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Abstract

Immunosuppressive tumour microenvironments (TME) inhibit the effectiveness of many
immunotherapies. The hypersialylation of cancer cells contributes significantly to this
suppressive environment, aiding in tumour immune evasion. Sialic acids are bound by
siglec 6ialic acigbinding, immunoglobulin 1g)-like lectin) receptors expressed by
immune cells such as macrophages and T cells. This binding initiates a downstream
inhibitory signalling response similar to what is seen withkIfED-L1 binding. Cancer
associated fibroblasts, or CAFs, are a highly immunosuppeessiivtype found in the
colorectal cancer TME and are associated with tumour progression and a worse
prognosis, howevethe mechanisms by which they mediate their immunosuppressive

properties have not yet been fully elucidated.

This PhD aimed to invegated if the sialylation profile of CAFs andour-conditioned
stromal cells contribute to their immunosuppressive properties; and if this could provide
a novel target, overcoming immunotherapy resistance commonly associated with

approved immunotherapies.

Colorectal cancer cell line secretome/- an inflammatory TN# a i A Wakzf dza
generated and used to condition primaBALBc bone marrowmesenchymastromal
cells(BM-MSCs)BM-MSCgecruited into the colorectal cancer TME doeown to be

precursors to 8Fs and our model reflects this recruitment processtestinal stromal

cells were isolated from primary colorectal cancer patient resections and were termed

cancer associated fibroblasts (CAFs) or normal associated fibroblasts (NAFs) based on

their locaiton relative to the primary tumourThe sialylation profile of these cells were

assessed through the use of lectins and Fc chimeras staining on flow cyt@ndtan

St S@FrGSR tS@St 2F huwZc YR huZotunfody | SR &A
conditionad mouse stromal cells and CAFs compared to conti®td.Bc BM-MSCs
O2YRAUGAZ2YSR oAGK Gdzy2dz2NJ aSONBG2YS KFER St Sgl
acids and sigleE ligands. When these same cells were cultured with inflammatory

tumour secretome, tB NB g1 & | AAIYATFAOIYG AYONBlIAS Ay
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intestinal stromalcelld ! Ca KIFIR aA3IyAFTAOlIyidfe KAIKSNI £SO

siglec9 ligands compared to patient matched NAFBollowing this the use of a
sialyltransferase inhibitor P-3FAXNeu5A¢ was shown tosignificantly reduce cell
surface sialic acid expression on stromal ceHsumour conditioning, without affecting
cell sie or viability. Interestinglythe use of the sialyltransferase inhibitor could
significantly increase the&letection of PBL1 by both flow cytometry and western

blotting, suggesting the RD1 may be sialylated.

Stromal cells/- tumour secretome conditiomgwere cultured with healthy splenocytes
(mouse) or PBMC#ifman) and their immunosuppressive properties were assessed by
flow cytometry.CAFs significantly induced a more exhausted and immunomodulatory T
cell phenotype, highlighted by increased expressibexhaustion markers, P} TIM3

and LA&, and immunomodulatory receptors Siglécand-9 when compared with
NAFs To elucidate the role of sialylation on GAlediated immunosuppression, NAFs
and CAFs were treated with the sialyltransferase inhib{{sl) PSFAXNeu5Ac prior to
co-culture. Reduction of sialic acid expression on NAFs/CAFs was confirmed by flow
cytometry and the Stireated NAFs/CAFs were then-coltured with allogeneic €ells

to assess the functional consequences of reduced NAF/Clkatsom. Streated CAFs
induced significantly less CO4M-3" and both CDA.AG3* and CD8.AG3* T cells
compared to their untreated counterparts. Interestinglysti®lated CAFs also induced

significantly less Sigletand-9 receptorexpressing CDH cells

Anin vivomouse model of CT26 colorectal cancer was designed to assess the role of
highly sialylated stromal cells. Mice were subcutaneously injected with CT26 cells and
conditioned stromal cells, where the stromal cells had undergone prior diialy in

the appropriate groups. Mice with highly stromal dense tumours had significantly
supressed T cells, with supressed CD25 and granzyme B expression, both
intratumourally and distally in the spleen and draining lymph node. This suppression
was siallation dependent, with complete loss of suppression in tumours with
desialylated stromal celldVlacrophages and NK cells in the tumour, draining lymph

nodes and spleens expressed significantly less siglét mice which received €o



injection of CT26 celland tumour-conditioned MSCs, which was dependent on the
AOGNRYLFE OSfttaQ aAartetlrarzy LINRFALES

These results demonstrate that stromal cells in the tumoucroenvironmentcan
regulate immune cells in a sialylation dependent mannand that their
immunosupprasive effect maybe reversedthrough thetargetingof sialylation on the

stromal cell surface
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induced a significanly upregulated frequency of CD45+ cells and CD8+ T cells in the

tumours themselves

Figure 5.3The frequency of CD8D25 T cells was sitficantly suppressed in a
sialylation dependent manner in the tumour, DLN and spleen. The frequency of
CD8Granzyme BT cells was significantly upregulated in the DLNs of CT26¥#SC
mice compared to controls. The frequency of siglecCD8 T cells vgasignificantly
suppressed in the tumour, DLNs and spleens of mice in the CT28%818G0p, and this
effect was differentially regulated by the sialylation profile of stromal cells. In the spleen
of the CT26+M3SE€Sgroup there was a significant upregulation of sigle@xpressing

CD8CD25T cells, which was dependent on stromal cell sialylation

Figure 5.4The frequency of CD4+CD25+ T celés significantly suppressed in a

sialylation dependent manner in the tumqubDLN and spleen. The frequency of

XXii



CD4+sigle€+ T cellwassignificantly suppressed in DLNs of mice in the CT26¥MSC
group butwasupregulated in the spleens of mice in the CT26+MSfoup

Figure 5.5There was a significantly higher ratio of MHe:M2 like CD1Ifmacrophages
present in the tumours of the CT26+MS&Sxperimental group.

Figure 5.65igleeG expressiomassignificantly lower on both M1 and M2 macrophages
of the CT26+MS€ESgroup in the tumour, DLNs and spleens. Sigleexpressionmwas
regulated by stromal cell sialylation. Stromal cells significantly supgdlesise
expression of sigleE on M1 macrophagesyhich was independent of stromal cell

sialylation

Figure 5.7Stromal cells significantly suppreskthe overall CD49b+ NK cell frequency
and the frequency of cytokine secreting CD49b+ NK cells in the tumour in a sialylation
independent manner. The sialyilan profile of stromal cells in the tumour influende

the frequency of CD1x8D27immature NK cells in the DLN

Figure 5.85tromal cells significantly suppreskhe expression of sigleG on immature,
cytotoxic and cytokine secreting NK cell subsethantumour, DLNs and spleens in a
sialylation dependent manner. Stromal cells significantly suppretige expression of
siglecE on immature and cytotoxic NK cell subsets in the tumour in a sialylation

independent manner

Figure 5.BigleeE and sigle€Gexpressiorwasupregulated on CD4+, CD8+, M1 and-M2
like CD11b+ cells and CD49b+ subsets in the tumour compared to cells in the DLNs and

spleens.
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While there have been significant advances in the field of cancer research and patient
therapies,colorectal cance(CRC3till remains the third most common cause of cancer
related deathin both men and womeworldwide, with around 800,000 deaths per year
[1]. This incidence rate is ondxpectedto increase with a projected increase froml+4
million in 2012 to~2.4 million in 20352, 3]. Thisincreasein the colorectal cancer
incidence rate is in part due to improved screening and early detedbionhit is also
associated with aimcreased sedentarlfestyle, obesity and a western dietvhich can

lead to chronic intestinal inflammation and eventuatgncer[4-6]. Early dagnosisvia
blood screening and colonoscopagn belifesaving with thesurvival rate of stage | colon
cancer being about 92%ith surgery along7]. This fiveyear survival rate steadily
declines as stages progress, with only a 12% survival rateatents suffering from
metastatic or stage IV disea$d. Unfortunately, with the emergenceof the Covid19
pandemic, all hospitals were required to cancel all +essential procedures and
appointments, redirecting resources towards the fight against coronay@u8]. This
resulted in many @ncer screening serviseingpostponed, and many people delayed
contacting their health care providers about their health concgsl0] As a result
there was a decrease in colorectal cancer screening, which is expected to significantly
impact patient earlystage diagnosi§l0]. This delay in diagnosis will result in many
patients developing latestage tumours, which present botworse prognosis and
overall survival rategl0, 11] Recent research has also found that colorectal cancer is
developing in youngguatients(<50year9 than in previous year®elieved to be duéo,

in part, an increased sedentary lifestyl?]. Considering thisnformation collectively

the increased sedentary lifestyldiagnosis at an earlier agand the delay in diagnosis
CRC is likely to be a significant healthcare burden in the future and therefore, the
development of new therapeutics is criticor efficent and effective treatment of

patients.

Colorectal cancer occurs in the large intestine (colon) and the rectdpproximately

60-70%o0f colorectal cancers occur when theisedysregulated cell proliferation in the



epithelium of the intestineleadng to the development of adenoma polyps, the
remaining 3640% develop from sessile serrated polyf®Ps)13-15]. Polypshave the
potential to develop into malignant carcinomas if left untreatedare not surgically
removed [16]. Adenomasand SSPsvhich progress beyond polypinto cancerous
tumoursareWa i AISRQ Ot AyAOlI ff& (2 ,BSYdtladimly S
1.1 and figure 1.116]. The staging process is essendigit determines the best course
of treatment for individual patient§16, 17 TKS W¢ b a Os the driylcihically
approved methodused tograde Tumour size whether or not it has spread to local

lymph Nodes and finally if the tumour hadetastasized17-19]. This system informs

the stage the tumour has reached ardkentifiesoptimal treatment optiors.

Table 1.1Stages and treatment options for colorectal cancer

Stage

Description

Treatment

0

Tumour located in the mucosa of theolon or

rectum

Polypectomy

Tumour has breached the mucosa and invaq

the submucosa

Polypectomy or partial colectomy

InA

Tumour has spread to the outermost layers of t

colon or rectum

Partial colectomy, possible chemothera
(FOLFOX or CapeOx) aghrisk patients

B

Tumour has breached the wall of the colon

rectum but hasot invaded other organs

Partial colectomy, possible chemothera
(FOLFOX or CapeOx) for higgk patients

A

Tumour has grown in the submucosa and |

spread to 36 lymph nodes

Partial colectomy and removal of near}

lymph nodes, FOLFOX or Capse

chemotherapy, Radiation therapy

B

Tumour has spread to the rswilaris propria of

the colon or rectum and spread td [ymph nodes

Partial colectomy and removal of near}

lymph nodes, FOLFOX or Capeg

chemotherapy, Radiation therapy

nmc

Tumour has breached the colon or rectum a
attached to or invaded nearby organs or tissue

has spread to at least one nearby lymph nodes

Partial colectomy and removal of neart

lymph nodes, FOLFOX or Capeg

chemotherapy, Radiation therapy

Tumour may or may not have breached the w
of the colon or rectum, or have spread to log

lymph nodes but has metastasized to distal orgg

Surgi@l removal of local and metastat
tumours if possible. Chemotherapy and/
FOLFOX, FOLH
Erbi

targeted
FOLFIRINOX,

therapies

Irinotecan, Avastin,




Vectibix, Zaltrap, Stivarga, Lonsurf, Cyram

Keytruda, Opdivo

Benign and Malignant Colorectal Cancer

Adenomatous Severe

polyps dysplasia Adenocarcinoma Cancer

Hyperproliferation

Abnormal
cell growth

Benign Malignant

Figure 1.1The development of bemn polyps into malignant adenocarcinomas
Graphic display of the development of colorectal cancer from benign polype itotbn.Image
generated using Brender.

1.1.1COLORECTAL CANCER TREATMENT OPTIONS

For earlystage andocalisedtumours, surgery is an effective therapeutic optif#0].
Surgeriesmay involve removng small polyps ora part of your colon(a partial
colectomy), this approach is highly effective and campletely remove a tumoyg0].
Unfortunately, in advanced anghetastaticcancer, surgery may not be a viable option
and might only be sed to treat symptoms rather than to remove the tumour or
cancerous tissu¢20]. Chemotherapy is an alternative approach for advanstge
cancer therapy21]. Chemotherapeutic drugs can be an effective treatnregimen as
they target rapidly proliferating cellshrirkingthe tumour enough to allow for surgical
intervention [21, 22] 5-Fluorouracil (8FU)is the most common chemotherapeutic
choicefor the treatment ofearly-stagecolorectal canceand the first-line option for
metastatic CRC when given in combination with irinotecan (FRDLBr oxaliplatin

(FOLFOX23, 24] While 5FUtreatment canincreasepatient survivaby approximately



20 months, tle overall response rate for-BU alone is only 205%, with an increas®
40-50% when given in combination with irinotecan or oxalipld#8, 2527]. As many
patients exhibit innate or developed resistance, and considering the associated severe

off-target toxicity, new strategies for treatment areequired[28-30].

There has been @ush to develop more targeted therapieshich do not negatively
impact theLJl ( A §udity Ofdife. The targeted therapiesanti-endothelial growth
factor receptor (anHtEGFR)and antivascular endothelial growth factor (anti
VEGF/VEGIHRrugs such as cetuximab angevacizumalhave been approved by the
FDA and shown great success in the climicreasing overall survival and quality of life
[31]. EGFR is overexpressed in7Z8%6 of CRC patientsdrs involved in the initiation of
proliferation and cancer progressiof82, 33] The antEGFR drugcetuximal is
approved as a firgine treatment for CRC, prolonging overall surviva¥ Imyonths[34,

35]. However, only a small percentage of the population respond to &@&R
treatment, andas well as that, around 80% of initial responders develop treatment
resistance leaving a lot to be desired36-39]. Hevated VEGF expression is associated
with poor clinical outcomend increased angiogenesis CRQ40]. Interestingly while
bevacizumab an anttVEGF therapyhas shown increased overall survival in some
patients, resistance to this therapy has been seen in colorectal, breatinoma,and
prostate cancef4l, 42] The inherent resistance to ariGFR and arREGF targeted
therapies is anajor issue, limiting the success of these theraplasorder to improve
patient survival and treatment options, the development of more specific and effective

therapies is required.

More recent advances in cancer treatment include the development of
immunotherapies.Immunotherapiesprime the immune system to recognise and Kill
cancer cells, reducing adverse effects significaattyl are a commonly used treatment
regimen for advancedtage colorectal cancer patien#3, 44] Two types otheckpoint
inhibitors have been approved by the FDA, aryiotoxic T lymphocyte antigen 4
(CTLAipilimumab) and antprogrammed cell death protein Pp1)(nivolumab and
pembrolizumab)for the treatment of solid advancedmicrosatelliteinstabletumours

[45, 46] The binding of CTLA4 on T cells by CD80 or CD86 results in diminished T cell



activation and anti-CTLA4herapies aim to restore T cell activatiopromoting T cell
tumour cytotoxicity[47]. PD1 engagement on T cells results in the inhibition of T cell
proliferation and eventual exhaustion, the use of lAD1 therapies aimto reverse T
cell anergy, restoring their cytotoxic effe¢t]. Unfortunately only a small percentage

of patients, 617%, respond positively tohese approved immunotherapied49].
Patients whodo respond display hiy mutational burdens with elevated levels of
microsatellite instability (MS[p0-52]. Patientsdisplayingmicrosatellite stability (MSS)
have an innate resistance to these immunotherapies, which is not fully under§ided
52]. Approximately 8eB5% of CRC patients are classified as MSS and thevapeutic
strategies are required if we are to provide viable treatment options for these patients

as described in table 1.2

Table 12: Ongoing clinical trials for immunotherapgpproachesn colorectal cancef(Adapted
from [53])

Therapy approach | Strategy Trial details
Nivolumab and PD1 and CTLA4 | NCT04730544 Phase Il
Ipilimumab inhibitors For mismatch repair deficien (dAMMR)
and/or MSI mCRC with high immu
infiltrate
Camrelizumab an¢ PDL1 and VEG| NCT04715638 Phase I
Apatinib inhibitors Advanced dAMMR/MSI CRC
Cetuximab PD1 and EGFH NCT04561336 Phase Il
Avelumab inhibitors Metastatic CRC
Toripalimab +|PD1 and CO) NCT03926338 Phase | and II
Celecoxib inhibitors dMMR/MSI CRC
LOAd703 Oncolytic NCT03225986 Phase | and II
adenovirus All CRC types incl. MSS
TBio6517 and| Oncolytic virus an¢ NCT0430101¢ Phase | and Il
Pembrolizunab PD1 inhibitor All CRC types
mDC3 vaccine Activate DCs and | NCT03730948 Phase |
cells CRC with high immune infiltrate




NA DC vaccine an Activate DCs an{ NCT0491276§ Phase Il and llI

Nivolumab PD1 inhibitor All CRC types
h t -B-MSLNCART | Increase targeted 1 NCT0450398Q Early phase |
cells cells PMMR/CMS2/CMS3, low  immun

infiltrate tumours

Ipilimumab and Enhaned T cell NL58483.031.16 NICHE2 Trial

Nivolumab, followed infiltrate and| Major pathological response seen

by surgery function 102/107 patients (95%) dMMR

1.1.2C0ONSENSUS MOLECULAR SUBTYPING

Numerous studies haveow highlighted that thetumour microenvironmen{TMEC a
tumours immune landscape and stromal compartments) colorectal cancer can

substantially influence clinical outcome and patient survjgdl 55]

The consensus molecular subtypif@VS)of colorectal canceris a gene expression
basedclassification systepwhich is usedegularlyin a research environment big not
currently clinicallyapplied [56]. This comprehensive stratification includes analysis of
gene expression, patient outconand survivglspecific mutationsand non-cancerous
cells such as immune and stromadresent in the tumour microenvironmentas is

detailed in figure 1.256].

Using the CMS sutiasd#ficationsystem detailed in figure 1.2umours can be classified

as one of four different molecular subtypeshich have prognostic implications based
on the subtypd57, 58] CMS1 (MSI immune) tumours account for about 14% of cases,
are highly mutated, have high immune cell infiltration and activation and haventist
positive overall survival outcomg7, 58] CMS2 (canonical) tumoudisplay high
chromosomal instability, displaying WNT and MYC activation and epithelial
differentiation [57, 58] CMS3 (metaboligrofiles aresimilar to CMS2, with metabolic
deregulation and epithelial differentiatiofd7, 58] CMS4 tumours (mesenchymal) have

the worst patient prognosis and overall survif&l, 58]
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Figure 12 The Colorectal cancer consensus molecular subtypes

Colorectal cancer tumours can be classified into four subtypes based on transcriptional profiling.
CMS1 is defined as MSI, with a high immune infiltrate and a positive prognosis. CMS2 and CMS3
are defined by their metabolic dysregulation and KRAS mutations, as well as displaying a low
immune infiltrate CMS4 are characterized by elevated EMT, a megemhdense tumour, a

high immune infiltrate, and poor prognosiBakenfrom Fessler ad Medema[59]

The CMS4subtype has a high stromal cell densitgpithelial to mesenchymal
transformation, elevated TGFsignalling, increased angiogenesis arghimmunecell
infiltration, with immune cells being skewed towards a monero-tumorigenic
phenotype (Figure 12) [58]. Despite having a high immune cell infiltratjothis
molecular subtypdnas the worst prognosidThis is thought to relate to the presence of
high stromal cell infiltration anhighlights the need to better understand thetromal
tumour microenvironmentand how itregulates and dictatesnmune cellinfiltration
activation andeffector functions While CMS subtyping is not currently used clinically,

it has been found that CMS subtyping can have prognostic potential and could inform

treatment regimens[60].

Tumours with a CMS4 profile have been shownhave a poor prognosisyith only a
62% 5year survival rate and 60% relapsee survival[56]. The CMS4subtype is

characterized by a hiidy stromal environment, with stromal dense tumours having the



worst clinical outcomd61, 62] Studies investigating the tumowstroma ratio as a
potential prognostic factor found that patients with stromal derteamours had a worse
overall survival rate (69%) compared to stromal low patients (77[8%)It is vital that
we continue to expand our knowledge on thale ofthe stromal compartment in the
tumour microenvironment in order to design better, more targeted therapies,

improvingLJI U A &vefall auf¥ival and quality of life.
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The stromal compartment of a tumour is composedmyofibroblasts endothelial cells,
inflammatory cells, myeloid cells, mesenchymal stromal cells and casseciated
fibroblags (CAFs)and it plays a key role tamour progressiorj63]. In healthy organs
these cells are involved in tissue maintenance and repair, howavrA a Wg 2 dzy R
response is counterintuitive in cancer[64]. These stromal cells can promote
angiogenesis, immunosuppressjametastasis, ECM remoltiag and tumourigenesis
through a variety of mechanismsThese mechanisms include the upregulation of cell
surface ligands, such as®D[65] y R h[@6dndihesecretion of chemokines and
cytokinessuch adL-6 [67]. The predominant cell type found ime tumour stromais

cancerassociated fibroblastsr CAFs

1.2.1CANCER ASSOCIATED FIBROBLASTS

CAFs are a heterogenous population of addigved from avariety of cell types such as
bone marrowderived mesenchymal stem cel[BM-MSCs) resident and recruited
fibroblasts and epithelial cellas outlined in figure B.[68]. Exposure of these cells to
various cytokinewithin the TME drives their differentiation into tumoyoromoting

CAF$69]. For example,tsidies have shown thatie exposure ofibroblasts endothelial

cells stellate cellsand pericytesto elevated levels of TGF Ay 02t 2NBOGI f X 0

breast cancerdrives their transition into the invasive CAF phenotjf@74]. TGF , as
well as CXCL1Rasalsobeenimplicated in the recruitment oBM-MSCs to the tumour
site, and in theirdifferentiation/activation into a CAF phenotypeiasrthe JAK/STAT3
signalling pathway75].
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Figure 13 The various origins of cancexssociated fibroblasts

CAFs can arise from a diversmnge of sources such ascruited BM-MSCs and resident
fibroblasts accounting for some of the functional heterogeneity se@ancer cells can secrete

a range of soluble factors such as IJGF YR t 5DC ¢gKAOK LINRY20GS
fibroblasts towardsthe more tumour promoting CAF phenotypPBifferentiation pathways
towards CAF phenotype is identified by colour cotkenfrom Louault et a[76].

