by 24 hours (51, 67, 175).
Interestingly, the Sx-MDSC upregulation is not immediately noted in the spleen until POD3.
Although not a direct confirmation, these results support that Sx-MDSCs are released from the
BM only following surgical trauma through emergency myelopoiesis, which is strongly
mediated by postoperative inflammatory cytokines such as IL-6 and G-CSF (72, 125).

While my postoperative timepoints were only until POD3, it would have been very interesting
to compare the granulocyte and Sx-MDSC expansion at later intervals such as PODS and
PODY7. The granulocyte levels appear to correlate with the short yet intense pro-inflammatory

response or Ebb phase, while the Sx-MDSCs would likely have been upregulated until at least
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POD?7 for the duration of the anti-inflammatory phase (see Ebb and Flow phases of surgical

stress, Figure 1).

5.1.3. Flow cytometry validation of postoperative immune populations

MDSCs are a very heterogeneous population of immature cells with varying levels of
granularity, which makes their characterization difficult. As outlined in the introduction
(section 1.3.1), key studies have helped develop a common phenotyping strategy based on their
surface markers. For murine MDSC populations, M-MDSCs were identified as
CD11b*/GR1™/Ly6G/Ly6C" while PMN-MDSCs were CD11b"/GR1M/Ly6G*/Ly6C (99,
101, 102). It is important to note that the granulocyte population in mice consists of a
combination of granulocytes, such as neutrophils, as well as PMN-MDSCs but there are no
known strategies to separate these two populations by flow cytometry. During initial flow
cytometry validation experiments, gating the populations based on Ly6G/Ly6C molecules did
not yield as clear a separation as their relative GR1 expression only. As shown in figure 10A,
CD11b*/GR1™ M-MDSCs are a clearly defined and separate population from the
CD11b"/GR1"M granulocytes.

However, humans do not express the GRI1 marker, which makes the flow cytometry
characterization of MDSCs even more difficult for human samples (103, 108). Bronte et al.
published guidelines on MDSC characterization standards in 2016 and advised that CD33 can
confidently be used as the sole myeloid marker for human MDSCs (102). Therefore, I
identified human MDSCs following Bronte’s recommendations: absence of Lin markers
(CD3, CD19 and CD56) and presence of myeloid lineage marker CD33. M-MDSCs can be
separated by the presence of monocyte marker CD14 and absence of CDI15 (Lin

/CD33"/CD14"/CD15"), while the opposite is true for PMN-MDSCs (Lin/CD33"/CD14
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/CD15%) (102). Again, HD neutrophils were removed in the high-density layer during Ficoll
centrifugation. Therefore, the CD33"/CD14/CD15" gate included the PMN-MDSCs or low-
density (LD) neutrophils. For the purpose of consistency, the term surgery-induced MDSCs
(Sx-MDSCs) was used throughout to describe M-MDSCs that expand following surgical

stress.

5.2. Perioperative profiling of CD155

5.2.1. CD155 in human cancer patients

The first step in the cancer patient experiments was to optimize the processing method. Several
clinical studies rely on cryopreserving samples to enhance efficiency of processing and
analysis, especially for multicenter trials (176—178). However, cryopreserving MDSC subsets
causes decreased viability and frequencies, leading to an underrepresentation of the samples
(178). I have seen similar results during early experiments for my MDSC staining panel
comparing fresh to frozen samples (data not shown). Therefore, processing and isolating
PBMC:s for all cancer patients were done fresh to ensure accurate results. In terms of CD155
detection, this study is the first to measure perioperative changes of CD155 on myeloid
populations. I therefore titrated 2 different CD155 antibody clones (SKII.4 and PV404.19),
both commonly used for CD155 flow phenotyping. SKII.4 was chosen as it provided the
clearest separation between isotype control and sample once titrated, particularly on POD1
(Appendix B).

As previously mentioned, the human high density (HD) neutrophils were removed during the
Ficoll PBMC isolation. The detailed gating strategy for human MDSCs is outlined in Figure

6A and Appendix C. Using CD14 and CD15, I was able to separate CD14"/CD15- M-MDSCs
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from CD14/CDI15" PMN-MDSCs, or LD neutrophils. As shown in Figure 6, CDI155
expression is markedly upregulated on Sx-MDSCs on POD1 compared to baseline. Also,
baseline cancer CD155 is much higher than the healthy donors, although only 2 were tested
and these were not age-matched. Importantly, this CD155 expansion appears very specific to
the Sx-MDSC population since CD15" LD neutrophils and Lin~ lymphocytes have minimal
CD155 expression before or after surgery (Figure 6E). In fact, CD15" LD neutrophil CD155
expression is much closer to the isotype control (blue compared to green, Figure 6C). This is
a key result that highlights for the very first time the perioperative therapeutic potential of
CD155 blockade, which would be specific to targeting Sx-MDSCs with minimal effects on
other immune cell populations.