CAFs express no known uniguarker andare generallycharacterizedas cells positive

for h-SMA, FAR-SP and PDGFR; inegative for epithelial, endothelial and leukocyte
markers; and as being elongated and plastic adhef@6t81]. This lack of defined
markers as well as thi heterogeneity of origin, suggesdistinct subpopulations of
CAFsxist which may differ inphenotype andfunction. Singlecell RNAsequencing
scRNAseq,examines cellat an individual level, allowing for the investigation of gene
expression in single cells within a sample, rather than bulk ang8&isThis provides
researchers with a better understanding of the various subpopulations within a sample,
of how individual cells interact with their environment, and alkjiar the identification

of defined clusters of cells, categoed based on marker expressi¢d2, 83] This

approach hagroven useful in he identification of various CAF subpopulations and
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functions. For example, Luo et .aldentified a subpopulation of CARghich have
undergone endotheliamesenchymal transition, termed Cébvr, and this
subpopulationis associatedwvith a worse prognosis in colorectal cancer patiej@&3].
Using scRN&eq Lambrects et aldetailed five subpopulationsof CAFswithin lung
cancer defined by specific ECM and collagen profi8?. In a study looking at PDAC
CAFs four distinct subpopulations of CAFs were identified which corresponded with the
populations identified by Lambrex{84, 85] In melanomascRNAseq has identified a
FTAdZNI KSNJ GKNBS &ddzoteliSa 27 /! CRSaAR2APNIEGISR QI
each displaying specific functional signaturesuch asa potential for immune
recruitment and ECM remodellinf83, 86] Functionally and phenotypicallglistinct CAF
subpopulations have been identified in bladder, gastric, breast, pancreatic and
colorectal cancer with ceriain subtypes reoccurring in multiple cancei&7-95].
Therefore a general consensus has arisen that CAFs can be separatdu@e distinct
subpopdations inflammatory, desmoplastic and antiggmesenting as outlined in
figure 14 [87-95]. Inflammatory CAFs, iCAFare associated with the most positive
survival rate and they secrete IE6 which promotes a positive inflammatory immune
responseand expressigh levels of -SMA[96]. Contractileor myofibroblasticCAFs
myCAFsare linked to cell cycle regulatiprytoskeleton rearrangemensuppressed
immune infiltrate and are associated withetastasisand poor survival ratel87, 9799].
Antigenpresenting CAFs or apCAFs express elevated levels GfiINiHd CD74 and
secrete PGH100-103]. This subtype has been seen to activate both 'Gibdl CD8T

cells in the tumour, howevetheir expression of both Fas ligand and-EDinhibits the
cytotoxic function of CD8I celld83, 100102]. The roles of CAFs in the TME are diverse
and scRNAseq has only begun tshed light on thephenotypic differencesin CAF
subsets not only between tumour typesbut within an indivdual tumour. Whether
these subtypesdiffer in their function and effect in the tumour, remains to be

elucidated.
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Figure 14 Schematioof the heterogeneousCAFsubtypes found in the TME&Nd their related
functions.

CAFs are derived from a range of precursor cslish aBM-MSCsand resident fibroblasts.
Three different CAF subpopulations, myCAF, iCAF, and apCA&divihserange of functions

have been identified through the analgsbf multiple cancer types including breast and
colorectal. Both apCAFs and iCAFs exhibit an immunosuppressive function and have been
associated with resistance to immunotherapies. MyoCAFs are associated with ECM remodeling
and metastasis. The phenotype©#fFs can be assessed using sindl&dEA sequencingaken

from Lavie et a[104]
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1.2.2THE FUNCTIONAL ROLES OF CAFS

CAFs can be derived from a broad range of precursor cells, such as resident fibroblasts,
adipocytes and recruiteM-MSCs and this may contribute to their diverse range of
functions which ca contribute to tumour developmen{68]. CAFsare known to
promote a pretumourigenic microenvironmein enhanéng tumour proliferation,
metastasischemoresistanceangiogenesiand immunosuppressiqrinfluencing almost
every hallmark of cancer developmerds highlighted in figure 3.[105-107]. Firstly,
they canpromote tumour growthand proliferationvia the secretion of groth factors
such aslL-6, Il-:22, epiregulin HGF andIGF which directly induce tumour cell
proliferation upa activation of theirdownstreamsignaling pathwayg67, 108110]
Another wayCAFgontribute to tumour progression is by promotinghemoresistance
Apart from solely acting as a physical barrier, CAFssalsetesolublefactors which
confer specific chemoresistan¢#11]. The secretion of MMR by CAFs in head and
neck squamous cell carcinoma protected cells from cetuximab treatrfeli]. In
prostate cancerCAFverexpresBCEXL, an antapoptotic protein, which protected
cells from sorafenib therap[112]. Sun et alfound that I-6 secretion by CAFs induced
tamoxifen resistance in patients with breast can{Et3]. IL-6 activated the JAKSTAT3
pathway which resulted in the upregulatiasf EMT as well as the degradation of the
estrogen receptor alpha, resulting in reduced tamoxifen sensit{lify3]. This study also
found that this resistance was reversible and thiaé use of a protease inhibitor,
MG132, restoed tamoxifen sensitivity[113]. CAFscan also facilitate increased
angiogenesis via the secretion of various angiogenic facioch as PDGF, CXQland
VEGH114, 115] In hepatocellular cancethe secretion of VEGF by CAFs promoted
angiogenesis through the regulation of the EZH2/VASH1 patfi&y SDFL secretion

by CAFs is also implieatin their promotion of angiogenes[415, 116] In pancreatic
and breast cancer, CAF derived SBEXCL12as been found to increase angiogenesis
through the recruitment of endothelial progenitor cells, ERTHIY, 115] In the TME
these EPCs can differentiate into tumour associated vasculature, promoting tumour

growth and developmenfl14].
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Figure 15 Schematic of the diverse range &inctions identified in CAFEs

CAFs can modulate the tumour microenvironment indirectly, through the release of soluble
factors, and directly, through detell contact. CAFfave been implicated in increased
angiogenesi€=CM remodHing, metastasisand immunosuppressiolCAFs can inhibit both the

innate and adaptive antumour immune response through the secretion of cytokines and
chemokines such as CXCL12,-TGF6 anfl VEGF. CAFs may also produce metabolites such as
IDO and adenosine which can recruit TAMs and Tregs to the TME. CAFs can express ligands such
as FASL and RD which directly inhibit CD& cells functionCAFs can also produce collagens,
MMPs and fibronectin promoting ECM remodelling and therefore immune cell excllalen

from Liuet al.[117].
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Finally, the metastatic potential of tumours is also highly influenced by CAFs in the TME.

One method of enhanced metastasishis secretion of matrix metalloproteinase (MMP)

family members by CAF$18-120]. CAFsexposed to TGF | YR ¢AbyC (G KS o0 NBI
cancer TMEecrete MMP9, which actively degrades collagen and ilsim resulting in

enhanced tumour invasiofi21, 122] CAFs may also secrete various cytokissesh as

IL-32, which induce metastasil23]. The secretion of B2 by CAFs in breast cancer

Y2RSt & LINBY2GSa AyOgl ai 2-p38MARKSIghdlmgik tuthdrS A y A G A
cells, which results in reduced tumour cell adhesion and increased migr4fiaa).

While t is clear that CAFs are involved in quite a few hallmarks of tumour development,
whichall contribute significantly teumourigenesis, thishesis has focused on the role

of CARole inimmunosuppressiomwithin the TME.

1.2.3STROMAL CELCBSANDIMMUNOSUPPRESSION

There is growing evidence th@AFsplay a significant role ilnmunosuppressioin the
tumour microenvironment, not only in acting as a physical barrier to prevent cytotoxic
cells from entering the tumour butalso in recruiting and polarizing immune cells
towards a more tumoupromoting phenotypewhich enhances tumour growth and
sunival[124-126].

Macrophages

Macrophages are found in nearly every tissue in the baaty are essentidbr a myriad

of functionssuch ashomeostasis, angiogenesis, and as fing line of defense against

invading pathogen§l27, 128] Macrophages can influence the immune response via

direct interaction, phagocytosis, the secretion of chemokines, cytokines and growth

factors as well as priming the adaptive immune response via antigen presen{a@an

129]. Macrophages play an important role in homeostasis and can be polarized towards
Wap@AY FE L YYFG2NE 2N WanQ 62dzyR KShased yI A Y Y
on their environmen{129]. Thepolarization of macrophages exists as a spectrum and

is described in figure 8[129]® WamMQ YI ONRLIKI 3Sa FNJndl OGA @I
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act as cytotoxic pranflammatory antitumorigenic macrophages, secreting the
cytokines IL=6, 1:12, 1-:23 and TN#, and are characterized by the markers MHIC
CD68, INOS, CD80 and CD@B9, 130] Wa Hfacrophages display an
immunosuppressivetumour-promoting phenotypg129, 130] Theyare distinguished
by the markers CD163, CD206 and-Ragdsecretethe cytokinedL-10andTGH [129,
130].

W

Figure 16 Schematic of the polarization spectrum of macrophages.

al ONRLKI IS LKSyz2(eLI58 R2 y2i NB&A&ARS G GKS SEGN
Macrophage polarization depends on the stimuli present in their local environiethtthey

modulate their receptor expression and cytokine secretion in response to the appropriate
stimuli.LPSand IFN | OGA @K A2y Sl Ra (2 1Liph&otypSyHeN: GA 2y 2
display an anttumour and preinflammatory phenotype. M2a activation occurs in the presence

of IL-4/IL-13 andis associated with allergies and parasite killing. M2b macrophages promote
immunoregulations and M2c macrophages are involvednmunoregulation and tissue repair.

Taken from Chambers et [dl31].

Macrophages mostly exhibitinghe W a #ufour promoting phenotypeare a major

component of the TMEwith up to 50% of a tumour beg composed of macrophages
[132,133]Wa HQ YI ONRLIKI 3S 3aageytR Wa vy | Yt £ O NBSLBKO SySia =
F2dzyR Ay (KS ¢a9 |NB GSN¥YSR W{diva,dag I aa2 OA|
TAMs present in the TME may originate from resident tissue macrophagesuating

monocytes[136, 137] Monocytes areecruited to the tumour in response to CCL2
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CCR2, MCSF and {6, and becomeskewed towards a moréhe tumour promoting? ¢ ! a Q
phenotype[138-144]. TAMs are associated with poor prognosis, worse sup\éval
metastasis in nearly all cancer typesJuating breast, colorectalndgastric cancefl45
149]. They carmpromote tumour progression via the secretion of growth factdhse
stimulation of angiogenesis, remolliag the ECMand the suppression of further
immune cell activatiofl145-149].

There is growing evidence which suggests that CAFs influence tiermotir functions

of macrophages in the TMES50-152]. Theco-localization2 ¥ /! C  YSMNRENAR = b
FAPwith the macrophage markers, CD163 aDD209 are associated with worse clinical
outcomesand therapeuticresistancg153-156]. Several molecules secreted by CAFs are
involved in monocyte recruitment and macrophage differentiatiffb67-162]. In
prostate cancer, CAFs secrete high levels of CXCL12 and CXCL14, promoting the
recruitment of circulating monocytes and theirdifferentiation into the
immunomodulatory TAM phenotypgl63, 164] Other CAfsecreted cytokines and
inflammatory molecules such as CXCL16, MXPIL6 and I8, have also been
implicated in monocyte recruitment and polarizatigh57-162]. A recent studyin
pancreatic cancer has found that CAFs ttansfera specific micro RNA (miRR820a)

to macrophages via exosomes, this miRkBAa overexpression led to M2 polarization,
facilitating tumour cell proliferation and invasigh65]. This study also confirmed that
MiRNA326ea induced the M2/TAM phenotype in macrophages through the regulation
2T (0KS t gigading pathway, opening up potential novel targeting avenues
[165]. While this data ipromising further research intanhibiting TAM-CAF interactions
isrequired to advance this fieldcor examplethe use ofiL-6 blockade has been shown
to synergistically enhance the effects of -BD blockad in murine models oflung
squamous carcinomaeducing TAM infiltration and inhiliig tumour growth [166].
This siggessthat blocking IE6 in stromal dense tumoursould potentiallyenhance tle

anti-tumour response
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Natural Killer cells

Natural killer (NK) cells are innate lymphocytes witthe innate ability to perform
cytotoxic functions without prior sensitizatiorf167, 168] NK cells express both
inhibitory receptors such a&IRs, NKG2a and CD94 and activatemeptorssuch as
NKG2D, CD16 and DNAM168, 169] Inhibitory receptors recognise and bind to self
markers, such as MHIC which then switch off the NK ced] inhibiting an immune
response as outlined in figure 17 [170, 171] Activation markers, such as CD16,
recognize stressxduced molecules and respond by initiating antigegpendent
cellular cytotoxicity(ADCC)172]. ADCC is an immune cell function whereByO
receptors on NK cells recognize and bind the Fc portion of anrbgend antibodies

[173]0 hy OS (KS CO' NI OS LIigghklingdadidtle acchideyitl | R 2 6
results inthe release of TNF X 3INJ y1 8YS . = [169S NE, ATRFKis I Yy R
constitutive expression of receptors and rapid release of cytolytic desrallows them

to recognize and lyseéumour andor infected cells before they can establish and

progress as a disease.

(A) Healthy Cell (B) Missing Self

Inhibitory MHC
NK Cell , Rt e Target Cell NK Cell »

: __‘_I;‘-l

o 4 4 | <
= y - _(
Activating Activating

Receptor Ligand

No lysis Granule release

Figure 17 Diagram of NK cell activation in (A) healthy cells and (B) target cells

Healthy cells express MH@hich binds to inhibitory receptors expressed on NK cells, inhibiting
NK cell cytotoxic function. Malignant and pathogenic cells have low to no expression eff MHC
therefore there is reduced binding to inhibitory receptors oK Nells andas suchNK cells
become active and perform their cytotoxic functigia cytotoxic granule releasémagetaken

from Shankar et dlL74].

Solidtumour patients presenting with high levels of NK cell infiltration experience
increased overall survival, which correlates positively with T cell infiltrdfi@&-178].

In colorectal cancer there is very little infiltration of NK cells in tumour tissue, with a
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reduction in presence abke tumour stage progressg479, 180] Tumourinfiltrating NK
cells express significantly less activation markers, such as CD16 andD)Népared

to autologous circulating NK celés well as a reduction ability to secrete FN- [181].

CAFs are known to significantly suppress NK infiltration and activpti?]. TGH
secretion by CAFs results in suppressed NK AaD&¢€ytokine releas¢183, 184] CAFs

also secrete high levels of IDO and P®Eich can significantly inhibit NK activation
reducingactivating receptor, NKG2D, NKp46 and DNRAKKkpression,and inducing
dysregulated secretion of TNFX I NJ y 1 @ YS [18518Y] CAFRsISaNJaISONA y
downregulate their expression of PVR, the ligandtifigr activating receptor DNAM,
resulting in further suppression of NK activiy38]. Despite the impact of CAFs on NK
dysfunction, they are often overlooked in research and in designmgl targeting

therapeutics.
Dendritic cells

Dendritic cells (DCs) are antigpresenting cells which link the innate and immune
response [189]. DCsidentify and capture oncogenic neoantigens gmetsentthese
antigenson MHGI or MHGII moleculedo naive CDZand CD8T cell4189]. This process
primes and activates T cells against specific antigansis a critical aspect of anti
tumour immunity[189]. Dendritic cells also express-stimulatory molecules, such as
CD80/CD86 and secrete variougakines, such as 4, which further enhance the
cytotoxic T cell responsgl89]. Research by Cheng et ahs found that CAFs can
suppress DAdsnmune-stimulatory function, which drivessubsequenteduction in CTL
function [190]. They found that in hegtocellular carcinoma CAFs modulate the
maturation of DCs towards a more regulatory phenotyp80]. These regulatory DCs
are characterized by a lower expression of-stimmulatory molecules, increased
immunosuppressive cytokine productipnincreased ability to suppress T cell
proliferation and enhaned Treg generatiorf190]. This study found that CAFs could
mediate these effects through their secretion ofdland IDO, which activated the STAT3
pathway in DCEL90]. The use of IDO inhiloits,and IL.-6 and STAT3 blocking antibodies

were able tareverse these effectd 90]. Recent researchy Huang et has described that
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the secretion of WNT2 by CAFs can inhibit DC maturation anduamdiur immunity
[191]. This research found that the use afite WNT2monoclonal antibodiesn{AB$

could significantly restore antumour CD8 T cell response, resulting in inhibited
tumour progressiorjl191]. They also showed that the uséanti-WNT2 mABs was able

to enhance the effect of an?D1 therapies bypromotingthe active population of DCs

in both mouse CRC and oral squamous cell carcif@8ij. These findings advance our
understanding of how CAFs can regulate their immunosuppressive properties by
modulating the functions of DCs in the TME. Understanding how CAFs promote a pro
tumour environment may aid us in the design and development a@iveh

immunotherapies which can overcome immunosuppresamnEhanisms
T cells

T cells are key players in the adaptive immune response and are broadly categorized as
CD4 helper T cells or CD8ytotoxic T cell§192]. T cells circulate the body in a naive
state until they recognise an antigen presented by APCs, such as macrophages and
dendritic celé. The Tell receptor, TCR, binds to the antigen which is presented by MHC
I/-1I, forming a complex. The CD4/CD8 molecule on T cells then binds to this complex
completing the first signalling circuit involved in T cell activaiidd8]. The T cells then
requirea secondary signal, such as the binding of CD28 by the ligands CD80/CD86, and
a third final signal in the form of cytokine release from APCs, for activation to occur

[193]. This process is described in figur8.1.

Once stimulatedCD4 and CD8T cells can initiate their effector functiofi$92]. CD4
Tcells can secrete both inflammatorfF @ 0 2 NJ NB-G WA0JTGR? Mydokines [
depending on the stimulus and their environmdt®4-196]. CD4 T cells play a critical
role in promoting the anttumour CD8response. For example, the secretion 62l by
CDA4T cells stimulates the differentiation of CDBcells into the CXCRID8 cytotoxic
phenotype, which enhanced the aftitimour effect in murine melanoma mode]$97].
CDA4 T cells can also act directly on tumour cells, with TDAT cells found to secrete
both IFN' | Y R ¢ & Alt®iK turitdBralektructior]198, 199] The presence of

CD4 T cells in the tumour can also be a positive prognostic factor, for instance, the
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presence of CDICD6E9 T cells has been correlated with prolonged survival and reduced

metastasis in head and neck squamous carcin{04).

[ ]

Cytokie release »

Figure 18 Diagram of T cell activatian

For T cell activation to occur, naive T cells receive three signals from an guigenting cell,
such as a dendritic cell.

1. First CD3 and CD4/CD8 bind the peptide antigen complex;IMHC

2. Costimulationoccursvia the binding of catimulatory receptors such as CD28.

3. Finally the T cell receisa cytokine signal from the APC.

Image generated with Biorender

Howeve, CD4 T cells can also be a negative prognostic factor in tumour development
The infiltration of FOXP3'CD4 regulatory T cells Tregs,n tumours is associated with
increased immunosuppression, poor prognosis, reduced overall survival and the
suppression of CD&ytolytic activity[195, 196] While it is clear that CDA cells have
strong antitumour properties, th& mechanismsre not fully understoodandresearch
hasfocused on the role of CD& cells in the tumour and enhancing their cytotoxic

potential.
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Cytotoxic CDS8T cells (CTLs) become activated through the recognition of antigens
presented bythe MHCI molecule[201]. CTLs can employ sevenaéchanisms by which

they can efficiently target and kill target cdl®02]. Activated CTLs secrete high levels of

the proinflammatory cytokinesAN® | Y R ¢ W& A OK AYRANIROX f & {( Af €
206] TNFP Ay RdzOSa | LJ2 Ldthédugh thebindiig di its KeBeftor, TORR] f

and downstream caspase activatiq@04, 207. IFN: AYRANBOGE @ Ay RdzOS
cytotoxicity through 1 KS LR f I NATFdA2y 2F YIONBLKI 383
tumourigenic phenotype; the promotion of MHI&xpression on cancer cells, enhancing

their immunogenicity; and the suppression of angiogengXi8-210]. CTLs also directly

induce cell death via death receptor signalling; the binding of FASL on CTLs to FAS on
tumour cells results in the induction of apoptosis through the generation of the death
inducing signalling compl€R1SCand theinitiation of thedownstreamcaspase cascade

[202, 211, 212]Amther major function ofCTkis the release of cytotoxic granulesich

asperforin andvariousgranzyme [212]. These granules worlcollectivelyto kill target

cells effectively and rapidlyPerforin forms pores in the membrane of the target cells,

which allows the granzymes to infiltrate and cleave essential protritise target cell

resulting in apoptosif213]. CD8 T cels express inhibitory receptors, such as-PRand

Tim3, in order to control overactivation and stdterancestates and once they have

cleared pathogens analignantcells they either undergo apoptosihemselvesor may

differentiate into memory CDS8I @lls to fight future infection$214]. The infiltration of
cytotoxicCD8 T cells into tumours is linked with positive prognosis in many cancers
including colorectal, breast, melanoma, gastric, pancreatic, ovarian and2usg21].

The assessment of T cell infiltration in a tumour is now being considered as a potential
prognostic factor in a clinical setting for colorectal cancer, Wit advent of the

WY dzy 2 & Ge2NBFhe dnmunosco®method quantifies the presence of Chihd

CD8T cells in the centre of the tumour aral its invasive margif222]. The scoring

system ranges from (10 - low immune density) to 414 - high immune density), with a

higher score being cortated with improved survival ratg223, 224] This method has

been found to have strong pgnostic potential. One studpund that patients with a

score of 14 had a-ear survival rate of 86.2%, whereas patients with an 10 score had a
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27.5% 5Syear survival rate[223]. Another study found that patients with a high
Immunoscore had a recurrence rateafly 19%, while patients with low Immunoscores
had a 32%ecurrence ratg225]. Thesestudiessuggests that patients with a low score
could have benefitted from adyant therapy, and that immune stratification of patients
could predict which patients would benefit from immunotherapies if used clinif22§
225]

However tumours can exploit mechanisms of immune cell tolerance and homeostasis
in order to supress CTfunctionandinduce dysregulation suppression andxhaustion
[214, 219, 226]Tumour cells can induce a dysregulated exhausted state inTCEIs
through persistent expression of nemtigens andhe upregulation of ligands such as
PDL1 which bind tahe inhibitory receptors PEL on CD8T cellsinducing a supressed
immunologicaktate[214, 226, 227]Dysregulated CD8I cells havareduced capacity

to perform effector functionsecretion of TN®® = -IL Clb y2RandLafe characterised

by increased expression of AD CD69, LAG3 and Tim3, as well aspsgsed
proliferation [228, 229]

We, andothers, have shown thaEAFs and tumotgissociated stromal cells also induce
CD8 T cell exhaustion and dysfuncti¢g230, 231] CAFs can act as a physical barrier
against T cell twmour infiltration through ECM remodellingcreating a dense
environment which T cells struggle to naviggg32, 233] Studies have found that
tumours with high densities of CAFs have reduced T cell tumour infiltrattim T cells
restricted to the stromal compartmeri234, 235] CAFs secrete high levels of CXCL12,
which not only promotes tumour growth but also acts as a chemoattractant to recruit
CTLs towards the stroman vitro[235-237]. The secretion of other cytokingsuch as i

6 and TGF also induces a more CD&uppressive environmeifi238, 239] The rekase

of I-6 by CAFs drives STAT3 upregulation in dendritic cells, resuléingdaced ability

of these cells to activate CDB cell§238]. TGF A O0AyRa&a (2 /5cm 2Y
TCR signalling dity and inhibisactivation and cytotoxicit}239]. CAFs can also directly
interact with T cells, upregulating immunomodulatory ligands such as FasL antl PD
[102]. Work in our lab has shown that tumouoonditioned stromal cells have

significantly higher levels of Al expression than controls, and that these-IPIt
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stromalcells were able to significantly soqess CD8T cell proliferation and granzyme
secretion and induce significant tumour growthvivq with suppression being reversed
upon PDB1 blockadg65].

It is clear thatstromal cells recruited to the tumour becomgro-tumourigenicand in

turn interact with other cells in the TME to further enhance immunosuppression and
tumour progressionHowever, the exact mechanisms by which stromal cells induce
immunosuppressionis not fully elucidated and further research is required to

understand these complex interactions

Aberrant posttranslation modificationsincludingglycosylation, are a wedistablished
contributor to tumour progression; and can be found in tumours of breasiprectal,
lung, liver, and pancreaf240-249]. Changes in glycosylation are associated with
increase&l metastatic potential, angiogenesis and chemoresistafiz&0-253]. For
example, theupregulation of the glycoprotein-&electinin breast cancer is associated
with increased lungnetastasis anadan be significantly inhibited througihé use of an
anti-E-selectin mAB254]. The aberrant glycosylation of the vascular endothelial growth
factor receptor, VEGFR, influences its interaction with galectins, resulting in increased
tumour angiogenesif255, 256] Resistance to cisplatin, a chemotherapeutic drug, in
non-small cell lung cancer is conferred by elevateglytosylation levels diang cancer
cells[257]. Glycosylation is also known to play a significant part in immune surveillance,
regulating the immune response and maintaining homeostgs8-261). There is an
abundance of evidence suggesting that these interactlmts/eentumour glycans and

immune cellareenhancedn cancer, promoting an immunosuppressed T2%B-261].

Approximately 50% afells within a body are glycosylated and it is unlikely that cancer
cells are the only cellexhibiting dysregulated glycosylation in the TME62].
Considering the immunaoppressive propertiesf CAFs, aberrant glycosylation may also
contribute to their tumourpromoting properties As the TME can drive an altered
glycosylation profile in cancer cells through the secretion of cytokines and chemokines
such as H6, these samestimuli may also drive changes in the glycosylation profile of
CAF$263]. However, tle glycosylation profile of CAFs in the CRC TME has yet to be fully
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elucidated.As CAFs are associated with a poor prognosis, it is important to expand our
knowledge & the potential mechanisms by which they support the TME and use this

knowledge to infornthe development of new therapeutics.

In this next section the role of glycosylation in tumour development and

immunosuppression will be detailed in depth

13D[ .,/ h{ ., ['¢Lhb

Aberrant glycosylation has been known to play a roltheprogression of canceor

the last six decades contributing to chemoresistance, metastasis and
iImmunosuppressiofi264]. However, it is only in recent years with the development of
novel technologynd reagents, awell asour increased understanding of glycobiolpgy
that we are beginning to understand the importance of altered glycosylation in cancer
progression[265]. Glycosylation is one of the most important pdsinslational
modifications, and over half of all proteinsare known to be glycosylate{R66].
Glycosylation is defined as an enzymatic process which links edugans (mono or
oligosaccharides) to other molecules, cbu as lipids or proteins,generating
glycoconjugatesas shown in figure 2[267]. Glycans are large, hydrophilic molecules
whose addition alters the activity and size of the underlying proteins or ljag&270].

This enables the glycoproteins to become more soluble and stable, protecting the
glycoconjugate frondegradatian [268-270]. Thisprocess is essential for many biological
functions, such as theorrect folding of proteins, intracellular signalling, egihtrix

interactions and celtell recognitionto name a fewj271, 272]
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Figure 19 Glycans attached to proteins and lipids add complexity which can alter function.

The addition of various glycans to their conjugates can alter functions, such as activating or
inhibiting receptors. The large range of possible glycan binding sites orinmated lipids, the
variety of glycans, and further pesanslational modifications all influence the function of their
conjugates While the majority of ligands and receptors displayglicosylation, some are-O
glycosylated with T antigen, Tn antigengialylTn antigen structures. Glycosylation can vary
between sites, cell types and ligands/receptovgith celttype specific regulatoryunctions.
Imagetakenfrom Gao et a273].

Glycosylation is a netemplated posttranslational modification which occurs in the
endoplasmic reticulum an@olgi apparatus as part of a complex system involving many
glycosyltransferasenzymes as outlined in figur 1.10 [274]. The two most common
forms of glycosylation are-inked and Ninked glycosylation. In-tinked glycosylation,
glycans are added sequentially to the hydroxyl oxygen of sehregnineresidues on
target proteins, which are elongated to produce several core and terminal stestur
which can be further modified via the addition of sialic acid, fructose, galactose, N
acetylgalactosaminer suphates[275, 276] Olinkage occurs in th&olgi apparatus
only[275, 276] In NHinked glycosylation, glycans are added specifically tanttregen
atom on the side chain of asparagif&77]. N-inkageis initiatedin the endoplasmic

reticulum where the oligosaccharide precursor is generated and attached to the protein
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or lipid, it is then tansported to theCGolgi apparatus for further modificatiof277].
Around 90% of all glycoproteins areg/cosylated and, similar to-g@lycans, they can

be further modified by the addition of a number of substrates, including sialic acids
[278].
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Figure 110 Diagram of the endogenous glycosylation pathway

Glycosylation is a complex and diverse goanslational modification whereby glycans are
attached to proteins and lipids via a stepwise enzymatic process which occurs in the
endoplasmic reticulum and Golgpparatus Glycotransferases, of which there are aro@D,

are enzymes which catalyse the formation of glycosidic linkages, attaching glycosyl donors to
nucleophilic glycosyl acceptor molecules. Glycotransferagade specific for the initiation of
glycosylation or norspecific for the elongation, branching and capping of glycosylated ligands.
The diversity of proteins and lipids, as well as the multitude of glycotransferases provides a wide
range of glycoconjugates with functionally diverse propertizeyond that glycosylated ligands

can be further modified through processes such as fucosylation and sialyl@ti&enfrom
Hossler et a279].
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The numerous steps involved in the glycosylation process and the diversity of
glycoconjugate functions mean that minalterationsin the process could have drastic
effects, including the development and progressiondifease[280]. For examplein
colorectal cancer, cancer cells which express elevieglsof high mannose Njlycans
have increased metastatic potential cpared to normal colon mucod4a73, 281 282}

in breast cancerthe O-glycosylationof the MUGCL1 protein results in decreased drug
density and efficacy [283]. Altered glycosylation & also been implicated in
angiogenesis [284], sustained proliferation [285], inflammation [286] and

immunosuppressiof287], as highlighted ifigure1.11.

Aberrant glycosylation has beabservedin numerous cancer types including; breast
[288]; ovarian[289]; lung[290]; pancreatic[248]; colorectal[291]. These changes, such
as increased branching, altered terminal modificatia@rgjtruncation of Qglycanscan

enablecancer cells withtumour-promoting characteristicssuch as chemoresistance

and immune evasiorgllowing the tumour to develop unhinderd@80].

As glycosylatiors a highlycomplex and robust biological process, with many important
steps,an indepth discussion of the process as a whole is beyond the scope of this
particularthesis As such, we shall focus here on one aspect of glycosyhatioh is
particularly relevant totumour initiation and progression, a process known as

sialylation.
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Figure 111 An overview of the multitude of glycosylation modifications which can influence
tumour development

Cells may undergo aberrant glycosylation modifications which contribute to the progression of
cancerDysregulated glycans and glycoproteins such as SLRBGFR?2 are conclusively known

to contribute to the many hallmarks of canc&or example, the dysregulated glycosylation of
VEGFR?2 is associated with increased angiogenesis within the tulbeurantglycosylation can
impact hallmarks of cancer developmt such as immune escape and metastasis, making
glycosylation an attractive target for potential therapidakenfrom Peixotoet al.[292].

29



14{ L' [.['¢Lhb

Siaylationis defined ashe covalentattachmentof sugar moleculg sialic acig,to the
terminal end of glycoproteins or glycolipidglycans)[293]. It is an evolutionary
conserved biologically important modification required for many processegh as
healthy embryonic development,molecule stabilization, cedell interactions,
neurodevelopmentandimmunesurveillanceas well as in pathological processes such

as oncogenesis arttbst-pathogen interaction$293-296].

Sialic acid also termed MNacetylneuraminic acids (Neu5Aaye a family of Sarbon
sugars[295]. Sialic acidare found attached to the ends aflycansvia differentalpha
linkagesat the C2 position(" 2,3, 2,6 andh 2,8), figure 1.2, and canundergo further
modifications such as methylation, acetylation and sulfatishich contributesto their
diverse biological role296, 297]
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Figure 112 The various linkages of sialic acid
Sialic acid is attached to the end ldf and Olinked glycans viaialyltransferase action. There
are approximately 20 knowaialyltransferasesvhich attach sialic acid to the terminal end of
glycolipids or glycoprotein$Sialyltransferases transfer CNMNeu5Adsialic acidjo Gal, GalNAc
or Neu5Ac moieties of glycosylated chainalis acid can be attached to its glycans in various
fAYlF3Sar adzOK & hHZ0oX hHIcX huiy fidggwideaSa 2 NJ
variety of sialylated glycan3aken from Wegt al.[298].
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So far fifty variants of sialic acid have been identifiegbme of which are common
between bacteria, vertebrates and invertebrates, others which are spegiesific
[299]. The generation of the most common sialic acid in mammals, also known as
NeuNAc, ocurs in the cytosol and involves a series of steps and enzymiesh are
highlighted in figure 1.3, [300]. The firstphaseinvolves the conversion of UENR
acetylglucosamine (UBBICNAc) to Macetylmannosamine (ManNAc), whichtien
phosphorylated to produce ManNAcRhosphate (ManNAG6P) [300]. ManNAGc6P is
condensed with phosphoenolpyruvate to form NeuNF [300]. NeuNAP is
dephosphorylated, giving Neu5Ac, which is transferred to the nucleus, from the cytosol,
and corverted to the active form of sialic acid, CMRuU5Ac, via the action of cytosine
triphosphate, CTEB0O].

Sialic acids are then enzymatically added to glycoconjugates by sialyltransferases, which
reside in theGolgi apparatug300]. SialyltransferaseBnk sialic acids tdigandsin an
alpha2,3 (ST3G&V1), alpha2,6 (ST6Gal I, Il and ST6GalNA¢t) or alpha2,8 (ST8sia |

VI) linkage, capping their respective glycoconjugd@s0, 301]

Cytosol

UDP-GIcNAc UDP-GIcNAc
2-epimerase 2-epimerase NeuAC-9-P-synthase NeuAC-9-P-phosphate

UDP-GIcNAc —» ManNAc — ManNA-6P —— NeuS5Ac-9P — Neu5Ac

v

Neu5Ac

a2,6 sialoglycoconjugate ST6GAL1-2
ST6GALNAC1-6 CMP-NeuActsynthase

a2,3 sialoglycoconjugate ST3GAL1-6 /
a2,8 sialoglycoconjugate «—————ST8SIA1-6

Golgi apparatus

v

CMP-Neu5Ac +——————————CMP-Neu5Ac

Nucleus

Figure 113 Sialic acid synthesis

Sialc acid is generated via step wise enzymatic processes occurring both in the cytosol and the
nucleus. UDRGIcNAc becomes Neu5Ac, or sialic acid, through the actions of epimerase,
synthaseand phosphatases. Neu5Ac is activated to €M&R5Acwhich is then attached to
glycans through the action of various sialyltransferases (ST3,6. tm&)ye gnerated with
Biorender.
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While the initial discovery of sialic acid occurred in 1986gress in lie field of
sialybglycobiology was slow, hampered by a lack of biological reagents and gg2lys
Understanding of sialic aciflinctionsA YLINE SR FTNRBY OKiSisonp Qa 2y 4l
within the last 15 years that we have truly hegto understand the full scope of

sialobiology such as how sialic acid contributes to immunology, neuroscience, oncology

and infectious diseasdg803-305]. With the development of noveleagents, including

antibodies, such as sigld®/-7/-9, and lectins, SNAand MALII, we are now beginning

to understand the intricacies of sialylation and its numerous functions.

Sialic acidnfluencesa number of important biological functionshich are critical for

the maintenance of homeostasis within the bd@®6-313]. The strong electronegative

chargeof sialic acid is responsibler molecuk stabilizationand enhancing mucin
viscosity{306, 310] Sialic acid arealso involved in thenasking of binding sitesuch as

is seen with CD22 on B c4B87, 314, 315]CD22, also known agkec2, is an inhibitory

receptor expressed on the surface of B c@B7, 314]CD22INB F SNEBYy GA L f & o0AY
linked sialic aci@nd itsbinding site ioften masked by cis interactions withis ligand

resulting in supressed B cell activatid807, 314] Sialicacidshavealso been implicated

in the transportation of small ionghe modulation of transmembrane signallingnd

immunomodulation[306-313].

Sialic acids can be bound bialic acigbinding immunalobulin-like lectins or siglec

receptors, whictplay an important role in selfecognition and can be classified as self

associated molecular patterns or SAMB4&6]. The binding of sigleds essential for

maintaining homeostasj&nd inhibiting autoimmunityand siglecsare expressed by all

immune cell§317]. Sglecs demonstrata preference forcertain sialic acid linkages over

others. For instancgesiglec9 displaysan equal preference for ligands expressing either

hHXo fAY1SR 2NJ hHZcsigledny \LINE FEMNBYAIQ | QAR D AK/ZRE
sialic acid, and siglet FI @2 dzNE 0 NI y OK S Rdetailectic tabte L.F{ SR a A
[318-321]. Within the last four years there k& been an increasing number of

publicationswhich demonstrate that noimmune cells can also express siglecs. Some
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of these cells includ&hwann cells (MAG) placenta (Sigle6), cervical epithelium
(sigleel1/-16), ovarian fibroblasts (sigldd), female endometria (siglekD), female
mesotheilacells (sigle®) and vaginal epithelium (sigld®) [322-330]. These tudies
indicate that the expression of different siglec receptors in the female reproductive tract
may actually play a role in ensuring sperm survival against the females immune response
[327]. In Schwann cells, MAG actsitmluce a signéihg cascade which promotes the
survival of myelinated axorj831, 332] The broad range of sigle@nd their expression

on both immune and noiimmune cellsindicates that they are important modulators

for the maintenance of immune homeostasis and normal function.

Some immune cek canexpress a wide range of siglecs,sasn with macrophages,
however, other immune cells have a more restricted siglec expression, such as T cells
[322]. Siglecs are type one membrane proteins and the majority consist otamiihal
variable set domain, containing the sialic acishding site, G&et immunoglobulin
domains and the immunoi@ptor tyrosinebased inhibitory motif (ITIM), similar the

PD1 receptor [322, 333] Once asiglec binds to its ligand, the ITIMs undergo
phosphorylation by kinases, prompg the generation of docking sites for the tyrosine
phosphatases SHP and SHR [322, 333].Once SHR or SHR2 are bound, they
dephosphorylate tyrosingghosphorylated receptors, downregulating immune

activating pathway signals and inhibiting an immuasponsg322, 334]

Somesiglecs such asiglecs14,-15, and-16, contain a positively charged residue in the
anchor region [334, 335] This associates with immunoreceptor tyrosimesed
activation motif (ITAM) containing DAP12, which can trigger both activating and
suppressing pathway[834, 335] Sigleel, which containgeither an ITIM nor ITAM but
rather a neutral transmembrane domain, lac&n inhibitory cytosolic sighleng motif

[334-336]. The different motifs of each siglace shownin figure 1.34.
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Figure 114 Structure and signding profile of human and mouse siglecs

Siglecsare type 1 membrane proteins which contain either ITIM or ITAM domains which
facilitate their downstream sigriing processesSiglecs contain an extracellularsgt domain
which binds to sialic acid ligands. Beneath this, siglec receptors contain viauyitgers of C2

set domains.Sigleel nor sigleed contain a signihg domain, sigle@3 has been deleted in
humans and siglet2 no longer has the ability to bind sialic astdls commonly designated as
sigleeXll instead. Siglet, -2, -3 and-4 are coserved across mouse and human. Diagram
adapted from[322, 337]
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In humans, he Siglec family can be divided into two groups; those which are conserved
across mammals, such@®169CD22, MAG arsiglec15, and the CD38elated siglecs
includingsiglec3 (CD33)siglech, siglec6, siglec7, siglec8, siglec9, SigleelO, siglec
11,siglec14 andsiglec16[338, 339] Siglecs are expressed by a variety of immune cells
as is highlighted inable 13. Mice also express theevolutionarily conserved siglecs,
(CD169 CD22, MAGSIgleel5), as well as the murinsiglecs sigleeE, -F, -G, and-H.
Murine sigleeG is a true orthologue for sigld®; siglecE is the accepted orthologue for
siglec7/-9; and sigled- is accepted for sigl&; however sigleecH has no confirmed
equivalent orthologue[321, 340, 341]This can undermine the translational potential of
sialylation studies imice; however, mouse studiesare useful to determine whether

targeting sialylation may be beneficial in a clinical context.

Tablel.3: Siglec expression and sialic acid binding preferences

Siglec Mouse Expression Binding Functional Referencey
Ortholog preference consequences
Sigleel Mouse | Macrophages| h-2,3 Sialic acid Phagocytosis | [342, 343]
(CD169) | Sigleel
(sialoadhesin|
Siglee2 (CD22 Sigkc2 B cells h-2,6 Sialic acid B cell signalling | [344, 345]
Siglee3 (CD33 mCD33| Macrophages,| "-2,6 Sialic acid  Inhibition of [346, 347]
monaocytes, preferentially, | immune function
microglia h-2,3 Sialic acid
Also expresse(
to small degree
on some
lymphoid cells

Sigleed MAG) mMAG Glial cells h-2,3 Sialic acid Survival of [348]
myelinated axon
Siglee5 and Neutrophils, | "-2,6 Sialic acid Suppress innate | [349-351]
Sigleel4 dendritic cells,| h-2,3 Sialic acid immune response
(paired) monocytes, | Pairedreceptor Inhibit T cell
B cells, activate| with Sigleel4 activation.
T cells
Sigleeb Trophoblats | h-2,6Sialicacid | ITIM, function not| [323]
Bcells fully elucidated
Mastcells
Siglee7 NK cells, h-2 .6 Sialic acid Immune cell [352, 353]
macrophages,| h-2,8 Sialic acid inhibition
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monocytes, DC
mast cells, CD¢
T lymphocytes,

Neutrophils
Siglees SigleeF | Eosinophils, [t NS F SNB) Cell death [354, 355]
Mast cells, |2,3 Sialic acidlsg
Basophils | h-2,6 Sialic acid
Siglee9 SigleeE | Granulocytes,| h-2,6 Sialic acid  Inhibition of [353, 356,
Monocytes, B| h-2,3 Sialic acid immune responsg  357]
cells, NK cells
and subsets of
cells in the TME
Sigleel0 SigleeG |B cells, Dendriti h-2,6 Sialic acid Macrophage | [358, 359]
cells h-2,3 Sialic acid Phagocytosis
Macrophages, T cell suppressiof
NK cells,
activated CD4T
cells
Sigleelland Macrophages, § "-2,8Sialic acid| Sperm survival | [327, 360]
Sigleel6 cells, Microglia|
(Paired) ovarian
fibroblasts
Sigleel2 Epithelial cells,| Lost the ability tg [361, 362]
(Sigleexll) Macrophages| bind sialic acid
Sigleel3 Deleted in [363]
humans
Sigleel5 Osteoclasts, | "-2,6 Sialic acid Suppression of | [335, 364,
Macrophages,| sTNantigen antigenspecific T|  365]
activated T cell] cellactivation
Sigleel7 Deleted in [363]
humans

Aberrant sialylationyhich can result fromthe overexpression of sialyltransferases, an

increase in sialylated ligands or a reductiorendogenous sialidases, has been reported

in many cancer typep366-368]. Anupregulatedsialyation profile is associated with

increased immunosuppression, metastasis, angiogenesis, and a poor survival outcome
[366, 369, 37Q]Hypersialylatioris an accepted hallmark of cancer, and its potential as
a novel therapeutic target for cancer treatment has driven a renewed interest in

improving our understanding of its interactions in the TME. The upregulated expression

of sialylation on cancer celfsirface results in increased potential for sigéalylation

interactions, driving immune cell inhibition and tumour immune evadi®nl]. For
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example, the increased binding of tumour cell sialic acid by sigkud-9 on NK cells
suppressed their cytotoxic functions lieukaemia cell lineB871]. The following section
details how sialylation plays an important role in several hallmarks of cancer

development

1.4.1SIALYLATIONTNE TUMOUR MICROENVIRONMENT

Upregulatedsialic acid expression has been implicated in tumour progression since the
Mdcn Qa ,Kear Sy BdwWbeginning to understatite intricate role that it plays
[372, 373] Upregulatedsialyltransferase andialic acid expressioor hypersialylation,
has been found in a number of cancers such as colorgitdl, breast{375], pancreatic
[376] ovarian[377], melanomdg378], prostate[379], cervica[380], brain[381], thyroid
[382], gastric[383], and liver[384]. Upregulated ST6GHhlis found in over 90% of
screened colorectal cancer tumours, with the majority of #nasmours expressing high
levels ofh 2,6 linkedsialic acid385, 386] In fact, dnormal expression of sialic acid can
be beneficial in diagnosing certain canceas salylated biomarkers can be utilized to
identify and confirm pancreatic cancer (C%9), ovarian cancer (MUC1@&nd breast
cances (MUC)) [387-389]. Considering that hypersialylation is found in a wide range of
cancer,enhancingour understanding of sialylation in the TME could provide us with

novel therapeutic targets for cancer treatment.