During the CD155 baseline subgroup analyses, I discovered a few interesting correlations. It
is known from previous work that tumour CD155 levels correlate with cancer stage and poor
prognosis in cancer patients (153, 157, 170—173), but there are no known studies examining
correlations of myeloid CD155 expression. Firstly, there appears to be a trend with age, where
all low baseline CD155 levels below 25% are in patients less than 60 years of age (Figure 7A).
Immunosenescence, or age-related impairment in immune responses, is well known to
decrease innate responsiveness and vaccination efficacy in the elderly (179-182). Although
there are no such studies yet, it would be interesting in the future to examine the contribution
of age-related MDSC CD155 expression in immunosenescence.

In terms of surgical approach, the proportion of high baseline CD155 (>50%) was much greater
in the open group (9/12) compared to the MIS group (1/8, Figure 7D). This could be partly due
to the fact that larger or locally advanced tumours often require planned open (laparotomy)
surgeries, as highlighted by the fact that all stage 3 cancers were of open approach.

Additionally, although not statistically significant, the mean of 246 minutes for open surgeries
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compared to 195 minutes for MIS suggests more difficult and longer cancer resections in the
open group. Cancer type and stage are another interesting CD155 correlation, where all the
low baseline CD155 cancers were either less invasive, such as GU prostate cancers, or early
stage I (Figure 7E-F). Together these findings suggest that higher levels of tumour burden,
marked by cancer invasiveness and cancer stage, may have a greater impact on host MDSC
recruitment and CD155 upregulation. In fact, this study is the first to discover such associations
between MDSC CD155 expression and cancer parameters.

To better understand the contribution of surgical stress in postoperative immune suppression,
I also measured perioperative MDSC CD155 expression in a subset of 5 non-cancer patients.
As shown in Appendix D, even in non-cancer surgeries there is an increase in Sx-MDSC
CD155 on PODI compared to baseline. Although not statistically significant likely due to low
numbers (n=5), the upregulation still seems profound (p=0.06, Appendix D). This key result
reinforces the theory that surgical stress causes an immediate and profound release of Sx-
MDSCs from the BM, regardless of indication, cancer or surgical approach. Interestingly,
baseline CD155 levels in the non-cancer patients are also quite varied, up to nearly 60%. These
results are not unexpected, as MDSCs can still greatly expand in benign conditions such as
infection, inflammation and auto-immune disorders (103, 104, 122). Particularly in the
perioperative setting, such non-cancer conditions could still be influenced by MDSC CD155

expansion and resulting immune suppression.

5.2.2. CD155 in the murine model of surgical stress

We have previously validated our experimental B16F10 and spontaneous 4T1 models of
surgical stress, during which mice undergo laparotomy, mobilization of bowel and left

nephrectomy (83, 91, 95, 131). My results show that the levels of stress and trauma during
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these surgeries are sufficient to induce profound NK cell suppression, marked by a decrease in
NK cell activating receptors NKG2D and DNAM-1, as well as NK cytotoxicity (Figures 12,
15). During murine ex vivo cytotoxicity assays, we usually detect a 20 to 25% decrease in NK-
mediated killing following surgery (131), but the decrease was not as profound in my
experiment (Figure 15C, dark grey to light grey). Our surgery protocol is very consistent, but
it is possible that lack of tumour CD155 expression (B16F10-CD155 KO) induced a smaller
suppressive effect on postoperative NK cells. In the future, it would be worthwhile to compare
NK-mediated killing following B16F10-CD155 KO and B16F10-WT injections.

While [ was able to clearly characterize murine immune cell populations (section 5.1.3.), I had
to also validate CD155 detection in our murine model. Because tumour CD155 overexpression
is known to induce several pro-tumorigenic changes such as invasiveness, metastases,
angiogenesis and NK cell suppression, the first key step was to validate melanoma cell lines.
In order to study the effect of host myeloid CD155 expression specifically, it was critical to
use a CD155-KO line (kindly provided by Dr. Smyth’s research group). Validation of these
cell lines confirmed that B16F10-CD155 KO does not express any CD155 (Figure 9).

Similar to the human results, postoperative CDI155 is significantly upregulated on
CD11b*/GR1™ Sx-MDSC on POD1 and POD3 compared to baseline (Figure 11). It is also
interesting that CD155 is still significantly upregulated on POD3. While I did not specifically
address in this study, CD155 expression on Sx-MDSC may be an important component of the
delayed anti-inflammatory, or Flow, phase following surgery (Ebb and Flow of surgery, Figure
1). Furthermore, CD11b"/GR1" granulocytes have minimal CD155 expression at any
perioperative timepoint (Figure 11). Although I did attempt murine Ficoll separation to isolate
PMN-MDSCs perioperatively, the yield was too low for any functional assessment (data not

shown). To our knowledge, there are no gating strategies to separate murine PMN-MDSCs
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from other granulocytes. However, the GR1M granulocytes contain mostly neutrophils,
particularly in the postoperative state, which are a key mediator of the inflammatory response.
Having the ability to block Sx-MDSC via CD155 while protecting the neutrophil expansion
for wound healing once again highlights the perioperative therapy potential of CD155

blockade.