The overexpression of sialyltransferases aggdrsialylation of cancer cells has been

shown to contribute to many hallmarks of caneer oulined in the following sections
Metastasis

Metastasigs the spread of cancer from the primary tumour site to a secondieyand
is the main cause of cancezlated death[390]. However how tumours achieve
metastasidgs not fully understoodand while the exact mechanisms behimdetastasis
have not been fully elucidated, is known that sialyf@gon can contribute to metastatic
spread [391, 392] Research has found thahé hypoxic environment®f colorectal
cancerinduce elevated ST3sialyltransferase expression, drig an increase in sialyl

lewis X antigetevels,which is associated with increased invasion and metasfasis
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392]. ECM molecules, such as integrins, edsoundergo hypersialylation, leading to
increased metastatic potentidl393, 394] Using metastatic murine mouse models
Bresalier etl. found that the removal of sialic acid from the cell surface of colon cancer
cells prior to administration significantly reduced metastasis to the liver from the
primary tumour sitd395]. The AL10 sialyltransferase inhibitor, shown to reduce integrin
sialylation, significantly suppressed the formation of metastatic nodulesim vivo
murine model of lung adenocarcinoma compared to control n{8@6]. Targeting
tumour cell sialylation could reduce the metastatic spread of tumours and prolong the

timeframe in which patients could undergo surgical resection or chemotherapy.

Angiogenesis

Angiogenesiss the formation of new blood vessgB97]. This process plays an essential

role in the progression of cancer, as it providae tumour with the nutrients and
oxygen required to surviv€397]. Angiogenesican also promote metastasis as the
vessels can facilitate the spread of cancer to a secondar{38it@ Sialylation has been

found to also play a role in the promotion of tumour angiogeng&6®, 398] One study

found that ST3GAL1 sialyltransferase overexpress®rassociated with a worse
prognosis in breast cancer; and that increased ST3GAL1 expression promotes elevated
TGH a A 3, ywhidh drive&atgiogenesi$369, 398] This study suggested that the
development of therapeutic ST3GALL inhibitors could improve breast cancer patient

outcomes[369, 398]

Sustained proliferation

Sustained proliferation, in the absence of growth signals, is another essential hallmark
of cancer which sialylatiois known tocontribute to[399, 400] The overexpression of
ST6GALL is implicated in the sustained proliferation seen in prostate d87@rThe
inhibition of ST6GALéxpression in prostate cell lines induced a decrease in PIAK/AKT
|y Reaténin signding which resulted in suppressed proliferatii@¥9]. Another study

found that STEGALNACII expression promotes the proliferation of A549 lung cancer cells

[401]. Targeting sialylation in the context of tumour proliferation could have significant
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therapeutic implications for patients, howevdhe exact mechanisms by which these

sialyltransferaseenhance proliferation require further investigation

Chemoresistance

The overexpression of the ST6GAL | sialyltransferase provides resistance to several
chemotherapeutic drugs including cisplatggmcitabineand paclitaxef402-404]. This

limits the options forthe treatment of these diseaseshowever,interestingly the
silencing of these genes ressiin restored sensitivity to chemotherapgduced cell

death [402-404]. This could indicate that two-pronged approach of desialylating
tumours,in conjunction withchemotherapyadministrationcould potentially enhance

patient response rate and prolong overall survival.

Evading cell death

Hypersialylatiorhas also been implicated in conferring resistance to apoptosis and cell

death [385, 405410]. Recent studies have found that STéGal  RR& h HXc aAl f A
the Fas ligand, preventing Fas internalization and the formation of théhdaducing

signdling complex (DISCjesulting ininhibited apoptosis[411]. TNFh 2 NJ ( dzY 2 dzNJ
necrosis alpha was originally thought to induce tumour apoptosis and necrosis via the

binding to its receptor TNFR1, howeyever time research has uncoverduht the role

of TNFalpha in the TME is somewhat paradoxicaving both pro and artioles[412,

413) Low doses of TNF Ay NBalLlRyasS (G2 adAavydz A I NB
immunosurveillance and initiating cell deg#il4]. The bindingof TNF (12 A dGa NBOSL
TNFR1 initiates a downstream caspase simiggevent resulting in apoptotic tumour cell

death[414]. However, with chronic inflammation, TNF K & 0SSy aK2gy (2 A
damage and promote tumour growth through mediation of-NE  alikg4ys; 416]

The TNF receptor 1 has beemog/n to experiencenypersialylationin pancreatic and

ovarian cancerdrivingdysregulated apoptotiéunction [410]. ST6GALL1 is upregulated

in colorectal, cervical, breast, gastric, brain, and liver cancersisakmbwn toprovide

cells with potection from TN A y R dzO S Rthid-iddawtiddug i ta Bedue tothe

hypersialylation of the TNF recept{885,405-410]. Targeting TNé Ay | Of Ay A Ol €

is not yet an achievable goal, with clinical trials showing limited effptl3]. For
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example a phase |l clinical trial for etanercepa TNF' A Y K thiabedl ifi ideXEKtatic

breast cancerresulted in only one patient achieving disease stabilizatiptl7].

Targeting the sialylation profile of TNF O2 dzf R LINE 8 to enhayice & f Y S
therapeutic effectof antitNFh G KSNJ LJASa | YR AYLINR @S Of Ay A O

Immunosuppression

A dysregulated immune response is another vesilablishedand critical hallmark of
cancer developmenf418]. Sialylation is. known regulator of the immune response,
Ay @2t OSSR Ay (&6 S Rikléa&dhiitenariceof homebstad|333, 418,

419]. Sialic acids expressed on smdfls are bound bgiglecson various immune cells

and immune activation & inhibited [333, 418, 419]Since sialylation is differentially
expressed in the TME, the following sections will detail evidence for the role of sialic acid

in immune evasion of specific immugell subsets

1.4.2MACROPHAGES, SIALYLATION AND THE TUMOUR MICROENVIRONMENT

Macrophages ex@ssa range okiglec receptorseach ofwhichsignificantlyregulatesa
diverse range of functionss highlighted in figuré.15. Forexample, the infiltration of
Sigleel” (also known as<CD169 or sialoadhesif) macrophags in primary colorectal
canceris correlated witha positive overall survivabutcomeand was associatedith
increased infiltration of cytotoxic CD8cells[420]. A study of hepatocellular carcinoma
patients also observed similar resulfg21]. In vitro studieshave demonstrated that
when CD169 macrophages were ecoultured with T cells their cytotoxic and
proliferative abilities were enhancef21]. High CD169 macrophage intratumoural
infiltration isalso a positive prognostic marker in breast cancer patients, however, unlike
in hepatocellular carcinoma and colorectal cancer, there wasigwificantcorrelation
between CD169macrophage and CD8 cell density [422]. Interestindy, a paper
recently published by Jing et auggests that C®B* macrophages in a model of TNBC
enhanced tumour growth and metastasis athwht their depletion resulted in increased
CD8 tumour infiltration [145]. They suggest that PLL expression on CD169
macrophages is upregulateduppressingCD8 T cell infiltration[145]. WhenCD169

40



macrophages weréreated with PB1/PD-L1 blocking antibodiesthere was increased
infiltration of CD8 T cellg145]. This data indcates that CD16%iglec1* macrophages
play a critical role in tumour immune evasion, whicbuld be enhanced through

targeted immunotherapies.

In contrast the expression ofhe sigles-7/-9/-10 and-15 are associated with a worse
outcome for patient survival[423-426]. Pancreatic cancer cellshich expres both
siglee7 and sigle® ligandscan drive the differentiation of monocytes twards
immunosuppressivd AMs, enhanang tumour protection [427]. Recent work haalso
indicated thatsiglec7 expression on intratumoutamacrophages could be a novel
predictive biomarker for metastatic colorectal can¢é3]. MUQ-ST is a aberrantly
expressed glycan expressed in several cancers which drives tumour 888th428
430]. MUCZST can be bound tsyglec9 on macrophages, inducing a phenotypic change
and the expression of immunosuppressive markers such as IDO, CD206, CD163 and PD
L1[424, 430] Binding ofsiglec9 also drives the suppression of CD8cell proliferation
which leads to enhancedumour progression[424]. The TME also induces the
expression of siglet0 on TAMs, compared to healthy cg#&5, 431] In hepatocellular
carcinoma siglec10* macrophages were found inbandance in tumour tissue
compared to healthy nortanceroudissue, and this elevated sigl&@ expressionvas
associated with a poorer progno$#25]. This gglec10* TAM infiltrationwasassociated
with CD8 T cell inactivation, increased exhaustion (Tim3, LAG1 artl &pression)
and decreased cytotoxicity (reduced granzyBidFN and iR secretion]425]. Blocking
siglec10, through the use of a siglec Fc chimera, resulted in ase@secretionof the
pro-inflammatory cytokines HL2 and TN# , as well as a decrease of aintflammatory
factors such as 110, by macrophagep!25]. Levels of cytotoxic CD8 cells were also
significantly increased with sigld® blocking, suggesting that sigl#@ expression on
macrophages indirectly suppresses theigamour activity of cytotoxic T celthrough
cytokine releas@425]. Thisstudyhighlights the synergistic effect of immune catighe
TME and provides evidence of alterative mechanisms of immunosuppression, which

may provide novel targets for immunotherapies
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CD24 is a known ligand of sigle@ and their binding results in thedudion of an antt

LIKI 320G A0 WR Zpyo@diing Sk tiimot @n dastr@tiomI1). CD24 is
overexpressed in both ovarian and breast cancer and is associated with increased
invasiveness and metasta$t32, 433] Barkal et alinvestigated the potential role of
CD24siglec10 binding in breast cancer and found that this interaction resulted in the
suppressed phagocytic potential of macrophagegh the blockingof either siglec10

or CD24 alondeingenough to significantly upgulate phagocytosief CD24 breast
cancer cell§431]. This information may lead to the development of clinically relevant
therapies, restoring the phagocytic potentiaf macrophages in patients receiving
immunotherapies. Anothermportant finding of this study was that primary human
TNBC cells resistant to ai@D47 antibody treatment were susceptible to a@b24
mMAB antibody treatmenf431]. This implies thapatients resistant to current clinically
approved therapies may be eligible to receive novel efficacious therapies in the future,
and that oureverexpandingknowledge of tumour development could provide options

for terminal patients.
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Figure 115 Siglec binding on macrophages initiates downstreaignaling pathways which

are involved in tumourimmunosurveillance.

Macrophages express a range of siglec receptors which influeacémmune response. Siglec

1, also known as CD169 and sialoadhesin, internalizes its ligand, processes it and then presents
itto CD8T cells for T cell primiri§33]. Whereas the binding aliglec?7/-9 initiatesdownstream
signdling pathways resulting in macrophage inhibition akdve macrophages towards a TAM
phenotype. CD24 binding by sigi&@ inhibits phagocytosis and the binding of sTn by sitftec
induces the secretion of T&F[333]. Image ceated withBiorender.

Sigleel5 is also found to be expressedon TAMsand has beenimplicated in the
suppresgn of antigenspecific T cell activation botim vivoand in vitro [364, 434]
Sigleel5 recognkes and binds to sTnan h2,6 linked ligand overexpressed déolon,
gastric, prostate and breastancers inducing the secretion of TGF resulting in
enhanced tumour progression and metastasigl34-437]. Li et al observed that
macrophages isolated from sigié& knockout mice had reduced M2 polarization
potential [426]. Using a model of subcutaneous pancreatic cahcet al observed that
siglee1l5 KO micdad significanty lower tumour burdens compared to WT mice and
suggest that siglet5 contrilkutes to tumour progression by regulating TAM phenotype

in pancreatic cancdd26]. While systemic targeting of sigld®& may be toxic, targeting
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sigleel5 on TAMs using a-bpecific antibody could repolarize TAMs towards the more

anti-tumour M1 phenotye, enhancind.J- G A iByiuhér&ponse.

The contrasting roles of siglecs in tumour developmegilects their complexity and
variety of functions in the TMBWVhile the targeting of siglecs on TAMs is promising,
further research is required to investigate if siglec blockadghtmmegatively affect the
¥ dzy Ol A 2nffacréphagedaMA Macrophages are present in the tumour asitilec
therapies may suppress their function, counterintuitively promoting tumour

development.

1.4.3NATURAL KILLER GEIALYLATION AND THEMOUR MICROENVIRONMENT

It is well documented that NK cells express sigl@nd-9 receptors which regulate their
cytotoxic potential, acting as inhibitory receptors similar to NK228-440]. With the
elevated expression ofalic aéd/siglec ligands on cancer cells, thyotoxic function of

NK cells tumour is likely dampenetie siglec receptors expressed by NK cells and their

functions are shown in figure 161

Siglee7 ligands arehighly expressed in a number tfmour typesand their binding
results in inhibited NK cethediated lysi§371, 427, 441, 442]andus et afound that
siglec7 ligand expressing562 and Hela celtsould significantly ppressNK cell
cytotoxicity [371]. This suppression was reversed with the usenetiraminicase
cleaving sialic acid from its ligands and preventing siggand binding[371]. The
authors showed that an an®iglec 7 antibody resulted irgsificantly increased NK cell
cytotoxicity intheseco-cultures[371]. Interestingly Siglee7 NKcellsexpress high levels
of activatng markers and can secrete higher levels of-lRNan siglec/- NK cell§443].
Analysis of hepatocellulacarcinoma patients found that patientbad reduced
circulation and density of NK cells, with sigleexpression significantly lower compared
to healthy controlg§444]. Simila to the study bylandust al,, Tao et alfoundthat siglee
7* NK cells had enhanced cytolytic potenf#d4]. Inbladder cancersiglec7 expression
on tumour infiltrating NK cells was associated with poeerallsurvival and in multiple
myeloma sigle@-ligand interaction was correlated with reduced NK func{il, 445]

Gonsidering that sigle@* NK cells display high levels attivator receptors, IFN
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secretion andCOLO7a degranulation, rmapproachfor treatment may be to target the
siglec? ligands themselves, allowing thlogtolytic siglec7* NK cells tdunction more

efficiently.

Siglee9 is also expressedn NK cellsbut its role in cytotoxic function is less well
understood[446]. Similar tosiglec7, the binding of sigle® on NK cells to its ligands
leads toNK nhibition andsuppressedmmune clearancg371]. MUC16, a ligand of
siglee9, is commonlyoverexpressed in cancessich asovarian, colorectal, pancreatic
and breast[447, 448] The bindingof MUC16 bysiglee9 on NK cells results in their
inhibition andtumour progressiorj371]. In astudy of ovarian canceChoiet al found
that the use of an antsiglec9 antibody significantly reduced tumour volume inian
vivo mouse model[449]. Targetingsiglec9 promoted the degranulion of NK cells,
enhancing their cytotoxic potentiand resulting ina decreased tumouburden [449].
Janduset al also generated sigleg monoclonal antibodies whichould increase NK
cytotoxicity against HeLa and K562 cells, although the increased cytotoxicity was not as
efficient as sigle@ blocking[371]. Targeting NK siglet expression using blocking
antibodies couldprevent tumour cells from exploiting the sigis@lic acidpotentially

resulingin enhanced NK cytotoxic potential and tumour destruction.

It was recently discovered thaigtec10 is upregulated on NK cells in hepatocellular
carcinoma tumours[450]. This increased expressiomas identified as anegative
prognostic factor in overall surviva[450]. Sigleel0* expressing NK cells displayed
impaired effector function, with SigletO* NK cells having decreasgdanzyme B and
perforin expression compared to sigld® NK cell§450]. It was recently believed that

NK cells only expressed sigleand sigle®, howeverthis work highlights that immune
cellscan upregulate siglec receptors which had not previously been expressed, when
exposed to various stimuli such as the TME. This demonstrates the need to investigate
siglec receptor expression on different immune cells within and outside tumours.
Additionally, in inflammatory microenvironments, siglec receptor expression may be
altered and therefore the microenvironment of the immune cells will likely be critical in

determining its function.
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Figure 116 Siglec binding on NK cells initiate inhibitory downstream sifimeg pathways
which suppress NK cytotoxitinction.

Siglee?, -9, and-10 bind to sialylated ligands on tumour cells, and this binding results in the
downstream phosphorylation of ITIMs, seosiently suppressing NK cytotoxicifyargeting NK
sigleesialic acid interactions can restore NK cytotoxicity and restore the immune response
Image createdvith Biorender.

ler cell

1.4.4DENDRITIC CELSB\LYLATION AND THE TUMOUR MICROENVIRONMENT

Wang et alhave shown that Sigleg, -9 and-10 expression is upregulated on tumour
infiltrating DCs (TDCs) in CRC, NSCLC and epithelial ovarian cancer, suggesting a
potential role for siglecs in DC immunosuppresgsl]. To further investigate this
claim Wang et alassessedhe function of sigled& on intratumoural murine DJ451].
They confirmed that sigleg, the mouserthologuefor siglee7/-9, was upregulated on
TiDCs of MC38 CRC, B16 melanoma and EMT6 breast cancer mouse[#tddels
DCs with elevated siglde expression hadnaimmature phenotype and suppressed
activation, with a reduction ithe presence of thantigenpresenting molecules, MHC

| and MHAI [451]. They suggest that sigleceutd inhibit the antigenpresenting
potential of DCs and that targeting siglecs on DCs coegdlt in enhancel T cell
activation and tumour clearandd51]. SigleeG, the mouse orthologue for sigld®, is

also involved in preventing antigen crgsesentation by impeding the generation of
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MHGI complexeq452]. It has beenshownthat siglecG deficient mice héelevated
numbers of antigerspecific cytotoxic T cells aneduced tumour growth in B16
melanoma mouse modelgl52]. These studies highlight the important role of siglec
expressing DCs in tumour development amolw expandng our knowledge on the
regulabry roles of these sigleauld provide novel insight into how to enhance the

immune response in the TME

DCs can also express sialic acid on their cell sysfdgeh maybind to siglecs through
cisinteractions[453, 454] These cinteractions ould suppress DC activation and T cell
stimulation[454]. One study found that the treatment of murine bonemow DCs with

the sialyltransferase inhibitoAc53FaxNeu5Aanproved DCs ability to induce the
proliferation of antigerspecific CD8T cell§455]. The mechanism behind this enhanced
activation fdlowing desialylatiorwasnot fully elucidatedandthe authors suggest that
this enhanced activatiomaybe a result of reduced cisteractions changes in the cell
surface negative charge or the exposure of further interaction $#BS]. Interestingly

[ i 00 SNBO2YFANY¥SR GKIFIG GKS O0AYyRAY3I 2F huZo
phosphorylation of sigle® [456]. This phosphorylation suppressed the secretion of IL
12 and I6, and enhanced the generation of regulatory T ¢edleich may promote
tumour development[456]. The siglesialic acid signkhg axis of DCs could have great
potential asanoveltarget forcheckpoint inhibitor treatments, whicboud enhance the
function of cytotoxic T cells and promote tumour clearance, highlighting the importance

of expanding our knowledge on siglecs in the TME

1.4.5T CELLSIALYLATION AND THE TUMOUR MICROENVIRONMENT

Assiglecsare expressed at very low levels on circulating healtlogll§ they were not
originally considered as importamhmunotherapeutictargets[457]. However, recent
research has shown that T cefisesent inthe tumour microenvironmentcan have
upregulated sigleexpressionacingto suppress their cytotoxic functions, as described
in figure 1.7 [457, 458]
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In 2018, Stanczak and colleagues found thaglec9 was increased on tumour
infiltrating lymphocytes (TILS) in colorectal, ovariand norrsmall cell lung cancer
patient samples compared to their healthy control counterpgd4S9]. Thesesiglec9*
CD8 TILs expressed higher levels of other inhibitory receptatsidingPD1, Tim3 and
LAG3, and had reduced capacity to secrete TNF | y R [4%9 Bo investigate if
siglec9 was involved in €ell inhibition, TI& were treated with an agonistic ardiglec

9 antibodywhich lead to increasedsuppressiorof T cell activation, indicated by the
reduced expression of CD25 and CD69sawetionof I1L-2 [459]. The use of a transgenic
mouse model expressing humaglec9 on both CD%4and CD8T cells, found that
tumour growth was ahanced insiglec9 expressing T cell mice compared to controls
[459]. A comparison ofsiglec9 TIL expressiom publishedclinical datafound that
patients with a higher expression afglec9* CD8 T cells had significantly worse
prognosesand reduced overall survivgd59]. Analysis of ralanoma patient samples
revealed that tumour infiltating CD8T cellshad a highsiglec9 expressiorcompared

to peripheral blood460]. To assesshe functional consequences afjlec9 receptor
ligand bindimy, siglec9* T cellswere incubated with neuraminidas&reated P815 target
cells,and it was confirmed that theirytotoxicity was enhancedompared to sigle® T
cells [460]. Thisenhancedcytotoxic function was reflected in an increase ih cell
degranulation and release of IFN | y R ¢FWRE@8Y cells[460]. This data suggests
that siglec9* CD8 T cellshave enhanced cytotoxipotential which is suppressebly
ligand bindng withinthe TME Understandinghe roles of Siglec receptors on T cells in
different microenvironments may lead to a better approach for targeting
sialylatiorisiglec receptor expressing immune cells. Additionally, alterations in immune
cell siglec receptor expression could lieedasblood-basedbiomarkess for cancer or
inflammatory diseases afgeting siglec ligarsas well as or instead siglecs may prove
to be a more efficacious approacteading to enhanced immune activation and tumour
clearancein cancer. This knowledge will likely fuel the development of the next

generation of immunotherapies for cancer and potentially inflammatory diseases.

Siglee7 isalsoexpressed on a subset of activated T cells and has also been implicated in

the suppression of effective T cell resposp1]. Studies using Jurkat ceflave found
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that both siglee7 and-9 negatively regulate TCR activatitimough the recruitment of
SHPL, suppressing downstreasigndling and Tcell activation461]. Targeting sigle@
could also be a potential targeting route which could be developed for clinical use.
However, it remains to be seen if targeting sigleor siglee9 is more efficacious for
inducing T cell activationor if targeting both receptorg£oud producea synergistic

effect significantlythat enhances T cell cytotoxicity.

Cancer cell

Sialylated ligand

Siglec-9

T cell

Figure 117 Siglec binding on T cells suppresses activation and cytotfuxiction.

Sialic acids on the tumour cell surface bind to siglec receptors on the T cell surface and suppress
activation. The binding of sigk&cinduces an exhausted T cell phenotype, with suppressed
cytotoxic cytokine secretion. Sigi©/siglec ligand interactias on T cells suppress T cell
proliferation and cytokine secretion. Siglédinding on T cells inhibits their activatidnhibiting

T cell siglesialic acid interactions can restore the cytotoxic function of T cells, driving an
improved immune responsémage @neratedin Biorender.

ActivatedCD4 T cells have been found taveupregulatel siglec10 expressionwhich
bindsto CD24 and CD52 downregulatihgir immune respons@31, 462464). Cancer
derived sialylated immunoglobulin G (ST4AgGJs highlyexpressed on breastnd lung

cancer cells and is associated with metastasis and poor progndsisng the
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progression of cancahrough Tcell regulation465-467]. Research has found thahé
incubation of tumourderived SIACIgGsuppressedoth CD4 and CD8T lymphocyte
proliferation and the secretion of cytokines including2lUl-10 and TN#, in a siglec

10 dependent manner468]. The inclusion of asiglec10 neutralizing antibody
significantly inhibited tis suppressionrestoring T cell proliferatiof@68]. Extracellular
Vesicles (EVshanatrticles released from cejlare involved inthe promotion of
carcinogenesipl69, 470] These nanoparticleare associated with poor overalurvival
andcaninduce the expression of sigld®@on T cell§469, 470] EVs derived from ovarian
cancerswere incubated withthe Jurkat Tcell line, and both mRNA levels and protein
expression levels of treglec10 receptomwere found to be upregulated afteo-culture
[469]. Thisindicatesthat EV release may bepathway exploited by tumours tmduce
immune sippression irsiglec10 expressing immune cell$ was only recently that we
identified that T cells can express siglecs under specific circumstances, satlaased
Siglec expressian the tumour microenvironment. Research should now aim to profile
T cells for siglecs in other conditions, suchasthma and diabetes for examplas
expanding our knowledge on how the expression of siglecs on T cells is regulated by
different environmernts could inform us on previously unknown mechanisms of T cell
suppression Understanding the mechanisms employed by tumours to regulate and
signal through siglec recept® is fundamental to optimal targeting strategies and

immunotherapies.
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In recent yearsthere has been @ increasingnterest in designingnew treatments for
cancer, which could potentially improve chemoresistance, immunotherapy resistance,
adverse effects and improve patiesuirvival rate$471]. ResearcHiocus has shifted from
focusing on cancer cells alot®a broader view of the tumour microenvironment as a
whole, and how crosstalk within this environment can aid tumour progreq&idh As

our knowledge of the TME&Nd thecrosstalkwithin it, expands oe cell type has come

to light asa significantcontributorto tumour progression and immune resistanGE€AFs

[472]). CAFsnodulate several aspects of the immune response, including the secretion
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of immunosuppressive cytokines and by directly interacting witlate and adaptive
immune cellg472]. CAFs havalsobeen shown tocontribute to chemoresistancen

head and neck cancer (cetuximab resistance), prostate cancer (sorafenib resistance)
and breast cancer (tamoxifen resistanc§)11-113] These tumour-promoting
properties make thena promising target for overcomintiperapeutic resistancg473].
Several differenstrategiesfor targeting CAFs have been investigatdwse strategies
include;the depletion of CAFdrom the TMEjnhibiting the conversion from fibroblast

to CAFand targeting theiimmunosuppressive functions. Howeysuccess has been

limited.

The main barer to effective treatments depleting CAFs is their lack of a unique marker,
evenfrom the knowledge gained througdtRNAseq thereis stillno consensus on a CAF
ALISOATAO YISMA SNEAP arkdcde@ed ICAF markers, they are also highly
expressedy pericytes, skeletal muscle and smooth muscle cells, and the depletion of
FAP cells has been found to result in cachexia and anaemia in animal nidddls A
number of strategiedor targeting CAFsyhich may overcome the limitation of lack of
specific markers, have been propos&hiFsan betargeted through CAR's targeting

FAR blocking the conversion of NAFs to CAFs and also by targeting specific mechanisms
that CAF$472].

TGH a Ang ysltHe tmain pathway implicated in regulating CAF activation and
targeting this pathway may prove an effective method to restrict tumour progression
[475-477]. However, Ford et ahave found that inhibiting TGFin vitrodid not reverse
myoCAF ifferentiation while Biffi et alhave shown that the use of a TGFBR inhibitor
did not affect iICAF density in tumouf478, 479] A geater understanding othe
mechanisms oCAFRgenerationand the various subtypes is clearly required before the

reprogramming of CAFs becomes a potentially effective therapeutic option.

CAFare known tosignificantly contribute to themmunosuppressin seen in theTME
[480]. Research has found that CAFs can modulate the TME through the seavétio
cytokines, such as CXCI[227]. CAFs are a major source of CXCL12 in the TME, which

is implicated in angiogenesis, metastasis, and T cell excl{#&sdn Chen et alhave
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observed that the disruption of the CXCEAXCR4 signalling pathway, through the use

if a CXCR4 inhibitor, improved T cell infiltration and response b BlBckade in breast
cancer moe@ls[482]. Targeting the immunoregulatory pathways of CAFs is the likeliest
method to provide psitive results, potentially leading to the development of novel
efficacious therapies, and as such we must continue to improve our understanding of

how CAFs regulate their immunosuppressive effects.

It is highly likely that the tumour environment is irglucing the sialylation profile of
stromal cells recruited to the tumour, similar to what is seen with the upregulation of
PDL1 on CAHF®5, 483] Considering CAFs ability to restrict immune cell infiltrate into
the tumour and their immunosuppressiy@operties it is not unreasonable to believe
that their sialylation profilecould be responsible in part faheir tumour-promoting
properties in the colorectal microenvironment. There has been an influx of novel
methods to study and target sialic aegjlec interactions within the last decade which
may provide us with a better understanding of how CAFs regulate their
immunomodulatory functions and whether their sialylation profile is an important

mechanism in promotintheir immunosuppresse properties
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While therole of sialylationin tumour development has beeamcknowledgedsince the

c n Gha dudy of tumour sialaglycobiology was hampered by a lack of reagents and
assayg4396, 484492]. The main reagents available wettee lectins SNA and MALI,
whichrecognizée H>c fAY 1SR YR hHu3Io [306 483482RSnéeA | £ A O |
the early 2000s there has been an abundance of novel reagents developed which has
allowed for significant advancement in the field of glycobiology andls@fycobiology

as shown in figure .18 [396, 484492]. The development of sialylation inhibit®rand

siglec blockingntibodyhas providedis with novelnsight into mechanisms of immune

regulation anchow sialylation is exploited immour biology.
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progression in this field was initially delayed. In the past 15 years, research has picked up the
pace and the development of novel reagents, such as siglec blocking antibodies, has helped to
expand our knowledge ithis field exponentiallylmage generated with Biorend§396, 484

492].

This thesis hasiscussedublishedevidencewhich indicates thatsiglec expression on
immune cells in the TMiBhibits immune cell function; thereby inhibiting their ability to
target cancer cellsHowever, it is important to acknowledge that there is a wide array
of siglec receptorsand it is unlikely thaall siglec receptos have anegative prognostic
value indifferent cances. Without any doubt, there are more unknowns than knowns
in our understanding of the regulation afglec ligands andiglec receptors in the
tumour microenwronment. Qurrent knowledge highlights their potential as therapeutic
targets buthasonly begun tounearththe vastarray of potentialinteractionsdictated

by Siglec receptomsithin the TME.Indiscriminatingly inhibitingiglec expression could
have ne@ative consequences such asitiating a cytokine storm or inducing

autoimmunityby disruptingselftoleranceand homeostasisTherefore, it is critical that
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comprehensive approaches are used to assess the regulation, expression and dynamics

of siglec receptors in the immune and stromal microenvironment in cancer.

Smilarly, targeting sialic acidesan also be problematicThe role of sialylation in
maintaining homeostasis emphasizes the difficulty in designing safe and efficient
targeting approache$493]. Therefore, nordiscriminately targeting overall sialic acid
could have severe adverse effecss was found in a study Macauley et al[494]. This
study foundthat administration of the sialyltransferase inhibitor -BleuAc affected
sialic acid expression on a numberoofjans including the brain and kidng94]. Mice

who were administereda single 300mg.kgdose of inhibitor suffered from weight loss,

a reduction in albumin and protein levels in the bloa@hd both kidney and liver
dysfunction[494]. One study investigating the inhibition of sialic acid expression as a
target to enhance T cells cytotoxicity found that high levels of a sialyltransferase
inhibitor led to nephrotoxicity in micg495]. Therefore, the systemic administration of

a sialyltransferase inhibitor is nbkely to bea viable therapeutic option

As nondiscriminate targeting of siglec receptors or overall sialic acid expression could
be too broad a target potentially resulting in severe adverse effects, it appears more
appropriate to target the specificiglecsiglec ligand interactionsSigleesiglecligand
interactions have only come to the forefront of cancer research in recent years and
much more work is required to fully understand their functions, their synergy with other

cells and how to specificgltarget these interactions
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There have been many developments targeting the immune system focancer
therapy in recent years, the most noteworthy of whistthe development of immune
checkpoint inhibitors, such as aiRD1/PD-L1 treatmentqd496, 497] Anti-PD1/PDL1
inhibitorshave improved not only patieatqality of life but also the survival rafé96,

497]. Unfortunately, only a small percentage of patients, 2086, respondavourably
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to these immunotherapy treatmentl98-501]. Another novelapproachis the use of
chimeric antigen receptor T cellSART cellsg KA OK  dzi A€ AT S&a | - LI GASy(
programming them to target specific antigefa®2]. CART cells have been approved for
several hematological cancers, howeyvelue to their high cost and neaptimal
response rate they are not approved for solid tumours such as colorectal cgt&r
503] Further research is required to investigate this low response raie
immunotherapiesand alternateoptionsfor patientsthat develop primary or secondary
resistance to chemotherapy and immunotherapidsis highly unlikely that a single
molecule, protein, or cellular component is responsible for conferring immune
protection but instead a combination of factors is much more probdb@4-506]
Considering this, much research has gone idatermining other targets such as
sialylation, which could have gotential role in immunomodulation in the cancer
microenvironment Aberrant sialylation in the TME is known to confer resistance to a
number of cancer treatmenidor example, thaipreguldion of ST3GAL1 and ST6GAL1
hasbeen linked to paclitaxel and cisplatin resistance in ovarian cgA6dr 507, 508]

In hepatocellular carcinoma ST6GAL1 expression regulates resistance to docetaxel
treatment [509], and elevated sialylation of EGFR in lung cancer promotes tyrosine
kinase inhibitor resistancib10]. Recently it has also been shown that the sialylation of
HER2, enhancessistanceto the immunotherapytrastuzumal511]. A combinational
approach of targeting sialylation alongside other conventional therapsesh as
trastuzumabor chemotherapy, could overcome therapeutic resistance and significantly
improveLJlI { A réspanse tate

Xiao et aldesigned a Trastuzumadalidase conjugate to target HER2east cancer cell
lines[512]. Sialidases are enzymes involvedha tleavage of sialic acid from complex
glycoconjugates and have been shown to effectively reduce sialic acid expriesgion
[512]. This conjugate was shown to target HER2nour cells allowing the sialidase to
specifically act ortumour cell sialic acidg increasing their susceptibility to NK cell
cytotoxicity[512]. With about 20% of breast cancer patients being HER2 pesithis
specific conjugateargeting treatment might be an effective method to direct sialic acid

therapeutics to tumour cells, reduce dfirget effects and enhance immune cell killing
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for many patients[513]. This approachnformed the development of the EAGLE
(EnzymeAntibody Glyce.igand Editing) project, which adis2 & A y KJdminangé 3t & O2 f
OKSOlLRAYyGAaed o0& aaStSOGA@QPSte NBY2@QAy3 (KS
0 dzY 2 dzNJ513 55] Ehis approach has great potential, fmgventing siglesiglec

ligand binding in the TMH& could overcome immunotherapeutic resistanocghe TME

Another interesting approach was explored bysPyp et al who designed chimeric
antigen receptor (CAR) T cells which specifitattyetedabnormal Tn or STn antigens
on MUCZexpressing cancer cel[516]. In mice suffering from Tell leukemia the
administration of this CAR cell targeting approach significantly incredseverall
survival compared to control16]. These CART cells were also shown to recognise a
number of different cancer types, including human breast and pancreatic cel[3ib&ls
Using a xenograft pancreatic model in mice they showed that mice treated witiTCAR
cell treatment had 100% survival compared to 33% survival with cadttél]. As there
has been great clinical success seen with-CARIls in recent years, the development
of a CAR T therapy whieckcognises abnormal sialic acid expressi@ould be a very

promising approach for the development of novel therapeufisr, 518]

Bill and colleaguebave designed biodegradable nanoparticles which encapsulate 3
FaxNeu5Ac,a sialic acid mimetid519]. The administration othese nanoparticlesn
vivoto melanoma mice reduckmetastatic load in the lunfb19]. In order to reduce fi-
target effects, these nanoparticles were coated in a layer of monoclonatyanginase
related proteinlantibody(TRP1), an antigen associated with BEGO melanoma, which
allowed for specific targeting of ce[B19]. Nanoparticlescould be an alternate safe and
effective approach to targeting sialic acid in canaeducing offtarget effects and

allowing immune cells to effectively clear tumoumsprovingpatientYesponse rate.

The development of these novel targeting apprbes allows us to determine the
influence of sialylation in the TME and whether they could provide effective and safe
alternate therapies for patients who do not respond to conventional chemo and
immunotherapies. They also provide us with the ability toestigate the role of

sialylation in a variety of different cells, such as CARe role of sialylation in CAFs
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iImmunosuppressive properties has not yet been investigatedirepresents a potential

mechanism of action which C#d¢ouldexploit to promote tunour progression. \ith the

abundance of novel targeting approaches studying CAF sialytadiddprovide us with

novelinsight into how CAFs regulate their immunosuppressive properties and open up

alternate avenues for therapy.
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Figurel.19 Various methods of selectively targeting tumour cell sialylation and sidigands.
The generation of mMABs, GAReells andhanoparticlesare some of the novel potential ways in
which therapies can specifically target tumour cells without inducing adverse effects commonly

seen with chemotherapy and radiotheradynage ceated with Biorender
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CAFs are one of the most abwand cells in CRC CMS4 tumours and are associated with

an immunosuppressed tumotgromoting environment[83, 520524] Despite this,

CAFS have often been overlooked in canczsearch, and there is a significant

knowledge gap in our understanding of the mechanisms by which CAFs regulate their

immune properties. With the substantial evidence that cancer cells regulate the immune

response through sialylation and considering th@pprognosis associated with a high

density of immunosuppressive CAFs in the TME, it is likely that the TME also influences
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the sialylation profile of CAF8Vhile many questions remain to be answered about
sialylation in the TME, as detailed in tablel, lthis thesis aimed to investigate the
sialylation profile of CAFs in the colorectal TME and asdektheir sialylation profile

contributesto their immunosuppressive properties.

Table 14: Questions pertaining to sialylation in the tumour microenvironment

Is it possible that cells other thacancercells for example CAFsxpresssialic acid

and siglec ligandsontributing to theinmmunosuppressivabilities?

Are sigledigandsdifferentially regulated in the TME?

Is one siglec the master regulator in the activation/inhibition of the siglec imm
response or is it a combinatory effect? Would targeting one siglec be sufficig

redirect the immune response?

Is it sufficientto cleave the sialic acidfaialylated ligandsr is a complete blockin

required in order to restore the immune resporise

Whichapproachis a more effective immunotherapiremoving cell surface siali

acid, targeting siglecs, or a dual combination apgch?

As all healthy cells also express sialic acid it is essential to develop a targg

therapeutic approach which can effectively treat patiehts

Are immunomodulatoryigandssialylatedand does this contribute to their
immunosuppressivéunctions? If so, is it possible to develop more specific targe

strategiesbased on their postranslational modification®

Are different siglecpredominantin different tumour microenvironments.g.

siglee7 or sigleed on NK cells in melanoma vs colorectal catcer

Is the role of sigleasqually as important in adaptive immune cells as it is in inf

cells?
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Hypothesis

Stromal cellsn the tumour microenvironment and/o€AFs exposed to theecretome
of inflammatory colorectal cancetumour microenvironment have altered sialic acid
profiles which enhancetheir immunosuppressivg@roperties This thesidypothesizes
that targeting CAF sialylation could represent a novel target in order to regtismal

cell mediatedmmunosuppression and enhae immune infiltrationrand activation
Aims

1. To investigate the impact of tumour conditioning on the stromal cell sialylation
using multiplestromal celimodels¢ BM-MSCs, NAFs and CAFs

2. Todetermine if sialylation plays a role in the immunosuppressive properties of
CAFs

3. To target stromal cell sialylation in order to determine and validate its immune

effects bothin vitroandin vivo

59



2.al GSNRI f

60



21! bLa{l¢w! Lb{ !'b5 9¢IL/![ !ttwhs!]

8- to 14-weekold female BALBc mice were acquired from the Envigo Laboratories in
Oxen, United Kingdom. Mice were housed in a pathefrere accredited animal housing
unit, feed an alchow diet and monitored daily. Conditionsere approved and
maintained by the Animal Care Research Committee of National University of Ireland,
Galway All experimental procedures were authorised under both individual and project
licences from the Health Products Regulatory Authority (HPRé&ghce number
AE19125/P077.
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Bone marrow mesenchymal stromal celBM-MSCs

Euthanasiaof BALBc micewas performed using G@nhhalation. Femur and tibia were
removed,connective tissue was detached, and the ends of the bones agreff. Bones
were placed in MEM 6. A 2-&iOcd)S yspkemented with 1%
penicillin/streptomycin (Sigma), 10% fetal bovine serum (Fisty@one) and 10%
equine serum (Fisheflyclone). The exposed bone marrowaswflushed out with
medium and a35-gaugeneedle. Cells were filtered through a 70uM cell strainers
(ThermoFisher Scientifiend centrifuged at 400 x g for 5 minutes. Cells were plated at
a density of 9x1®per cntin a T175 flask and incubated at°87with 5% COsupply.
Nonadherent cells wereremoved every 24 hours until adherent cells reached
confluency. Once confluent, cells were trypsinised for 5 minutes &€ 3ideutralized

with culture medium centrifuged,and replated.

C57/BL6 mouse stromal cell MSCs were donated by Prof.G#idin, originally sourced

from Dr. Karen English

Primary human stromal cells were isolated from the bone marrow of healthy volunteers,
after written consent was attained under an ethically approved prot@tlIG Research
Ethics Committee, Ref: 08/Mal4).Bone marrow suspensions were separated by ficoll

gradient,and the nucleated cells were collected. Cells were centrifuged at 400x g for 5
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minutes before being seeded in T175 flasks at a density ofP®ell8 per criin MEM

h  YSRAdzY I & dzLAdn/rAl ¥ofoilabtSyrwtisfActoi(FGF2, Peprotech), 10%
fetal bovine serum and 1% penicillin/streptomycin. Nadherentcells were removed
every 24 hours until fibrobladike colonies were formed. These colonies were collected

and expanded for further s

Intestinal stromal cells

Colorectaltumour and adjacent normal mucosal tissue were obtained from patients
undergoing colortumour resection atUniversityHospitalGalway underan ethically

approved protocol (Clinical Research Ethics Committee, Ref: C.A. \2Q0if#En

informed explicit consent was obtained from pditients priorto sampling.Following

pathological assessment, biopsiescehtral tumour and nornmal mucosal tissue were
NEY2OSR YR ¢FaKSR AyalrOd p GAYSESigmah 6K | |y
Aldrich) supplemented with 10% penicillin/streptomycin  (Sighddrich). After

washing, thebiopsies werecut into 23mm pieces and dissoted using a human
¢CdzY2dzNJ 5Aaa20AlLGA2Y YA baAfGSyean . A208
with some modifications. Incubation time was reduced to 2 hours and dissociation was
achieved by inverting the suspensiof® times every 30 mins The resultantcell
suspensionsvere filtered i K N2 dz3 K TN>Y OSt ¢ a0NI Ay SNE
centrifuged at 400 x g for 5 mins. Shuogl suspensionsvere resuspended in

complete human MSC medium (RPMI 16#@dium (ThermoFisher Scientific)
supplemented with 10% heatactivated FBS, 1% sodium pyruvate, 1% HEPES
solution, 1% A f dzi I YAY SX M2 LIS vy A-Qevdagdtoktiarcd andXs LI 2 Y &
Ing/mL FGF2 (all Sign#ddrich). Cells werghen seeded in @vell plates (Sarstedt)

until stromal cell colony establishmentas observed Stromalcells isolatedfrom

colorectal tumour biopsies were termed caneassociated fibroblasts (CAFs), while

stromal cells derived from patiematched normal mucosal tissue were termed
normatassociated fibroblasts (NAF&U CAF and NAF experiments were performed

with cells between passage 4 and 10 and were cultured to ~70% confluency.
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{ONRYFE OStt OKIFNIOGSNRTFOA2Y & &inthdS NF 2 NY S
Ryan Research Groag outlined belowW525].