5.3. Perioperative changes in activating NK cell receptors

Activating NK cell receptors DNAM-1 and NKG2D play important roles in anti-tumour
immune surveillance as their ligands are often overexpressed on tumour cells (5, 26, 27, 30,
146). Importantly, at least one of the two receptors DNAM-1 or NKG2D is required to
maintain effective NK-mediated cytotoxicity of tumour cells (31, 32). My murine results
characterized a profound dysfunction in NK cells following surgical stress. Postoperative NK
cells have decreased expression in both activating receptors DNAM-1 and NKG2D (Figure
12). The DNAM-1 downregulation is probably directly caused by CD155 overexpression on
Sx-MDSCs, as this inhibitory mechanism was demonstrated in previous cancer studies (10,
32, 136, 166, 167).

The decrease in NKG2D expression from CD155 upregulation, however, is not as clear and
has not been previously described. The fact that NKG2D MFTI is not profoundly impaired until
POD3 (Figure 12) suggests it is due to an exhausted phenotype following exposure to its stress-
induced murine ligand RAE-1e. Thompson et al. studied the effect of RAE-1¢ exposure to
NKG2D in vivo. Interestingly, RAE-1¢ binding to NKG2D caused internalization of NKG2D,
leading to NK cell hypo-responsiveness and impaired activity measured by degranulation and
IFN-y production (183). It is quite possible that this mechanism of hypo-responsiveness occurs

following surgery, when the profound stress causes RAE-1¢ upregulation on endothelial cells.
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Hypoxic stress can cause tumour shedding of NKG2D ligands, which antagonizes and
downregulates NKG2D on NK cells (30, 40, 42). Importantly, RAE-1¢ can be significantly
upregulated on endothelial cells following stress signals, particularly in tumour-associated
vasculature (183). It is possible that the significant stress caused by surgery induces shedding
of RAE-1¢ and secondary internalization and downregulation of NKG2D.

Another likely contributor to the decrease in postoperative NKG2D is from the significant
release of TGF-B following surgical stress. It is known that tumour-secreted TGF-f causes
NKG2D downregulation in cancer models (44, 45) and surgery results in an immediate and
substantial increase in this suppressive cytokine (48, 63, 81). In fact, the postoperative effect
of TGF-B on the NK cell phenotype was thoroughly investigated by a laboratory colleague

Marisa Market (data not shown, manuscript pending).

5.4. CD155 blockade to improve postoperative NK cell function

5.4.1. In vivo blockade in the animal model of surgical stress

Although much less was known about myeloid cell CD155 expression, the work by Li et al.
provided a strong rationale to investigate perioperative CD155 blockade. In their experiments,
loss of host CD155 led to decreased tumour volume and lung metastases for various tumour
cell lines in vivo (164). When they blocked CD155 in naive mice with anti-CD155 (clone
4.24.1, 250 pg), they noticed a significant upregulation in DNAM-1 on NK cells (164).
However, they did not examine cancer endpoints such as tumour volume or metastases
following anti-CD155 injections. This provided strong evidence for our in vivo blockade
experiments. Assuming slightly higher doses of antibody would be required in the

perioperative setting to block all surface CD155 on Sx-MDSCs, I titrated doses of 250 pg up
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to 750 pg, with 500 pg discovered as the optimal dose (Figure 13). The fact that in vivo CD155
blockade significantly increased both DNAM-1 and NKG2D expression on NK cells confirms
the role Sx-MDSC CDI155 expansion plays on the suppressive NK cell phenotype.
Additionally, CD155 blockade prevented the postoperative decrease in DNAM-1 that was
usually seen on PODI (Figure 14). Interestingly, CD155 blockade did not increase NKG2D
under normal conditions, only after surgical stress on PODI (baseline, Figure 14B). This
suggests that the CD155 antibody, directly or indirectly, prevented binding of NKG2D with
its stress-induced NKG2D ligand RAE-1e.

Importantly, the increase in activating NK cell receptors following CD155 blockade correlated
with enhanced cytotoxicity of YAC-1 target cells and this effect was most pronounced after
surgery (Figure 15, red compared to light grey). These killing assays may have underestimated
the effect of CD155 blockade on cytotoxicity, because of the YAC-1 target cell line that was
used. Gilfillan ef al. determined that YAC-1 cells overexpress CD155 as well asl NKG2D
ligands. Therefore, even after CD155 blockade in this killing assay, NKG2D ligands can still
be used as a compensatory mechanism for NK-mediated killing on these YAC-1 cells (32).
Additionally, the NK-mediated killing of YAC-1 cells may have been confounded by the
downregulation of postoperative NKG2D on NK cells. In retrospect, comparing NK killing
with non-NKG2D ligand expressing cell lines like BI6F10, and specifically B16F10-CD155
KO, would have been important controls to determine the exact contribution of CD155
overexpression on the suppressive NK cell phenotype, and this should be pursued in future
experiments.

The last key modification following CD155 blockade relates to lung metastases. Mice
receiving anti-CD155 had significantly less lung mets at baseline and on POD3 (Figure 16). It

is important to note that these experiments were completed with B16F10-LacZ in order to
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visualize the melanoma lung deposits after X-gal staining. However, since this cell line has a
high expression of CD155 (Figure 9), it is impossible to know how much of the effect seen on
lung mets was caused by Sx-MDSCs versus the tumour itself. At the time of the COVID-19
closures, experiments had begun to transfect Lenti-LacZ into the BI6F10-CD155 KO cell line
to minimize the effect of tumour CD155 and better understand the impact of Sx-MDSC CD155
expression on postoperative lung mets. While previous studies have determined that tumour
CD155 blockade leads to improved NK cell function and decreased tumour growth (162, 164,
165), this project is the first of its kind to convincingly link Sx-MDSC CD155 blockade to an

improved NK cell phenotype and cytotoxicity, as well as lung metastases.

5.4.2. A novel ex vivo CD155 suppression assay

The experiments above helped characterize the postoperative expansion of CDI155 on Sx-
MDSCs and blocking this expansion caused an improvement in NK cell phenotype and
cytotoxicity. In order to determine a translational potential to these findings, I sought to create
anovel ex vivo human suppression assay of CD155 blockade. In several human cancer studies,
tumour CD155 levels were associated with cancer stage and prognosis (153, 157, 158, 170-
172). To our knowledge, there are no known studies examining the effects of ex vivo blockade
of human CD155 and in our postoperative model, this expression is very specific to Sx-MDSCs
(Figure 7). Since this was never characterized before, several parameters had to be optimized.
First and foremost, the NK92-MI cell line commonly used in human killing and suppression
assays does not express DNAM-1 (data not shown). I therefore adapted our whole blood NK
isolation protocol to use healthy donor NK cells, which provides a greater functional relevance
to the in vivo DNAM-1/CD155 interactions. Based on our previous work, MDSC suppression

assays usually yield an average of 40 to 50% suppression for POD1 Sx-MDSCs (manuscript
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in preparation by Leonard Angka and Tai e/ al. 2018) (131). I was able to recapitulate this
effect during my first experiments using the NK92-MI cells as a positive control (Figure 18A).
In terms of CD155 blockade, I titrated the anti-CD155 antibody at several doses, from 0.25 up
to 5 pg/mL (data not shown) and the lower dose range was clearly more effective at blocking
the suppressive effect. I therefore compared 0.25 to 2 pg/mL and 0.5 pg/ml was determined as
the optimal dose for improving NK-mediated killing with Sx-MDSCs present (Figure 18). The
most plausible explanation for this effect is through antibody-dependent cellular cytotoxicity
(ADCC). The K562 target cells are known to overexpress CD155 (10, 184) and at higher doses
of antibody, excess anti-CD155 likely binds surface CD155 on K562s, triggering ADCC from
the healthy NK cells. To prevent this nonspecific ADCC killing, we had started a CRISPR-
Cas9 knock-out experiment to create a stable K562-CD155 KO cell line but this was postponed
due to the COVID-19 closures. Nonetheless, this effect was minimally seen at the lower
antibody dose of 0.5 pg/mL as the killing of NK:K562 only (red bars) was very similar with
or without anti-CD155 present (Figures 18-19).

Variability in healthy donor NK cell killing remains the greatest issue in this functional
suppression assay, which can never be fully controlled based on inter-patient variation of NK
cell activity. However, the anti-CD155 still significantly improved NK-mediated killing of
target cells by 40 to 50%, regardless of the healthy donor patient (Figure 19). In order to
measure a consistent and quantifiable suppression by the POD1 Sx-MDSCs, only patients
undergoing high surgical stress procedures were included. All other patients, such as robotic
prostatectomy or minimally invasive gynecologic surgeries, were excluded. As highlighted in
table 3, the patients included all had long surgeries greater than 4 hours in keeping with high
stress procedures. The suppression assays for all three cancer patients showed a significant

improvement in NK-mediated killing when blocking surface CD155 expression on the Sx-
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MDSCs (Figure 19A-C). When pooling the results, mean cytotoxicity is more than twofold
greater with anti-CD155 present (Figure 19D). This novel suppression assay confirmed for the
first time that blocking postoperative Sx-MDSC CD155 in human cancer patients results in a
significant and reproducible improvement in NK-mediated cytotoxicity. Previous work from
our laboratory has shown that baseline MDSCs do not induce suppression in such assays and
the effect is limited to POD1 Sx-MDSCs. In order to further characterize the specificity of
CD155 blockade in this assay, future work should compare the suppressive effect of Sx-
MDSCs with preoperative baseline MDSCs, as well as other immune populations such as LD-

neutrophils.

5.5. The translational potential of CD155 blockade

As highlighted in a commentary by Bronte, the clinical translational potential of CD155 relies
on the ability to develop CD155 blocking therapies, such as small molecules and antibodies
(26). My results have convincingly shown that monoclonal anti-CD155 antibody is a very
promising blockade therapy. Its benefit has been shown in vivo in our murine model of surgical
stress and ex vivo during human suppression assays, revealing that CD155 blockade greatly
minimizes the suppressive effect of Sx-MDSCs. Interestingly, Bronte commented on utilizing
both CD155 axes to fully maximize the therapeutic potential, by blocking the CD155-
TIGIT/CD96 pathway but preserving DNAM-1 expression to engage tumour cells through the
CDI155 receptor (26). While TIGIT/CD96 was outside of the scope of my research project,
dual blockade would be an interesting approach and should be investigated in future work.