Adipogenesis

MSCs were plated at density of 2x10 cells per well in a vell plate with 2ntk of

a0 yRIFNR a{/ OdzZ GdzZNE YSRAdzY® /Stfta 6SNBE Ay
was reached. Once confluent, MSC medium was removed and replaced witheZm

well of adipogenic induction meain (DMEM high glucose, 1mgimnsulin, 10% FBS,

1% Pen/strep)Control wells were incubated with standard MSC medium. After 3 days
the medium was removed from each well and replaced withper well of adipogenic
maintenance mediuniDMEM high glucose, IgfmL Insulin, 10% FBS, 1% Pen/strep) or
standard MSC medium (controls). This cycle of media changes was repeated until 3
cycles of induction and maintenance medium were completed. For the,cglle were
cultured in maintenance medium for 5 days. Afted&ys, the medium was removed,

and cells were washed twice in PBS. Cells were then fixed in 10% neutral buffered
formalin for 30 minutes at room temperature. Formalin was removed and wells rinsed
with distilled water. A thin layer of Oil Red O working &t@8igma) (6 parts Oil Red O
stock solution mixed with 4 parts distilled water) was added to each well. The plate was
slowly rotated to ensure even coverage and let stand for 5 minutes at room
temperature. The stain was then discarded and washed by addmly of 60%
isopropanol (Sigma) to each well, swirling the plate. Wells were next rinsed with tap
water. Hematoxylin (Sigma) solution was diluted 1:5 with distilled water and a thin layer
of this solution was pipetted on to each well and left to stand fonifiute. Wells were

then washed in warm tap water and covered with a thin layer of water in order for

images to be taken on an inverted light microscope.

Following imaging, the water was removed and 5(J6f 99% isopropanol (Sigma) was

added to each welkinsed several times over the surface of the well, and transferred to
anelLJLISY R2NF §(GdzoS® ¢KAa LINRPOSaa ¢l a NBLISIHISR
5SONRA ¢l a LIStftSISR o0& OSYy(dNRTUMstaghBasa I YLI S a
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extracted fom each sample was added to wells of a 96 well flat bottom plate in
triplicate. Absorbance was measured at 520nm on a Wallac 1410 plate reader (Perkin

Elmer). Results were plotted as mean absorbane&B.

Osteogenesis

MSCs were plated at a density 210 cells per well in a vell plate with 2ntk of
alidryRIFINR a{/ OdzZ (G§dzNBE YSRA dzY ® ,un@ tohflaenay SNB A y (
was reached. Once confluent, MSC medium was removed and replaced witheZm

well of osteogenic mediunigcoves MEM, 9%equine serum, 9% FBS, 1% Pen/strep, 1%
L-glutamine, 50U/m.L-0 KENREAY SZ HnYa ,50uMdséodi a&tl-PJK 2 & LIK |-
100nM dexamethasone Control wells were incubated with standard MSC medium.

Medium was changed every 2 days. Se#re harvested onal 10 (or beforelepending

on cell confluence

Osteogenesis was determined by Alizarin Red Staining. A 2% Alizarin Red solution was
prepared by dissolving 2g of Alizarin Red S in 108H20. This was mixed and pH
adjusted to 4.1 with 1% ammonium hydrogidMedium was removed from cells and
wells were washed twice with PBS for 5 minutes. Cells were fixed in 95% ice cold
methanol for 10 minutes. Wells were then washed with dH20O and incubated for 5
minutes in 2% Alizarin Red solution. Wells were rinsed amre with dH20 and left to

dry on the bench before imaging by microscopy. A small amount of dH20 was added to

each well before images were taken.

24/ 9[ [ [Lb9{

Immune cell lines

RAW 264.7 Macrophages areBALBc background macrophage cell line, which were
R2y Il SR o0& t NEFP 93FyQa fwekedcultumetd 2in Hcn dT
DMEM+Glutamax (Sodium  pyruvate) (Gibco), supplemented with 1%

penicillin/streptomycin (Sigma) and 10% fetal bovine serum (Fidiyelone)
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Tumour cell lines

The CT26 moudRALKc colon carcinoma cell lineagacquired from ATCC and cultured

in DMEM medium (BioSciene€sbco), supplemented with 1% penicillin/streptomycin
(Sigma) and 10% fetal bovine serum (SigrRa).cecultures incorporatingrradiation,
CT26 or stromal cells were resuspended at $p£0 100> [of media and irradiated at 5
grey to prevent proliferation without excessive DNA damage using the gamma irradiator

(Mainance Millenium Sample Irradiatdsjoscience departmeritoG.

HCT116 and HT29 human colorectal cancer cell lines were donated by Mke Co
Mureau andhad been previously obtained from ATCC. Both cell lines were cultured in
McCoys 5A medium (Sigma) and supplemented with 1% penicillin/streptomycin (Sigma),

L-glutamine and 10% fetal bovine serum (Fishéyclone)

Cells were used within 1passages from the master stock for all subsequent

experiments.

25¢ | ahffwb5Le¢eLBb®&S¢had

To generatgumour-conditionedsecretome(TCS), cancer cells were plated at specific
densitiesdetermined by cell confluezy, CT26 (1x19; MC38 (8x19); HCT116 (1.5x%)

HT29 (2x1%), in 25mls of media in a T175 flask foriurs. Secretome was collected
and centrifuged at 1000 x g for 5 minutéaupernatantwasaliquoted and stored at

80°C, the debrisvasdiscarded. For TNFCS, 100ng/inof either moug or human TNF

h 6t SLINPGSOKO ¢1ad FRRSR (2 GKS ¢mMTpZ HN

°

L%, 00 F TCS
72 hours @ o
ee |

TNF-a
NEX)
[ ]

m
° :
\ e, ~ TNFTCS
e® o
48 hours 24 hours o0 3
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Figure 2.1 The generation of tumour secreton@ancer cell lines are seeded at the density

selected for that cell type. Tumour cell secretome (TC&)lliscted 72 hours later. For

inflammatory secretome (TNFCS) TNF A a4 | RRSR G2 Odzf (i dzZNBagen K2 dzNA
generated with Biorender.

26{¢cwha! [/ H®FL¢LhbLbD

Mouse BMMSCs, were seeded at 3xXIlls per well in a-gvell plate. Human bone
marrow stromal cells,(hMSC}¥) normal associated fibroblast®NAF3, and cancer
associated fibroblastéCAFswere seeded at 6xXQells per well in a six well plate with
2mLof appropriate culture mediunt-ollowing 2ours(Day 1)pf seeding, medium was
removed and replaced with 40% fresh MSC medium and 60% of TCS-6CSNEells
were analged at day 4 by flow cytometry. For extended conditioning cells were
reseededwith fresh 40% MSC medium and 60% TCS ofTO$Bn day 4 and dg 7.
NAFs and CARsgere not conditionedex vivo Cdl phenotypewas assessebly flow
cytometryat day4, 7 and 1Cor the following markersMurine ¢ SCAL, CD90, CD73,
CD105, CD80 and CDh8tumang PDGFRb, Podoplanin, CD105, CD73, CD44DRLA

HT29/HCT116/CT26 TCS

MSCTes MSCTes MSCTes
. —>o o ‘*fﬁb “"i * 8 ’ , ’ ' ] -
HT29/HCT116/CT26 TNF-TCS MSCTNFTCS MSCTNFTCS MSCTNFTCS
TNF-a

— 5 0;.

o0 o

[ ]

| i i ! |

Day 4

Reseed with
fresh TCS/TNF-
TCS

Day 7
Reseed with fresh
TCS/TNF-TCS

Day 10
Asses sialic
acid and ligands

Day 0 Day 1
Seed MSCs Add TCS/TNF-TCS

Figure 2.2 The conditioning of murine BMSCs or hMSCs with tumour cell line secretome
MSCavere platedon day 0 and receiv@TCS or TNIFCS conditioning on day 1, 4 and 7. Cells
were collected,and cell surface marker and ligand characterizati@sperformed on day 10.
Image gnerated with Biorender.

27{L!'[.[¢w!b{CO9W! {9 LblIL.L¢Chw ¢w9! ¢a9.

On day 4 of conditioning, stromal cells were collected and reseeded. Cells were allowed
to adhere for 3 hours before medium was removed and replaced with 40% fresh MSC
medium and 60% of TCS or TNES. 20e8M of 3FaxPeracetyl NeuSAcSigma)
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sialyltransferase inhibito(Sl)was added. On day 7, cells were collected and reseeded

with 40% fresh media, 60% TCS or-TRS and 260 of the Sl Cell surface marker and

ligand expression was assessed on day 4, 7 and 10 by flow cytohatfg.and CAFs did

not receiveex vivoconditioning. NAFs/CAFs were seeded at 0.6x&ls/well in 2nkof

O2YLX SGS KdzYly a{/ YSRAIFI® hyS K2dzNJ I FGSNJ &°¢
I LILINRLINKAF GS ¢gSttftaow b! Ccak/ ! Ca ¢gSNB 0O2ff SOGSF

3. Cell surface marker anddigd expression was assessed on day 6.

A Tumour cells MscTes MSCTes Mscres

__dls ____dly et
oo L4 V= 14
Tumour cells MSCTNF-TCS MSCTNFTES MSCTNFTES
TNF-a
— —p °°. +/-200uM S| +/-200uM SI
20 @
! oo l/ l/ l
o gay-'ld ith Day 7 Day 10
Day 0 Day 1 frzzieTC‘gI/TNF- Reseed with fresh Conditioned MSCs
Seed MSCs Add TCS/TNF-TCS T0S TCS/TNF-TCS collected and cell

surface marker and
ligand expression
assessed

E _ 3
E 3

NAF
CAF
*ﬁLQDUUM Sl +/-200uM S| *

Day 0 Day 3 Day 6

NAFs/CAFs seeded NAFs/CAFs reseeded NAFs/CAFs collected
One hour later 200pM One hour later fresh and cell surfce

Sl is added 200uM Sl is added marker and ligand

expression assesed

Figure 23 The treatment regime for conditioned MSCs and primary NAFs/CAFs with the
sialyltransferase inhibitor3FaxPeracetyl NeuSAqA) MSCsvere plated at day 0 and receide

TCS or TNFCS conditioning on day 1, 4 and 7. On day 4 and tteyappropriate cells receigke

Hann>a 2F aAil tef SradPefacctySNelSAES]).Celigwere coledter dad cell

surface marker and ligand characterizatiwsasperformed on day 10\B) NAFs and CARd dot

receiveex vivoconditioning andreceibH nn>a 2F {L 2y S K2dzNJ I FGSNI &S
3. Cellswvere collected, and cell surface marker and ligasharacterizatiorwasperformed on

day 6.Image g@nerated with Biorender.

67



28wb! {9v!9b/LbD

The RNA sequencing analysis of MSC<atiditioning was carried out bpr Grace

h Qa I &ntl 8uliined in Lynch et al 204826]. In brief, BALEc MSCs were cultured

and conditioned with TCM for 72hrs as outlined above. RNA was isolated using Bioline
Isolate I RNA mini kits (Qiagen). Purified RNA was sent to theerseigg company
ArrayStarTM, and samples were sequenced using the Illumina Hiseq 4000. FPKM
Fragments per kilobase of transcript per million mapped reads (FPKM) values were
calculated and differential expression (DE) analysis was performed with the
R/Bioco/ RdzOG 2NJ LJ O1F3S . +fft3286y QOHodydndmngd

used to filter differentially expressed genes.

29C[hz [/ ¢ha9¢w, !b! [, {L{

Cell suspensionsere counted and plated at 100,000 cells/well in dattom 96 well
plate. For lectin and fchimera staining cellavere first stained with the lectin or Fc
chimera of interest for 20 minutes at’@ in the dark. Cellwere washed twice and
stained with appropiated S O 2 Yy RrddiRed surface markers for 15 minutes &4
in the dark. All staingrere made in 5 [of FACs buffer per well. Celiere washedk?2
with FACs buffer and resuspended in a fir@umeof 150ul. Sytox (Blue or AAdvanced)
wasadded 510 minutes before the sampkwere run. Samples were run on either the
CANTO Il or the Cytek Northern Lights Cytometer.

Table 2.1 Flow cytometry antibodies for stromal cell surface characterisation staining panel
analysis

Target Reactivity Fluorochrome| Clone Cat # Supplier
SNA hwXc aAlINA L-13005 | Vector
MAL hHXo aAlINA L-12602 | Vector
STREPAVIDIN Lectins PE 12-4317 | eBioscience
CD73 Anti-Mouse APC TV/11.8 127210 | Biolgenend
CD105 Anti-Mouse APC MJ7/18 120414 | Biolegend
SCAL Anti-Mouse APC D7 108112 | Biolegend
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CD902 Anti-Mouse PE 30.H12 105307 | Biolegend
CD86 Anti-Mouse PE Gl:1 105007 | Biolegend
CD80 Anti-Mouse PE 16-10A1 104708 | Biolegend
PDL1 Anti-Mouse PE 10F.9G2 | 124308 | Biolegend
CD24 Anti-Mouse PECy7 M1/69 101822 | Biolegend
CD47 Anti-Mouse Fitc Miap301 | 127504 | Biolegend
SiglecE Fc SigleeE Ligands| N/A 5806'SL- | Biotechne
chimera 050
IgG2a Anti-mouse PE RMG2a62 | 407108 | Biotechne
Siglee9 Fc| Anti-Human N/A 1139Slk- | Biotechne
chimera 050
Siglee7 Fc| Anti-Human N/A 1138Sl- | Biotechne
chimera 050
CoOl 00 QH Anti-HumanC O APC 109-136- | Jackson
fragment 170 Immuno
specific Research
PDGFR Anti-Human PECy7 16A1 323507 | Biolegend
PDGFR Anti-Human APC 18A2 323608 | Biolegend
Podoplanin Anti-Human PEDazzle NCO08 337028 | Biolegend
CD73 Anti-Human Pacific Blue AD2 344012 | Biolegend
CD105 Anti-Human PECy7 43A3 323218 | Biolegend
CD44 Anti-Human BV785 BJ18 338834 | Biolegend
HLADR Anti-Human PECy7 L243 307616 | Biolegend

210b9! w! aLbL5! {9 ¢wl9!CA9bKLADE! tBEb/ ! . !

BALBc MSCs were seeded at 3¥10 a 6well plate with 2niof fresh media. Cells were

left to adhere for 24 hours before media was removed and replaced with 60:40 TCS/TNF
TCS:Fresh media or control for a further 72 hours. Following 72 hours cells were washed,
trypsinized, and pelleted1x1® pelleted cells received 0.1UMmof neuraminidase

OxAO0ONR2 OK2f SNISO6w20KS0O 2NJ O2yGNRE 3Ifte&d20c

69



45 minutes at room temperature. Cells were washed and the neuraminidase containing
supernatant was discarded. Camnfiation of effective neuraminidase treatment was

assessed by SNAnd MALI lectin staining and flow cytometry.

5x1C® neuraminidase treated or control cells were incubated with the recombinant
mouse PBEL Fc chimera protein (Bibechne) at 1ug/mfor 15minutes in the dark at
4°C. Cells were washed, stained with ad@Bjugated antigG1l antibody (Biolegend)

and assessed by flow cytometry

2112 9{ ¢S wiL b D h ¢

BALBc tumour-conditioned cells and controls were trypsinised, counted and
resuspended in 1X SIPAGE lysis buffer at a concentration of Sxdélls/mLon ice for
5 minutes. Following thjgells were boiled at 10C for a further 5 minutes, before being

placed on ice for 2 minutes. Lysed samples were stored8€C until needed.

Gels wereprepared and the electrophoresis rig assembled. The rig was filled with 1L of
NHzy yAy3d 0dzZFFSNI FYR on>3 2F (KS fem@i®R OSt f a
run at 55V until the protein had migrated through the stacking gel, this voltage was the

increased to 90V until the protein had reached the end of the gel.

Once the protein had reached the end of the gel, the gel was washed in transfer buffer

for 5 minutes, along with nitrocellulose membrane, filter paper and sponges. Following

thisthe geMandwicl? ¢ a8 | 3aSYof SR YR UNIXYyaTFTEN 61 a N
¢ KSndWicl) ¢ a (KSy,arlkh@rheinbréhaivasb®dRed in 5%kimmed

milk powderin 0.01% PBS/Tween for an hour at room temperature with gentle rocking

After blocking the membrane was incubated with 10mls of the primary antibodyG@t 4

overnight.

The following maning the membrane was washed X3 for 5 minutes in PBS/0.01%
Tween, before being incubated with 1Qof the appropriate horseradish peroxidase
conjugaed secondary antibody diluted in 5% w/v skimmed milk powder in PBS/0.01%

Tween for an hour at room temperature with gentle rocking. Membranes were then
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washed with PBS/0.01% Tween and followed with a PBS only Waalgirg was
performed using theLl COR Odgey Fc Imaging system (Human Biology Building, UoG)

Standards were made up in 5% w/v BSA in PBS/0.01% Tween.

Densitometric analysisias performed using ImageStudio Lite. Molecular weight was

assessed througthe use of the retardation factor {RandGraph Pad Prism v9.2.

Table 2.2Resolving gel

Reagent Volume per gel
H0 2ml
30% acrylamide mix 1.7ml
1.5 M Tris pH 8.8 1.3ml
10% SDS 50>
10% APS 50>
TEMED 2>

Table 23 Stacking gel

Reagent Volume per gel
H0 1.4ml
30% acrylamide mix 330
1M Tris pH 6.8 250>
10% SDS 20>
10% APS 20>
TEMED 2>

Table 24 Primary and secondary antibody concentrations for western blotting

Target Isotype Supplier Cat.No Dilution
PDL1 Rabbit 1IgG Cell signalling | 60475 1/1000
Anti-Rabbit HRP Cellsignalling 7074 1/2000
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BALBc lymph nodes and spleens were harvested from healthy mice. Organs were
mechanically disrupted, and single cell suspensions were obtained. Cells were placed in
RPMi1640 medium(Biosciencessibco), supplemented with 10% fetal bovine serum
(Sigma), 1% penicillin/streptomycin (Sigma), 1% sodium pyrusam#Aldrich), 1%
nonessential amino acids (Gibco), 19 £ dzli I YA Y S 0 imkréapicethanol n dmM:
(Sigma Aldrichand washed. €lls were centrifuged at 400 x g for 5 minutes before
erythrocytes were lysed using ammonitchloride-potassium (ACK) bufféGibco)for
5minutes on ice. ACK buffer was neutralized using ten times the volume of mexidm,

cells were washed and counted.dffferation wasassessed using the cell trace violet
(CTV) method. Cells were stained with CTV using the Cell Trace Proliferation kit
(Invitrogen) 1x10 splenocytes were suspended in Lof PBSand 0.25| of CTV Cells

were protected from light anéhcubated at room temperature for 20 minutegriexed

every five minuteskFresh nedium was then added, and cells were washed twice. Cells

were activated using CD3/CD28 Mousactivator dynabeads (Gibco).

213¢ / 9[[ Laa!bh{!two9{{Lhb ! {{!,

Cell contact immunagpression

For immunosuppression assays, 0.15ddivated CTV stained splenocytsselected
CD3 T cellwere cocultured with tumour secretome conditioneBALBc BM-MSCs at a
ratio of 1:10 BMMSC:Splenocytes in a-9&ll round bottom plate for 96 how.

For CD3 T cellonly€ddzf 0 dzNB & MaQ dAlES22Bp2 Wt SOGA2Y YAGQ
usedr OO0O2 NRAY 3 (2 Y ydzED3D cedsNuBralpositivetyyseledtdtfod ( A 2 v &

T cell specific coultures and included at a 1:10 ratio in-coltures.

For T cell immunoassays CT26 cells andMB\{s were irradiatedising a Mainance
Millenium Sample irradiato(Biosceince department Uo@Gt 5Gyand included in co

culture at 1:10 ratio as above.
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Cell freemmunosuppression

Secretome was collected from CT26 cellss #NFh, and BMMSCs +/ tumour
conditioning72 hours after platingSecretome was centrifuged at 1000 x g for 5 minutes
and pellet disarded. The secretome wascluded in96 well co-culture plate with
0.1x1G@ primary splenocytegas in cell contact immunosuppressive assays) 50:50

secretome to fresh T cell mediatio for 96 hoursculture.

2141b! [ . { BAOpBh[LCOW! ¢Lhb ! b5 {!wC!/ 9 &

Followingthe 96 hourimmunosuppressioassaythe 96well plates werecentrifuged at

400 x g for Gminutesand thesecretome was collected and stored-BO°C for further
analysisCells weretrypsinized andesuspended ifFACBuffer (PBSupplementedwvith

2% heat inactivated FBS and 0.05% of sodium azide) and washed twice. Cells were
incubated with surface markers for 15 minutes in the dark @ €ells were washed

twice inFACSuffer, viability dye waadded,and cells were run on the CANTO Il or the
Cytek Northern Lights Cytometer. Proliferation was assessed by measuring the peaks of

cell trace violet Each peak represeet one proliferative generation.

Experimental - stimulated T cells +

& j|I MSCTNF TCS

E i 5 L\

gﬂ il Positive control - stimulated T cells

- AR |

Q| A

I ) Negative control - Unstimulated T cells
i\

B ne ne SRR LY i anan il paie i
0 IC|‘1 IU‘3
CTV-BV421

Figure 24 T cell proliferation as measured by CTV staining and floiometry.

T cells were stained with CTV before inclusion hewdture systems. CTV can measure the
proliferation of T cells based on dye dilution in the different generations. UnstimulatedsT cell
act as a negative control, as the dye will be contained within theprohferative first
generation. Stimulated T cells act as a positive control, with distinctive peaks identifying
subsequent generations.
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Table 25 Flow cytometry antibodies fosplenocytesurface characterisation staining panel
analysis

Target Reactivity Flourochrome| Clone Cat # Supplier
CD3 Anti-mouse FITC 17A2 100204 | Biolegend
CD4 Anti-mouse PECy7 GK1.5 100422 | Biolegend
CD8 Anti-mouse Bv711 536.7 100748 | Biolgend
Proliferation | Proliferating Cell Tracg N/A C34557 | Invitrogen
cells Violet
CD69 Anti-mouse PE/Dazzle H1.2F3 104536 | Biolegend
CD25 Anti-mouse BV605 PC61 102036 | Biolegend
SigleeE Anti-mouse PE M1304A01| 677101 | Biolegend

215¢/ 9[ [ [/, ¢hgh!L{LC,

Following the 9éhour splenocyte Tell assay, Tells were collected by removing the
secretome and centrifuging cells at 400xg for 5 minutes. Cells were washedrAZ Hi
buffer and placed in a 9&ell round bottom plate Viable CT26 cells were stainediwi
Carboxyfluorescein succinimidyl es(@SFE)(Invitrogeahd added to the 96vell plate

with the CTV stained and stromal ceti-cultured and primedT cells in a 1:10 ratio
(CT26:Tcell). The plate was incubated for 16 hours at ®7. After 16 hours the
secretome was collected, and cells were trypsinized before centrifugation. Sytox AAD

was added to wells before assessing % death and cytotoxicity by flow cytometry
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Figure 25 Gating strategies to measure T cell cytotoxicity, agasured by the percent of

CT26 cell death

Following ceculture withMSCs +/conditioning +# SI, CTV+T cells were collected and included
in coculture with CSFE+CT26 cells. CT26 cells were identified €&3SEEY cells and death was
assessed using sytpwsitivity. Gating examples for (A) FMOs and (B) stimulated control.
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ELISAs were performed on the secretome of theell cytotoxicity assay and the

RAW264.7 macrophage phagocytosis assagcretome from these assays were

collected centrifugedat 800RCF to remove debradiquotedand stored in the80°C for

further analysis.Elisas used were ELISA MABeluxe Set Moues I1-:12/1L-23 (p40)

(Biolegend) and the ELISA MMEXeluxe Set Mouse TNF 0 . A 2 EISSASweR0 @
O2YLX SGSR |a LISN Y y dafeldescrideds bief fereh y & (0 NHzOUG A 2y

96-well plateswere coated with the capture antibodwashedwith Tris Buffered Saline-
Tween (0.05% ween) TBST)andblockedwith kit-specific diluentor 1 hour. Following

this, standards and samples were plated neat and incubated at room temperature for 2
hours on aplate shaker. The plate was washed, and the detection antibody was added
for another hour. The plates were washed and avWdiRP was added for 30 minutes.

Plates were washed and the TMB substate was added for 15 minutes at room
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temperature in the dark. $p solution was added and absorbance was read at 570nm
and 450nM. Standards were generated using kit specific standards and assay diluent.
Concentration range for TNFY  p n sV BjifyiYahd control Opg/miConcentration
range forll-12/1L.-23 (p40): 500g/ml-7.8pg/mL and control Opg/mlCalculations were

performed using GraphPad Prism.

217w! 2 HecnodTt th[!'wkKkl®[e¢eL WO ! b5 [/ h

15,000RAW264.7 macrophagewere plated per well in a 98ound bottom plate (Co
culture) or 96flat bottom plate (Phagocytosis assay). $00of DMEM+Glutamax
(Sodium pyruvate) (Gibco), supplemented with 1% penicillin/streptomycin (Sigma) and
10% fetal bovine serum (FishEclone) was adled to each well. RAW264.7
macrophages were incubated for 6 hours to allow &mtherence. Cells were then
washed andreated with 150pl fresh media (MO), 150ul 100nginFN? 6t SLINR G SOK 0
(M1) or 150ul 10ng/m IL-13 and Ik4 (Peprotech)(M2) and were left ® incubate
overnight. Following overnight incubation M1 macrophages were washed \&ack
treated with 150ul of 10ng/mh. LPS (Sigma) for a further 4 houFallowing this all
macrophages (MO, M1, M2yere washed with PB&nd were either stainedfor flow
cytometrycharacterization (CD11b, MHCPD1, Sirgh | Y R dr iBdluded it a&o-

culture assayasoutlined insection2.16.

Table 26 Flow cytometry antibodies for RAW264.7 surface characterisation staining panel
analysis

Target Reactivity Fluorochrome| Clone Cat# Supplier
CD11b Anti- APCCy7 M1/70 101225 Biolegend
mouséHuman
MHGCII (I-A/1-E) | Anti-Mouse FITC M5/114.15.2| 355321 Tonbo
U500
PD1 Anti-Mouse PE 29F.1A12 135205 Biolegend
Sirph Anti-Mouse PECy7 P84 144007 Biolegend
CD206 Anti-Mouse APC C068C2 141708 Biolegend
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MacrophageMSC ceculture assay

Polarized macrophagegere washed with PB&hd received 109 [of freshmacrophage
media. A further 100ul offresh MSGmedia which included 30,000 conditioned BM
MSCs was addedto appropriate wells and left to ceculture for 72 hours.Upon
completion of ceculture, cells were trypsinized for 3 minutes, washed and stained for

characterization by flow cytometry.

MacrophageCT26 phagodtgsis assay

Following the72-hour macrophageMSC ceculture, wells were washed with PBS and
received fresh media. 10,000 frozeDTVstained CT26 cells were then added to
appropriate wells and the ecoulture was left for a further 16 hours. Prior to the assay
CT26 cellhad beenstained with CTV (Invitrogen) and frozen-80°C for 1 hour
Following 1éhours @lls weretrypsinised,collected, washegstained with CD11b and
Sytox AADand anon flow cytometry Phagocytosis was defined as CDIcHils which
had taken up CTV stained CT26 cells and now expressed CTV*@¥).1b
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Figure 2.5 Schematic of phagocytosis assay and gating strategy to identify COUIIW
macrophages Macrophages were coultured with conditioned stromal cells -+/SlI
pretreatment for 72 hours befordead CTV stained CT26 cells were included in thaultore

for a further 16 hours. Phagocytosis was measured as %CDIM DB cells A) Schematic of
macrophage phagocytosis assay. Macrophages, which had previously been in contact with
stromal cells, were then included with CB¥ained CT26 cells and % of uptake was measured
24 hours later (B) Gating strategies for the identification of live CIZIMMmacrophages after
phagocytosis assaymage gnerated with Biorender.
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Greiss assaywere performed on the secretom collected from the phagocytosis assay.
The standards were generated from 50mM NaN@Rited with the appropriate media
Seven twdfold serial dilutions to produce standards for the standard curve was
performed.Greiss reagent 8¢ Sulfanilamide, 9rPhosphoric acid, 29 1lbwater) was

added to reagent B (0.99 -(1-Naphthy)ethylendiamine dihydrochloride, @m
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phosphoric acid 291 hwater) in 1:1 ratio to generate reagent C. Standards and samples
were added to flatbottom 96 well plate, reagent C was thedded. Absorbance was

analysedmmediately at 543nMCalculations were performed using GraphPad Prism

220Laa! bhl L{¢h/ 1 9ahC!I[! dbb [/ KLHEWO/ ¢! [
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Immunohistochemical analysis was performed by Professor Sean Hynes (Department of
pathology, UCHG).

Sections were taken from formalin fixed paraffin embedded (FFPE) tumour tissue blocks
cut between 35 pM thick, with a rotary microtome. Sections were s&d with
haematoxylin and eosin. For immunohistochemistry, both CD3 (Thermofisher) and CD8
(Dako) markers were used on the automated BondMax system (Vision Biosystems). The
slides were scanned using an Olympus (VS120) scanner at 20X optical magnifibation.
scanned images were analysed as .VSI format files. Positive cell quantification in stroma
and tumour cells were subsequently carried out using open source QuPath software
[527]in a 10X field with standard settings for stains and witihr@s$hold sensitivity of

0.3. The identification of tumour/stroma was done manually by a consultant
histopathologist prior to quantification. Three separate representative fields per section

were assessed for both tumour and stroma at 10X magnification.

2211 ''ab t.al/ L{h[!'¢LhbD

Primary healthy humanlbod wascentrifuged at 400 x g fd& minutes The supernatant
was discarded, and the pellevasresuspended in ACK buffer for 5 minutes at room
temperature before neutralization with FBS containing me@iallsvere counted using
the tryphan blue method and hemocytometer PBMCsavere either frozen down in
liquid nitrogen or used immediately for emltures. For immunosuppression assays,
cells were stained with CTV using the Cell Trace Proliferatigmkiroger). Cells were

protected from light and incubated at room temperature for 20 minutes, vartexvery
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five minutes. Meth was addedand cells were washed twice. Cells were activated using
CD3/CD28HumanT-activator dynabeads (Gibco)his researclwas approved by the
local hospital ethics committee according to the requirements of Irish regulations, and
it was conducted in accordance with the International Conference on Harmonization of

Good Clinical Practice Guidelines and the principles of tlotabxion of Helsinki.

2221 ''alb t.dal/[ ¢'hw9 2ILEE /bl Cf

On day 6x10* NAFs/CAFs were seedieda 6well plate with 2ni of complete human
MSC medium (RPMI 164®% FBS, 1% sodium pyruvate, HEPES1% iglutamine,

1% pestrep, n ® M 2mercaptoethanol 1ng/mL FGFand 200>M sialyltransferase
inhibitor. Cells were collected and reseeded with fresh media and inhibitor on day 3. On
day 6, NAFs and CAFs were collected, wastiedl added to a round bottom 9@ell
plateat 1x10 cellgwell. 1x1@stimulated CTV stained PBMCs were added, and the assay

was incubated for 96 hours.

C2NJ KdzYly /50 ¢ OS¥Ifd2al2yWNI/A5/dd &KESS GHar2y? { YANTIQ

used. CD3T cells were positively selected for T cell specdicultures.

Proliferation and cell surface expression was measured oiCiftek Northern Lights
Cytometer.

Table 27 Flow cytometry antibodies for PBMC surface staining panel analysis

Target Reactivity Fluorochrome| Clone Cat # Supplier

CD4 Anti-Human PEDazzle OKT4 317448 | Biolegend

CD8 Anti-Human BV510 SK1 344732 | Biolegend

CD11b Anti- BV711 M1/70 101242 Biolegend
Mouse/Human

CD56 Anti-Human PECy7 5.1H11 362510 | Biolegend

Proliferation | Proliferating Cell Tracg N/A C34557 | Invitrogen
cells Violet

Siglee7 Anti-Human Vio-Blu N/A 130-100- | Miltenyi

969 Biotec
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Siglee9 Anti-Human Vio Bright FITC| N/A 130-107- | Miltenyi
607 Biotec
Siglee10 Anti-Human PE N/A 130-117- | Miltenyi
895 Biotec
PD1 Anti-Human FITC EH12.2H7 | 329904 | Biolegend
Viability Dead cells Sytox AAD N/A S10349 | Invitrogen

223b+L+h ah'!{9 ah59[ hC /h[hwo/ ¢!l [ /!

Tumours were induced iB¢l4-week-old BALBc female mice by subcutaneous injection

in the right flank of 5x1® CT26 cells +/1.5x13 MSCs (with previous vitro pre-

conditioning) in a total volume of 100ul PE=&ch experimental group consisted of 5
animals(15 animals in totain vivoset up) Tumour growth and weight was measured

daily until sacrifice on day3lpost injection. At dg 13, animals were euthanized using

CQ and cervical dislocation. Tumours were measured and harvested frongthiglank

and, where metastasis had occurred, the peritoneum. Tumour width and length was
measured using digital callipers, and volume wasutaled using the rational ellipse

formula (M¥2XM2E - k c 0@ { LI SSy = RNJI A-gfdinhd lynpe notldk  y 2 RS
were also harvestedlumours developed in-8 animals of each experimental group.

Day 0 Day 13

T Y
AL Y N

\q\\:\ X Q

Monitored for
14 days

5x105CT26 cell Harvested tumour, spleen and
5x10° CT26 + 1.5x10°MSC™s draining lymph node
5x10°CT26 + 1.5x105 MSCTes*s!

Figure2.6 Schematic ofn vivoset up. BALBc micereceived a subcutaneous injection of 5810
CT26 cells, 5x1CT26 and 1.5x20MSCor 5x1G CT26 and 1.5x2MSCSn their right flank

on day 0. Mice were monitored, with weight and tumour size measured, daily before being
sacrificed on day 13mage @nerated with Biorender.
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Tumours were digested using the mouse tumour dissociation kit (Miltenyi Biotec 130
096-730), according to kit guidelines. Spleens, draining lymph nodedraining lymph
node and any metastatidumour tissuewere mechanically disrupted, and single cell
suspensions were obtained. Cells were placd#B& andvashed. Cells were centrifuged
at 400 x g for 5 minutes before erythrocytes were lysed using ACK buffenforubes

on ice. ACK buffer was neutralized using ten times the volume ofaneélls were
washed and countedusing the tryphan bluexclusiormethod. Cells were stained with
markers of interest, outlineth table 2.3 For cell surface stainingells wee incubated

for 15minutes at 4C in the darkGranzyme B required intracellular staining. Cells were
first stained with zombie violdBiolegend for 10 minutes at room temperature, washed
and stained with surface cell markeFollowing cell surface staig cells were washed
twice and fixed with 2%ixation buffer(Biolegend for 20 minutes, at room temperature

in the dark. Cells were washed and then resuspended in intracellular bBitdegend
and centrifuged at 600xg for 10 minutes, supernatant wiessarded,and cells were
centrifugedfor a further 5 minutes in intracellular buffer. GranzyméBlegend)tain
was made up in intracellular buffer and stained for 15 minuté€, 4n the darkCells
were washed twice, resuspended in 15GACdDuffer and run on the cytek northern
lights.

Table 28 Flow cytometry antibodies for immune infiltrate characterisation staining panel
analysis

Target Reactivity Fluorochrome | Clone Cat# | Supplier

CD45 Anti-Mouse BV510 30-F11 103138 | Biolegend
CD3 Anti-Mouse FITC 17A2 100204 | Biolegend
CD8 Anti-Mouse BV711 56.6.7 100748 | Biolegend
CD4 Anti-Mouse PECy7 GK1.5 100422 | Biolegend
Sytox AAD| Dead cells Sytox AAD S10349| Invitrogen
CD69 Anti-Mouse PEDazzle H1.2F3 104536 | Biolegend
CD25 Anti-Mouse BV605 PC61 102036 | Biolegend
SiglecE Anti-Mouse PE M1304A01 | 677101 | Biolegend
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Granzyme | Anti-Human/Mouse | PE QA16A02 | 372208 | Biolegend
B
Sytox Blue| Dead Cells Sytox Blue N/A S34857 | Invitrogen
CD11b Anti-Mouse/Human | BV421 M1/70 101236 | Biolegend
CD49b Anti-Mouse FITC HMaz2 103504 | Biolegend
CD27 Anti- PECy7 LG.3A10 124216 | Biolegend
Mouse/Rat/Human

CD206 Anti-Mouse PEDazzle co68C2 141732 | Biolegend
MHGII Anti-Mouse PerCpCy5.5 M5/114.15. | 65 TONBO

2 5321 | biosciences

U100
SigleeG Anti-Mouse BV605 SH1 745207 | BD
Bioscience

Zombi Dead Cells Zombi Violet N/A L34955 | Invitrogen
Violet

225{ ¢l ¢L{¢L/ [ 'b![,{L{

Statistical analysis was performed using GraphPad® version 9 (La Jolla, CA, USA). Data

gl a FaaSaaSR T2N y2N)YI éPedrsbréommidudndmnalitg y dza A y 3
test. Data sets with two groups were analysed using unparquhiredt-test where

appropriate and is noted imdividualfigurelegends Data sets with more than two

groups were analysed by ordinaryogel @ ! bh+! F2f{ft26SR o0& GKS
Dunnetts multiple comparison testhere appropriate Results were considered

statisticdly significant at p < 0.0%.numbers are stated in figure legends for the

individual experiments.
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Patients with a high stromal ratio in the TME hawe worse overall survivatates and
diseasefree progressioncompared topatients with a lowerstromal density (69% vs
83.4% overall survival rat¢$28-533]. Stromal cells are known to enhanoaultiple
cellular mechanisms of tumour progression, includimgnunosuppression, although

the exact mechanisms by which they regulate these effecthe TMEare not fully
understood[528, 534, 535]Exploring and investigating poteal pathways by which the
stromal cells induce this immunosuppression could lead to novel methods of restoring
the antitumour functions of the immune cells in the tumowmd consequently may
result inimproved patient outcomes. Increasingour understamling of stromal celland

their mechanisms of immunosuppression the TME istherefore critical for the

development of novel cancer therapies

Sialylationis an essential process involved in embryogrowth, transmembrane
signaling, molecule stabilizatiorand neurodevelopment[267]. As well as regulating
many other cellular processes, sialylation is crucialtfier maintenance of immune
homeostasi$267]. Sialic acids modulate the immune response throughrthimdingby
siglec receptors on immune cells,ighbinding initiates an inhibitory downstream
signalling esponse, which suppresses immune cell activax®6]. Recent data shows
that tumour cells are hypersialylated, which is an effective mechanism of tumour
immune evasion[537]. The upregulation of sialic acid on the tumour cell surface
prevents immune cells from recognizindpem asmalignant cells permitting further
tumour growth [537]. Targetingtumour sialyation has shown promising results, with

improved immune infiltration and overall survival iroosein vivo model$495].

Considering the immunosuppressive properties of stronalscthis thesisaimed to
investigate if the tumour microenvironmentould alter stromal cell sialylation
expressionsimilar to what is seen with cancer cedlad if their sialylation profile played

a role in theinmmunosuppressive properties.

Utilizinglectins, such aSNAI and MALII, which bind to and recognize the sialic acid

sugars at the end of glycoconjugataiowed thedetection ofoverall sialic ad changes
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on the cell surface of tumour conditioned stromal cfli87, 538] While the use okiglec

Fc chimeraprovidedinsight intothe levels ofigandsfor specific siglec receptors

Targeting sialylation on cancer cells has bgmwnto significantly improve the immune
responseand shoveé promise as a potential target to overcome immune resistance
[400]. The use ofthe sialyltransferaseinhibitor, 3FaxParacetyl Neu5Ac, nen
discriminately inhibits sialyltransferasaed has beeshown to enhance the infiltration

of CD8T cellsn in vivomurine pancreaticmodels[539]. This inhibitor was choselfor

this study due to its nowliscriminatory sialyltransferase inhibition, allowing for a stable

and nonspecific reduction in the levels of cell surface sialic acid.

In this chapterthe researchfocuswason the impact of the colorectal cancer tumour
microenvironment on regulating the levels of sialic acid and siglec ligands on stromal

cells. Using multiple modelst wasfound that MSCs exposed to tumour secretomel an
LINAYEFNE /! Ca KIR StS@FIGSR tS@gSta 2F huzo fA
well as upregulated expression of sigiecand sigle® ligands.The sialyltransferase

inhibitor 3FaxParacetyl NeuS5Ac could significantly reduce the sialylatimfilp of

stromal cells, without effecting cell viability. RIDwas also identifiechs a potentially

sialylatedprotein expressed otumour-conditionedstromal cells.
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3.2.1TUMOUR CONDITIONING OF PRIMARY MOUSE ISCEOMINDUCESI
ENHANCED CELL SURFACE SIALIC ACID EXPRESSION

To investigate theffectsof tumour cell secretomeexposureon stromal cell sialylation,

anin vitrosyngeneic caulture system wasstablished PrimaryBALBc BM-MSCs were

cultured with CT26 colorectal cancer cell line secretdmehe presence and absence

of an inflammatory stimulu§NF") and stromal cell surface sialic acid expression was
assessedPrimary mouseBALBc MSCs as precursors to CAFagere isolated and
characterized65]. Tumoursecretome was collected frodT26 cells (TCS) and used to

condition the stromal cellsTo model theinflammatory CRC TMECT26 cells were

treated with TNF" and the secretome was collectehd identified aSfNFTCSKigure

3.1 (A)). The CMS4 TME is defined by inflammation and colorectal cancer patients
presenting with elevated serum concentration of the pnflammatory cytokine TNF

had poor survival outcomg$40]. One study found that patients with low serum levels

of INF' KIFIR F YSRAIY &adzNIDA JI {patidtsivd highTevetsy dn Y 2y
of TINFP  KIFR F &aA3IYAFAOFIYyGfe& NBR4rDB RontéastzZNIOA O f
healthy individuals have nearly undetectable levels of circulating-"TfH41, 542]

Considering the presence of high l&ef TNFr Ay O 2 f 2 N¥BaSiricorgoratéd: y O S NE
into our in vitro models by administering soluble TRF (2 O2ft 2NB OO0t OF y

culture.

CT26 cells ara murine colorectal carcinoma cell line derived fr&ALBc mice which

are highly immunogeni¢543] Cells were conditioned using a 60:40 ratiotafour

secretome to fresh media’2 hours after conditioning, cells were harvested &idA

sequencing was used to identify ciges in sialfransferase expressioim conditioned

celsand HZc YR huZo f Ay S RletaminedusingthelledthR S E LINE :
SNA | and MAL, kind subsequent fluorescent staining for flow cytometResults are

presented as relative fluorescent intensity (RFI), relative to the internal control in each
experiment, controls have RFI of far each biological replicateRNA sequencing

identified significant increases in ST3Gall, ST3@Ea@ue 3.1(B)(i)) ST6GalNac 4 and
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STeGalNadg-igure 3.1B)(ii)) in the various conditiong2 hours after conditioning (Day

4) suggesting that these sialyltransferases may be differentially regulated i kite

and could beimportant for stromal cell sialylationSialic acid expression is not

significantly upregulateat day 4(Figure3.1 (Q) but wasat day 7, with sialic acid

expression increasing in a time dependent man(fé@gure3.1 (D)). TCSconditioning
AAIAYAFAOI yit e Ay RdzOS Figuren3zl®)()a iiheréasTIIFTESDA R SE L
AYFELYYFO2NE O2yRAGAZ2YAY3I aAIYAFHRBY It & Ayl
(D)(i1)). This datahowsthat the CT26 tumour secretome does induce changes in stromal

cell sialylation,suggestingthat it could have an important role in stromal cells pro

tumourigenic properties
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Figure 3.1 Tumour cell secretomin the absence and presence iofflammation, significantly
upregulates stromal sialic acid expressiona time dependent manneMurine BMMSCs were
conditioned with tumour secretome +/and inflammatory stimulus and the expression of
sialyltransferase enzymes and cell surface sialic acid wassa$s@) Schemé#éc overview of
MSGCconditioning regime using tumour cell secretome $J©r inflammatory TCS (TWES)
fromCT26 cbs. B)v dzl Y GAFAOF GA2Yy 2F (S&@ 0O0A0 huIc F YR
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With the knowledge that 2,3 and" 2,6 linked sialic acid were differentially induced by

tumour cell secretome,the next aim wasto assess if this induction was due to

stabilization of sialic acid on the cell surface or through regulation by sialyltransferases.

Using thesialyltransferase inhibitor (SI), 3FBrracetyl Neu5Ac, the most effective

treatment regime to successfully rede cell surface sialic expressiaas optimized

(Figure 2) Conditioned MSCs were collectatiday 4and reseeded with fresh TCS or
TNFTCS and administered either 28 Sl(Figure 2(A)) or 400>M Sl (Figure 2(B)).