Additionally, CD155 blockade as a therapy should have high tissue specificity for Sx-MDSCs,
since there is minimal to no CD155 in normal human tissue (152) and other immune

populations such as granulocytes and lymphocytes (Figures 7, 11). Administering the anti-
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CD155 antibody in mice seemed well tolerated and did not cause any adverse events (AEs).
The next direction of this research would be to perform a small phase I safety clinical trial with

a subset of cancer patients to determine antibody safety and tolerance.

5.6. Conclusion

In summary, surgery is a central component for the curative treatment of most solid
malignancies and induces an immediate release of pro-inflammatory cytokines to recruit
granulocytes and monocytes to the site of injury. In parallel, there is a profound and immediate
release of IMCs from the bone marrow. A subset of these IMCs, the Sx-MDSCs, expand
significantly after surgery and have a strong suppressive effect on NK cells.

To our knowledge, this research work is the first of its kind to clearly characterize perioperative
CD155 expression on Sx-MDSCs in animal models and human cancer patients. Through our
animal model of surgical stress and ex vivo analysis of postoperative cancer patients, we have
discovered a significant yet specific upregulation of CD155 on Sx-MDSCs with minimal
expression on other immune cell populations. /n vivo CD155 blocking experiments showed a
convincing improvement in the postoperative NK cell phenotype, measured by activating NK
cell receptors DNAM-1 and NKG2D, as well as enhanced cytotoxicity which coincides with
decreased lung metastases. Additionally, these findings have a promising translational
therapeutic potential. In the novel ex vivo human suppression assay we showed that CD155
blockade significantly decreases the suppressive effect of Sx-MDSCs and improves NK-
mediated cytotoxicity.

While previous studies elucidated the role of CD155 in tumour progression and measured
CDI155 on myeloid cells isolated from the TME, this research project established for the first

time a critical role of Sx-MDSC CDI155 expansion in postoperative immunosuppression.
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Future work should further characterize the specificity of ex vivo CD155 blockade by
comparing Sx-MDSCs with preoperative MDSCs and other populations such as neutrophils.
Also, assessing safety of CD155 blockade in a small phase I clinical trial of cancer patients
could be entertained to bridge the gap towards a perioperative clinical trial in the future.
Ultimately, targeting CD155 blockade in the critical perioperative window of opportunity
appears to be a very promising novel therapy, which has the potential to greatly improve

outcomes for cancer patients undergoing curative surgical resection.
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start of my Master’s project by our collaborator Dr. Kislinger. The results from this screen
were an important piece to formulate my rationale and hypothesis, as explained in the
introduction. Christiano T. de Souza played an instrumental role in the planning and
completion of my murine experiments. He administered the anti-CD155 IP and B16F10 IV
injections, and although he taught me the technique of operating on mice, most of the surgeries
were completed by Christiano to ensure consistency between experiments. He also performed
the murine euthanasia by lethal buprenorphine injections and cervical dislocation. During
larger murine endpoint experiments, Leonard Angka often helped me process murine samples
when I had to complete flow phenotyping and ex vivo killing assays in parallel. Additionally,
it is important to note that half of the biological replicates for the Sx-MDSC and granulocyte
populations in Figure 8 are from experiments completed by Leonard. I decided to combine
them with my own experiments to increase numbers and help visualize the postoperative
changes in these populations. All other figures are results entirely from my own experiments.
Lastly, I would like to acknowledge collaborators in Australia Dr. Liam Town, manager, and
Dr. Mark Smyth, principal investigator, for donating the B16F10-CD155 KO and parental

B16F10-WT cell lines, as well as their guidance on maintaining these cells.
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8. APPENDIX

APPENDIX A: ANTIBODY TABLE

HUMAN MDSC ANTIBODIES

. PE-Cy7 — CD33 (Clone P67.6)

Biolegend 366618

2. APC-Cy7—-CD14 (Clone M¢P9) BD Biosciences 557831

3. AF700 — CD11b (Clone ICRF44) R&D Systems FAB1699N

4. €450 —-CDI15 (Clone MMA) Life Technologies 48-0158-42
5. APC —HLA/DR (Clone L243) Biolegend 307610

6. PE —CDI55 (Clone SKII.4) Biolegend 337610

7. PE —1IgGl k Isotype (Clone MOPC-21) Biolegend 400114

8. PE - CD155 (Clone PV404.19) Miltenyi 130-105-846
9. PE - IgGl k Isotype (Clone IS5-21F5) 130-113-200

10. FITC — CD19 (Clone HIB19) Biolegend 302206

11. FITC — CD56 (Clone NCAM16.2) BD Bioscience 340410

12. FITC — CD3 (Clone HIT3a)

Thermo Fisher 11-0039-42

MURINE MDSC ANTIBODIES

1. BV786 — CD45 Rat IgG2b (Clone 30-F11) BD Bioscience 564225
2. AF700 — CD3 Hamster IgG2 (Clone 500A2) BD Bioscience 557984
3. APC-Cy7—-CDI11b Rat IgG2b (Clone M1/70) BD Bioscience 561039

4. FITC — GR1 Rat IgG2b (Clone RB6-8C5) Biolegend 108405

5. APC - CD155 Rat IgG2a (Clone TX56) Biolegend 131510

6. APC —IgG2a Isotype (Clone RTK2758) Biolegend 400512
MURINE NK CELL ANTIBODIES

1. BV786 — CD45 (Clone 30-F11) BD Bioscience 564225
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2. AF700 - CD3 (Clone 500A2)

BD Bioscience 557984

3. PE - CD49b (Clone DX5)

BD Bioscience 553858

4. PE-Cy7-CD122 (Clone TM-betal)

Thermo Fisher 25-1222-82

5. BV421 - DNAM (Clone TX42.1)

Biolegend 133615

6. BV421 —IgG2a k Isotype (Clone RTK2758)

Biolegend 400549

7. FITC —NKG2D CD314 (Clone C7)

Biolegend 115711

8. FITC — Armenian Hamster Isotype (Clone Biolegend 400905
HTKS888)
BLOCKING ANTIBODIES
1. Purified anti-human CD155 (Clone SKII.4) Biolegend 337602
2. Purified mouse IgG1 k isotype control (Clone Biolegend 400102
MOPC-21)
3. Purified anti-mouse CD155 — Low Endotoxin Leinco Tech C2833

Functional Formulation, GOLD (Clone 4.24.1)
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APPENDIX B: HUMAN CD155 ANTIBODY SELECTION
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Appendix B. Selection of Human CD155 Antibody Clone.

Representative smooth plots of a cancer patient for CD155 expression on Sx-MDSC, gated
Lin/CD33*/CD14"/CD15%. Isotypes are compared to their samples for titrated antibodies
SKIIL.4 (A-B) and PV404.19 (C-D).
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APPENDIX C: DETAILED FLOW CYTOMETRY GATING OF HUMAN SX-MSDC
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Appendix C. Detailed Flow Cytometry Gating Strategy for Human Sx-MDSC.
Representative gating for a POD1 cancer patient. After excluding doublets, debris and dead
cells, Lin(CD3, CD56,CD19) cells are removed. Of the CD33" myeloid cells, M-MDSC are
gated CD14"/CD15" while the LD neutrophils are CD147/CD15". CD155 is gated based on its
corresponding isotype control.
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APPENDIX D: NON-CANCER Sx-MDSC CD155
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Appendix D. Sx-MDSC CD155 Expression in Non-Cancer Patients.

Percentage CD155+ of Sx-MDSCs (gated CD33"/CD147/CD15') for 5 non-cancer patients,
comparing baseline (BL) to POD1. Matched POD1 compared to BL by Wilcoxon matched
rank test. NS p=0.06.
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APPENDIX E: FLOW CYTOMETRY GATING FOR HUMAN EX VIVO
SUPPRESSION ASSAY
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Appendix E. Flow Cytometry Gating Strategy for Ex Vivo Human Suppression Assay.
Representative gating for a PODI cancer patient. After excluding doublets and debris, effector
cells (E) are separated from K562 target cells (T) based on CP450 expression. Proportion of
dead K562 gated CP450"/PI".
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9. CURRICULUM VITAE

EDUCATION

2016-2023
2018-2020
2018-2020

2018
2017
2015-2016
2011-2015
2007-2011

General Surgery Resident, University of Ottawa
Master of Science (MSc) in Cancer Immunology, University of Ottawa
Surgeon-Scientist, Clinician Investigator Program (CIP), University of Ottawa

Surgical Foundations Examination, Royal College of Physicians & Surgeons
Licentiate of the Medical Council of Canada (LMCC) Parts I & II, Canada
Family Medicine Resident, Western University

Doctor of Medicine (MD), University of Ottawa

Bachelor of Science (BSc), Biopharmaceutical Sciences, University of Ottawa

SELECT ACADEMIC AWARDS

2020

2020

2019-2020

2019

2018-2019

2018

2018

2018

2018

2011

First Place Podium Presentation Award, General Surgery Annual Research
Day (GSRD) 2020, Ottawa, Ontario

Best Presentation, Cancer Therapy and Cancer Pathogenesis, Department of
BMI Seminar day 2020, Faculty of Medicine, Ottawa, Ontario

Ontario Graduate Scholarship (OGS) Recipient, University of Ottawa, Canada

First Place Podium Presentation Award, General Surgery Annual Research
Day (GSRD) 2019, Ottawa, Ontario

Canada Graduate Scholarship (CGS) Recipient, Canadian Institute of Health
Research (CIHR), Canada

Resident/Fellow Award, Best Basic Science/Translational Research Paper and
Presentation, Society of Surgical Oncology (SSO), 2018, Chicago, Illinois

JP Collins Award for Best Translational Research Presentation, Collin’s
Department of Surgery Research Day 2018, Ottawa, Ontario

First Place Podium Presentation, Canadian Society of Surgical Oncology
(CSSO0), 2018 Annual Spring Meeting, Toronto, Ontario

CACSR Nomination for Golden Scalpel Award Best National Oral
Presentation, Canadian Surgery Forum 2018, St. John’s, Newfoundland

Ontario Graduate Scholarship (OGS) and NSERC Scholarship — Offered
both scholarships to pursue graduate studies in biochemistry.
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2014

2011

RBC Students Leading Change National Scholarship Recipient, Canada —
Selected for various leadership and extracurricular activities in the field of surgery

Undergraduate Research Excellence Award, Faculty of Science, University of
Ottawa, ON

MANUSCRIPT PUBLICATIONS

1.

Market M & Angka L, Martel AB, Bastin D, Olanubi O, Tennakoon G, Boucher D, Ng
J, Ardolino M & Auer RC. 2020. Flattening the COVID-19 Curve with Natural Killer
Cell Based Immunotherapies. Frontiers Immunology. Accepted.

Gawad N, Tran A, Martel AB, Baxter NN, Allen M, Manhas N & Balaa FK. 2020. Co-
Second Author. Gender and academic promotion of Canadian general surgeons: a cross-
sectional study. CMAJ Open. DOI:10.9778/cmajo.20190090

Baker L, Park L, Gilbert R, Martel A, Ahn H, Davies A, Saidenberg E, Fergusson D &
Martel G. 2019. Guidelines on the intraoperative transfusion of red blood cells: a
protocol for systematic review. BMJ Open. 17;9(6):¢029684. DOI:10.1136/bmjopen-
2019-029684

Tran A, Gawad N, Martel AB, Manhas N, Allen M, Hameed M & Balaa FK. 2019. Co-
Second Author. The Changing Face of Academic General Surgery in Canada: A Cross-
Sectional Cohort Study. Canadian Journal of Surgery (CJS). 23;62(6):016418. DOL:
10.1503/cjs.016418

Angka L and Martel AB, Kilgour M, Jeong A, Sadiq M, Tanese de Souza C, Baker L,
Kennedy MA & Auer RC. 2018. Co-first author. Natural Killer Cell IFN gamma
secretion is profoundly suppressed following colorectal cancer surgery. Annals of
Surgical Oncology. DOl.org/10.1245/s10434-018-6691-3

Gilbert S, Martel AB, Seely AJ, Maziak DE, Shamji FM, Sundaresan SR, Villeneuve PJ.
2015. Second Author. Prognostic Significance of a Positive Radial Margin after

Esophageal Cancer Resection. Journal of Thoracic and Cardiovascular Surgery
(JTCVS). 149(2):548-55

Adamczyk A, Martel AB, Stokl A & Ramnanan CJ. 2014. Co-First Author. Minding the
Gap: Student-Led, Surgically-Oriented Anatomy Electives. Medical Education.
48(11):1108-09. doi: 10.1111/medu.1256

Liu Y, Nandi S, Martel A, Antoun A, Ioshikhes I & Blais A. 2012. Co-Second Author.

Discovery, Optimization and Validation of an Optimal DNA-Binding Sequence for the
Six1 Homeodomain Transcription Factor. Nucleic Acids Research. 40(17):8227-39.
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ORAL PRESENTATIONS

1.

Martel AB, Angka L, Tanese de Souza C, Ng J, Market M, Tennakoon G, Kennedy MA
& Auer RC. Targeting CD155 Poliovirus Receptor: A Novel Strategy to Prevent
Postoperative Imnmunosuppression in Cancer Patients.

- May 2020 — Annual Seminar Day, Department of BMI, Ottawa, Ontario

- April 2020 — General Surgery Annual Research Day (GSRD), Ottawa, Ontario

Martel AB, Angka L, Tanese de Souza C, Ng J, Kennedy MA & Auer RC. Targeting
CD155 on Myeloid Derived Suppressor Cells to Prevent Post-Operative Immune
Suppression in Cancer Patients.
- September 2019 — Canadian Surgery Forum, Resident Research Retreat,
Montreal, Quebec
- April 2019 — General Surgery Annual Research Day (GSRD), Ottawa, Ontario

Martel AB, Angka L, Jeong A, Sadiq M, Kilgour M, Tanese De Souza C, Kennedy M &
Auer RC. Surgical Stress Suppresses Natural Killer Cell IFNy Release in Colorectal
Cancer Patients.
- September 2018 — CSSO Session, Canadian Surgery Forum (CSF), St. John’s,
Newfoundland
- September 2018 — CACSR Session, Canadian Surgery Forum, St. John’s,
Newfoundland
- May 2018 — Collin’s Department of Surgery Research Day, Ottawa, Ontario
- April 2018 — CSSO 27" Annual Meeting, Toronto, Ontario
- April 2018 — General Surgery Annual Research Day, Ottawa, Ontario
- March 2018 — Society of Surgical Oncology (SSO) 715 Annual Meeting, Chicago,
linois

LEADERSHIP AND FACULTY INVOLVEMENT

2020

Grant reviewer, Resident Research Grant Competition, Department of Surgery,
The Ottawa Hospital, Ottawa, Ontario

2019-2020 Chief Resident, Clinician Investigator Program (CIP), University of Ottawa

- Elected to represent CIP residents from all departments at TOH
- Attended quarterly CIP RPC committee meetings
- Led residents through a successful accreditation internal review

Medical Examiner for NAC and Undergraduate OSCE, Medical Council of

2019 — Canada (MCC), University of Ottawa, Ontario

Lecturer and CBL Instructor for Undergraduate Medical Education (UGME),

2018-2019 Gastroenterology and General Surgery Block, Faculty of Medicine, University of

Ottawa

2018-2020 Teacher for Clerkship Core General Surgery Lecture, Faculty of Medicine,

University of Ottawa
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2016 — General Surgery CaRMS Committee, Resident Representative
- Improved the CaRMS review process and updated interview scoring criteria
- Involved in the file review stage and participated as CaRMS interviewer
2016 — General Surgery Residency Program Committee (RPC), Resident
Representative
- Responsible to represent PGY cohort in the RPC committee
- Attended quarterly RPC meetings to address program issues, improve
curriculum development and solicit resident feedback
2016-2019 Copy Editor, University of Ottawa Journal of Medicine (UOJM)
2013-2014 Advanced Surgical Anatomy Interest Group, ASAIG (Co-founder)
- Created the group to address deficiencies in surgical anatomy content
- Integrated common clinical encounters with the relevant operative anatomy
during peer-led sessions
2012-2013 Editor-in-Chief, University of Ottawa Journal of Medicine (UOJM)
- Oversaw the entire developmental process and involved in every decision-
making aspect
- Responsible for sponsorship and budget decisions
- Created and led editing workshops for editorial team
- Ensured the quality control of manuscripts at the final stage of editing
- Managed the publication stage, including copy-editing, layout editing and
distribution
WORK EXPERIENCE
2016 — General Surgery Resident, The Ottawa Hospital, Ottawa, ON
2015-2016 Family Medicine Resident, London Health Sciences Centre, London, ON
2010-2013 Bilingual On-call Crisis Line Worker, Distress Centre Ottawa, Ottawa, ON
2013 Research assistant, Department of Pathology, CHEO, Ottawa, ON
2010-2011 Research assistant, Department of Biochemistry, University of Ottawa, ON
2006-2011 Level 3 Hockey Referee, ODMHA, EOJHL, NCJHL, Embrun, ON
2007-2010 Science Store Clerk, University of Ottawa Faculty of Science, Ottawa, ON
2004-2007 Assistant Golf Professional, Casselview Golf & Country Club, Casselman, ON

MEMBERSHIPS & AFFILIATIONS

2018 -
2018 —
2017 -
2016 -
2015 -

SSO — Society of Surgical Oncology

CSSO — Canadian Society of Surgical Oncology
ACS — American College of Surgeons

OAGS — Ontario Association of General Surgeons
CATS — Canadian Association of Thoracic Surgeons
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2015 - PARO - Professional Association of Residents of Ontario

2015 - TAC — Trauma Association of Canada

2015 - CHS — Canadian Hernia Society

2013 - CAGS — Canadian Association of General Surgeons

2011 - OMA — Ontario Medical Association & CMA — Canadian Medical Association
SELECT CONFERENCES

2020 General Surgery Research Day (GSRD) 2020, Ottawa, ON

2019 Ottawa Hospital (OHRI) Research Day 2019, Ottawa, ON

2019 Canadian Surgery Forum (CSF) 2019, Montreal, QC

2019 Collin’s Surgical Research Day 2019, Ottawa, ON

2019 General Surgery Research Day (GSRD) 2019, Ottawa, ON

2018 Nanoscale Flow Cytometry for Cancer, Infection and Disease, Ottawa, ON

2018 Canadian Surgery Forum (CSF) 2018, St. John’s, NF

2018 Collin’s Surgical Research Day 2018, Ottawa, ON

2018 Canadian Society of Surgical Oncology (CSSO) 2018 Meeting, Toronto, ON

2018 General Surgery Annual Research Day (GSRD) 2018, Ottawa, ON

2018 Society of Surgical Oncology (SSO) 2018 Annual Conference, Chicago, IL

PROFESSIONAL DEVELOPMENT AND TRAINING

2018 Good Clinical Practice (GCP), OHRI, Ottawa, ON

2018 Flow Cytometry Training, Flow Core Facility, University of Ottawa, Ottawa, ON

2018 ACVS Animal Training, University of Ottawa, Ottawa, ON

2017 Laboratory and Safety Training, OHRI, Ottawa, ON

2016 Advanced Trauma Life Support (ATLS), University of Ottawa, ON

2016 Neonatal Resuscitation Program (NRP), Western University, ON

2014 Advanced Cardiac Life Support (ACLS), University of Ottawa, ON

2013 Clinical Research Course, Ottawa Hospital Research Institute (OHRI), Ottawa, ON

2012 TPCS-2 CORE: Ethics Course for Research Involving Humans, Ottawa, ON

2010 60-Hour Intensive Crisis Intervention Skills Training, Distress Centre, Ottawa, ON

2010 Applied Suicide Intervention Skills Training (ASIST), Distress Centre, Ottawa ON
LANGUAGES

French and English — fluently spoken and written
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