After onetreatment with 200>M SI, cells were reseeded amnetreated with another

dose of200>M SlI(Figure 2(O)).
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Figure 3.2 Sialyltransferase treatment optimizatioschematic (A) MSCcSand MS@ENFTCS
conditionings on day 1 and wereeseeckd, retreated with TCS, TNKS and 200>M of
sialyltransferase inhibitor3FaxPeracetyl NeuS5Ac (Stn day 4 sialic acid expression was
assessed by flow cytometry on day (B) MS&Sand MS@ ™ Sreceived conditions on day 1
before reseedingietreatmentand 40G-M of Slon day 4 sialic acid expression was assessed by
flow cytometry on day 7C) MSC%and MS®F™Swere conditionedon day ] were resealed,
re-treated andreceived200>M of Slon both day4 and day 7sialic &id expression was assessed
by flow cytometry on day 10mage g@nerated with Biorender.
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After conditioning cell surface sialic acid expression wasasured byflow cytometry.
Nontumour-conditioned MSCswere used as the experimental contrffigure 3.3)

After onetreatmentof 200oM S|y 2 &A3IYATFTAOlFIyiG RSONBIF &S Ay hy
was observedFigure 3.3(A)(), although ada A Ay AFAOF yi RSONBIa&asS Ay
expressionwvas observedFigure 3.3A)(ii)). One 40h M dose of Sl was better able to
NEJSNES (GKS AyRdzOGA2Yy 2F 020K SMisilgieddse/ R M H o
(Figure 3.3B)(i)(ii)). However, the duble treatment regime significantly redudsialic

acid expression in each condition and this treatment regi@s used for all murine

modelsfrom this point on(Figure 3.3O)(i)(ii)).
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Figure 3.3Sialyltransferase inhibitoisignificantyNS RdzOS& " HZc | yR hwuZo fAY]
conditioned MSCs in a time dependent mannd@rwo doses of 208M Slwasthe optimal dose

for cell surface salic acid reduction on CT26 conditioned stromal c81SCs +/ tumour

conditioning werdreated with varying doses of a sialyltransferase inhibitor and their sialic acid

expression was assessed by flow cytomelgpresentative bar graphs and histogramgA)f

RFI (Relative to MST™) 2F O6A0 huHuZc YR OMICTH M f Ay SR
MSCCS*SIMSCENVTCSand MSEFTCS*Skreated with 2000M SI on day 4. (B) RFI (Relative to

MSC) 2F OGAO0 hH3Ic YR MEEETHSMBEDMSCRIMSENRCSE AL £ A O
and MSCFS*Hreated with 400-M SI on day. (C)RFI (RelativetoMST™) 2F 6 A0 hwHwZc |
hwZo fAY] S RISEHEMEES MSHRFMSENSand MSEFCS*Sreated with

200>M SI on dayl and day 7Error barsare mean +t SD*p<0.05, **p<0.01, ***p<0.001,

< 000012 Y S 6@ ! bh+! I ¢ o33 dicdagicat répbcdites! 2 O ¢ Sa

As sialic acid is involved in a myriad of functjomsdiscriminately targeting
sialyltransferasesn conditioned MSCs could negatively impact their viability aatd

size To investigate the effects of targeting sialylation using @Bk stromal cell
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phenotype including cell morphologysingflow cytometrywas assessedJsing light
microscopy it was shownthat the administration of Sl did not induce visible
morphologicachanges in conditioned MSC3gure 3.4A)). Sl treatment had no impact

on MSC viabilityFigure 3.4(B)) or proliferation, as indicated bgell number counts at
the end of treament culture (Figure 3.4Q), in granularity and complexitfFigure 3.4
(D)), or size(Figure 3.4E). The extended incubation time with 2860 of Sltreatment
wassufficient to significantly reduce sialic acid expressutthout negatively impacting
stromal cell viability or phenotype, indicating that any changes in immunomodulatory

potential is due to reduced sialyation.
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Figure 3.4Analysis of stromal cell viability andell size followingextended conditioning with
200>M SI treatment The viability and morphology of stromal cells was assessed following
tumour secretome conditioning(A) Light microscope images of (i) MSCs,Mi§CSand (iii)
MSCNFTCS+/- sialyltransferase inhibitor treatmenBar chart of stromal cell (B) viability, (C)
proliferation, (D) granularity and (E) size in response to sialyltransferase inhibitor treatment.
Error bars mean +SQD Ore Way ANOVA, Téké Qa t 240341 20 ¢Sad yr
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In addition to assessing the impact on morphology and viabiiitg, expression of

several characteristic stromal markers, including the positive straratlphenotype
markers CBO (Figure 3.5(A)), CY3 (Figure 3.5B)), CD105Figure 3.5Q), and the
negative markers CD8Eigure 3.5D)) and CD8gFigure 3.5E)) were assessedlhere

were no significandifferencesn expression with either conditioning or sialyltransferase

inhibitor treatment, confirminghat the Sl inhibitor did not adversely affestromal cell

phenotype.
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Figure 3.5Sialyltransferase inhibitor treatment @l not significantly alter the expression of
characteristic stromal cell markers within conditioned groupStromal cell marker expression
following tumour conditioning was measured by flow cytomeRgpresentativéistograms and
bar charts displaying medidhuorescentintensity (MFI) for flow cytometric analysi$ stromal
cell surface markers at day 10 of extended conditioning regim&hfreatment. PositivgA)
CD90, (B) CD73 and, (C) CD105 stromagtersand negativgD) CD80 and (E) CD&6omal cell

markers wereassessederror bars mean +{ 5 X
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As stromal cells and CAFs &mown to be potentlyimmunosuppressive in the tumour
microenvironment the next experiment investigated whethertumour secretome
conditioning +# sialyltransferase inhibitor treatment altered the expression of
immunomodulatory ligands which atkenown to suppressnacrophage NKand T cell
activity (Figure 3.6)Macrophages are #hmost abundant immune cell type in the CRC
TME andimproving our understanding of the ligands which induce a tumour promoting
phenotype in macrophages may shed light on how we can repolarize the abundant
macrophage population to improve the immune resporiSd4]. In CMS4 patients,
there is a high infiltrate of suppressed CTLs, by enhancing our understanding of the
ligands which drive this suppressithe development of novel targeting therapies may
enhance the cytolytic functionsf these CTL&45]. The presence of NK ceilsthe CRC
TMEis associated with improved patient outcoraad understanding how ligands in the
TME can suppress NK functions improves our understanding of how the TME can
influence NK immunosuppressi¢46]. In CRCelevatedlevels ¢ PDL1 and CD47nd

low expression of CD24 associated with immunosuppression, metastaasisd poor
survival; regulated by their inhibitory effect upon T ceffsgcrophagesand NK cells
[547-549]. The aim of this experiment was itovestigate if the expression levels of these
ligands reflected whathas been shown ircancer cells and if their expression is
influenced by their sialgtion profile. Stromal cells were conditioned and treated as in
figure 3.2(Q(i) and (C)ii) and cell surfaceexpression ofimmunomodulatory ligand
expressiorwas assesselly flow cytometry Conditioning of stromal cellsith CT26 TCS

did not alter expression of the immunomodulatory ligands C4gure 3.6A)) or PD

L1 (Figure 3.6(Q) but did significantlyreduce CD24 expressioffFigure 3.6(B)).
Importantly, the treatment of these cells with SI did not induce a significant change in
expression within the grou@~igure 3.6A)(B)(0). CT26 TNFCS conditioning of stromal
cells significantly induced CD4{Figure 3.6(A)) and PDBL1 (Figure 3.6(Q) expression

and significantlglecreasedCD24expressior(Figure 3.6B)). S| treatmendid not induce
significant changes withitihe conditioned groups except for within the conditioning of

CT26 TNFCSwhere Sl treatment significantly increasBDL1 expressiolfFigure 3.6
Q).
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FHgure 3.6Inflammatory tumour conditioning of stromal cells upregulateCD47 and Pih1

expressionbut reduced CD24 Ligand expression on murine stromal cellscgnditioning was

assessed by flow cytometrtromal cells were conditioned as previously described aed th

expression of CD47, CD24 and PDL1 was assessed by flow cytometry onRigyrd€entative

bar chartsand histograms ofldw cytometry analysifor immunomodulatory ligand expression

shown asRFI (Relative to MST™) of (A) CD47 (B) CD24 and (C) PDL1 odM®ISCes+S!

MSCNFTCSand MSCEYFTCS*Shn day 10of treatment Error bars mean +/SD*p<0.05, **p<0.01,

*+n<(0.001, ***p<0.0001X hy S 21 & I bhzx! X :hxt] SeQa tz2aid 120 ¢

3.2.2STROMAL CELLS EXPRESS SIGNIFICANTLY HIGHERZ J6EMEDS2 QF
LINKEIBIALIC ACID THENLORECTRPRITHELIAL CELL LINES

Evidence suggests thahhancedtumour cdl sialic acid expressicacts asa’d A £ A O | OA |
a K A &fliaga knowrimmunosuppressiv@rotective role[333, 550] Therefore,the

aim wasto investigate if stromal cells had an altered or increased sialic acid profile
compared tocolorectal cancer cell lineBALBc BM-MSCs were conditioned with CT26

TCS or TNIFCSreatment as described ifigure 3.7 (A) As with previous experiments,

CT26 cells were cultureavith or without TNF" 2o 80% confluencyn T175 flasks and

analysed72 hourslater (Figure 3.7 (A)) 2,3 andh 2,6 sialicacids were detected using

the lectins SNAand Mal Il oncontrol and conditioneagstromal cells and CT26 celig

flow cytometry.Siglec ligand expression waseasuredusingFcchimerasfor specific

siglec receptorsin this casesiglecE, the murie orthologue to human Siglec 7/%as

used
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Figure 3.7Mouse dromal cells +f tumour secretome conditioning hd significantly higher

f SoSt a

2 T sidlicnakid Siaficagid] éddRsiglde ligand expression was assessed on

tumour-conditionedstromal cells and the CT26 cell line by flow cytometAy.Schematic of
stromal cell treatment regime and harvesting of cells flowf cytometry analysi. Relative

expressionof i " H X

Hoc Testn=4

c

£ Ay oS R Hashak f EAAGY 11 S siiER Edigandof@) O A R
CT26 cells relative tdSC%and (CICT26™ relative to MSEF%on day 10 of treatmentError
bars mean +/SD *p<0.05, *p<0.01,***p n dnnm2
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MouseBALBc MSCC%andMSCNFTCSK | R aAIYATFTAOlI yiGtf e KAIKSNI f S

than either CT26 cells or CFZBIFN O &ifgures3.7(B)(i) and (O(i)). There was no
significant difference betweenonditionedstromal cells and epithelial cells regarding
SELINB&AAZY 2 FigurelBXB)(i) ant (Ofi)} & siyle@RlifandFigure 3.7
(B)(iii) and (Q(iii)). Considering thepotential immunomodulatory role ofelevated
sialylation on cancerells, this data demonstrateghat the sialylation profile of

conditioned stromal cells maalsoplay a role in their immunomodulatory function

To investigate if theenhanced expression of sialic acid and siglec ligards in the
CT26 mouse model wednserved in human modelthe sialic acid profile diuman
BM-MSC<onditioned with either secretome from the microsatellite stab@MS3like
HT29 colorectal canceell line or the microsatellite instabl€MS1/CMS#ke HCT116
colorectal cancer cell lin&@M-MSCs were isolated from healthymanvolunteers and
characterizeds suggestetly the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Theraf@jhree biologically independent MS®nors

(Donors 161, 162 and 16@)re used in the following experiments.
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Figure 3.8 HT29 TCS and TNFS conditioned hBNMSCs hd significantly higher expression
OSf HCTHLEZNIB la@ISFRESA | £ A O |
conditioned hBMMSCs hd significantly higher expression of siglét and -9 ligands tlan
HCT116 cells +/TNFh. Sialic acid and sigldigand expression was assessed on hMSCs +/
tumour conditioning and colorectal cancer cell lines by flow cytometty). Schematic of
experimental set up. Representative bar charts and histograms for flow cytometry analysis of
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Using the experimental set wqutlinedin figure 3.8 (A)sialic acid expression of primary
hMSCawith either HT29 TCS/TNIKCS conditionin¢fFigure 38 (B)) or HCT116 TCS/TNF

TCS conditionin@~igure 38 (Q) wasassessedThe conditioning dBM-MSCs with HT29

TCS or TNFCS did not significantly alter their sialylation proffegure 38 (B)(i)(ii)).

hwIc Ay SvBssignKidaritiyh lighel @hAHR29 TNES conditionethMSCs

compared to the equivalentT29TNF" cells(Figure 38 B)(i)) F YR " HXZo f Ay 1SR
acidwashigher on both HT29 TCS and HT29-TREBIMSCs than the epithelial cell lines,

HT29 and HT29NF" (figure 3.8(B)(ii)). WhenhMSG were conditioned with HCT116

TCSr TNFTCSno impact on their sialic acid profileas observedFigure 38 (O(i)(ii))

and their expression was similar to tlepithelial cell line HCT116 +TNFh @sing Fc

chimeras, theexpressiorof both siglec 9 and 7 ligands on these conditioned hMSCs and

the epithelial cell linesvas investigatedThe conditioning of hMSCs with HT29 TCS or

TNF¢ / { RAR y20 aA3ayAFAOlIyGfte AYyONBFaS SAGKSI
not significanly increase the expression of ligands for sigiear siglee9 (Figure 3.8

(B)(ii))(iv)).

No clear trend was seen ioverall H 3¢ 2NJ hu>Xo tfAYy{SR &aAlrftAo |
hMSCs and HCT116 cé¢iggure 3.80(i)(ii)), however, this is not the caseof the more

specific sigle@ and siglec9 fc chimeragFigure 3.8(O(iii)(iv)). At baseline hMSCs

expresgd significantly higher levels of both siglécligand and sigle® ligands than

HCT116 cells +TNF" (Figure 3.8(Q(iii))(iv)). HCT116 TG®nditioning significantly

increase siglec7 ligand expression on hMSCs, while HCT116TIN-conditioning of

hMSCs increasktheir siglee9 ligand profile.

The HCT116 cell linedsfined as MSI with khighly aggressive immunogembenotype
classifiedas CMS1/4 like, whereas HT29 is defined as &fESmore CMS3 likgp51-

556]. Our research found that the secretome of the CMS4 like cell line induced changes
in the sialylation prolife of the stromal cells, but the secretome generated from the
CMS3 like cell line did not. Furthexsearch is required to investigate the mechanisms
behind these change3he upregulated siglec ligand expression seere mayindicate

a previously unknown method by which CAFs regulate their immunosuppeessi

functions
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3.2.3PRIMARY COLORECTAL CANCER ASSOCHBROBLASTS HAVE
SIGNIFICANTLY HIGHER LEVBEIA.WEATION THAN THEIR PATIENT MATCHED
NORMAL ASSOCIATED FIBROBLASTS

The next aim was to investigatenether stromal cells exposed to the colorectal cancer
TME had an altered sialylation profile compared to stromal cells which not directly
exposed to the TME. Through collaboration with Prof. Sean Hynes and Dr. Aisling Hogan,
primary colorectal cancer restions were acquired, and gross dissectiorwas
performed. Tissue was taken both from the tumour itself and a distance from the
tumour. CAFs were isolated from the tumour sections, while NAFs were isolated from

the tissue taken a distance from the tumourdiboth wereexpanded in culturéFigure

3.9(A)B)O).

A)

Colon resection X—_.( /ﬁ 1
\ - ) /

Colorectal cancer patient Cancer associated fibroblasts (CAFs)

Figure 39 Intestinal stromal cellswere isolated from primary patient colorectal cancer
resections Schematioof intestinal stromal cell isolation and expansion. (A) Colon resections
were removed fom primary colorectal cancer patients. (B) iS@=3e isolated from colon
resections using dissociation kits and (C) expanded out for characterization and further
experimerns.

The henotype of the culturedstromal cellswas confirmedbasedon adherence to
plastic their elongated shapdéFigure 3.10 (B)(i)(ii)and the presenceof the markers
t 5Dwwi I t,E2mRe5 . ED7akd/CD44, as well as the absetive mfarkerHLA
DR(Figure 3.1QA)(i)-(vi)).
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Figure 3.D Confirmation of stromal cell and CAF lineage on intestinal stromal cells through

cell surface flow cytometry Stromal cell markers were assessed on NAFs and CAFs by flow
cytometry. Representative histograms for flow cytometry analysis of NAFs and &&Fs

isolation. Histograms of rean fluorescent intensity (MFI) of (i) PDBFE 0 A A O it)2 R2 LX | y A
CD105,i¢) CD73, (v) CD44 and (vi) HDR on NAFs and CAFs. (B) Light microscopy ima@es of

CAFsand (ii) NAFfollowing isolatiorand culture 4x magnification, scale bar 200uEtror bars

mean ++ SDPaired T testp<0.05

Sialic acid expressiam NAFs and CA®ss assessed using fluorescently labelled lectins

and fc chimeras and levels were measured using flow cytom@AkEs express
AAAYATFTAOLIYGt & Y2NB 2Figued.d @)i)paddSsNlkd ligandsh ¢ & A |
(Figure 3.1 (Aiii)) than their patient matched control NAFRdowever, therewasno
AAAYATAOLIYHG OKIy3aS Ay (K FigheLINBXbiprsiget 2F hu I
7 ligands(Figure 3.11 (A)(iv)).This indicates thak S| f G K& day 2NX I f & TFTA0NEP
which are exposed to the tumour microenvironment giodergo changes resulting a

significant upregulation ofialic acid on the cell surfacerhich may contribug to their

immunosuppressive properties.
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Figure3.11 Stromal cells exposed to the tumour microenvirorent had significantly higher ,6

and siglee9 ligand expressionSialicacid and siglec ligand expression was assessed on primary

NAFs and CAFs by flow cytomeRgpresentative bar charts and histografosflow cytometry

analysis of NAFs and CAFs after isolation. Relative fluorescent intensity (RFI) (compared to

LI GASYyG YFGOKSR b!CO 2F O0A0 huwic fAY{1SR &aAalfAl
and (iv) siglec 7 ligan&rror bars rean +£ SD *p<0.05Paired T tesin=45.
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3.2.4PBL1AS A SIALYLATED LIGAND

In section 3.3.1t wasobserved that desialylated TNIFCS conditioned MSCs expressed
elevated levels of RD1 compared to their contrdFigure 3.6 (C))Io investigate if PD

L1 was sialylated and if its sialylation played a role il Bidding. MSTFTC%ells were
treated with neuraminidasewhich cleaves sialic acid from the cell surfade; 40
minutes. These cells were then incubated with the PBc chimera to assess if the Fc
chimera had altered binding profiles when sialic acid was cleaved from the stromal cell
surface(Figure 3.12 (A)(i))The highly sialylated MSECSgroup had increased PDFc
binding compared to the MS$€® and that this binding was significantly reduced in
the desialylated MS®FTCS+Neuraminidaggroup (Figure 3.12 (A)(ii))The engagement of RD

1 on both T celland macrophages inhibits their activation, resulting in suppressed anti
tumour functions[557, 558] The reduction of P2 Fc chimera binding seen in the
desialylatedgroup could indicate a reduced ability to suppress immune cell function,
restoring the immune response. This knowledge could open up novel avenues of
targeting and improve the response rate in patients traditionally consideredRibiti

1/PDL1 therapy resitant.

The fold change in PID1 expressionbetween onditioned stromal cells +/
neuraminidase treatmentvas assesselly western blof and a representative western
blot image is displayed highlighting the visual differences between béfidsre 3.12
(B)()(ii)). There was a shift in the size of the bandssessed by densitometric analysis,
for PDL1 expression in the MIETCS+neuraminidasgyrop compared to MSE"© and
MSCNFTCYFigure 3.12 (B)(ii)(iii))This size difference translated to a sfgrint increase

in the fold change of expression between grogpgure (B)(iv))The molecular weight
of PDL1 was also investigated andignificantshift in the molecular weight d1SCNF
TCS+neuraminidasge||s was observe@Figure (B)(v))This suggests that the neuraminidase
cleave sialic acid from P, resulting in a lighter protein with a smaller molecular
weight. This figureconfirmed that PDL1 is sialylated and that removing sialic acid

enhances our ability to detedt by flow cytometry and western blotting.
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Figure3.12Sialic acid is involved in RDL/PDB-1 binding. Schematic of stromal cell conditioning,
neuraminidase treatment, flow cytometry and western blotting protocols us€é) PDL1
expression assessed by flow cytometry and expressed as relative fluorescent intensity (RFI)
compared to control BMMSCspn TNFTCS conditioned BIMISC treated with neuraminidase.
(A)(i) Schematic of stromal cell conditioning, neuraminidase treatmentl ARz chimera
incubation and flowcytometry protocol. @)(ii) Relative fluorescent intensity of mPDFc
chimera binding on MSC, I8FTCS and MSE!FTeS+Neuraminidaggssassed by flow cytometrgB)(i)
Schematic of stromal cell conditioning, neuraminidase treatment and western blot protocol.
(B)(ii) Representative western blot image displaying the bands of différeattment groups.
(B)(iii) Densitometric analysis of western blot bands and the (iv) fold change in expressien of PD
L1 in MSEFTCSand MSE\FTeSHNeuraminidasgompared to MSC control. (B)(v) The molecular weight

of PBL1 in the MSTF®Sand MS@\FTGHNeuraminidasqyrops. Error bars mean +/SD *p<0.05,
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In this chapteit wasshown that

1 The TME induces sialic acid on stromal cells, which is differently regulated by
tumour cellinflammation.

1 Targeting sialyltransferasgasingthe sialyltransferase inhilot 3FaxPeracetyl
Neu5Ag significantly reduagsialic acid expression on stroneals.

1 Stromal cells have higher levels of sialic and siglec liganéxpression than
epithelialcelllines.

T ¢dzy2dz2NJ RSNAOGSR aiNRYlI KIFEGS aA3ayAFAOlIYyGfE
and siglee9 ligand than stroma derived from nanalignanttissue.

1 StromalPDL1 is sialylated and its sialylation profile can influencel Binding.
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In this chaptert wasshown for the first time that stromal celigalylation iglifferentially
regulated by exposire to the TME This thesis also demonstrated thatsialic acid
expression can bggnificantly inhibiéd usinga pansialyltransferase inhibitgindicating

that the effects are regulated through sialyltransferase actiifA seq dataalidated

that the STsnodulatedby tumour secretomeare ST3Gall, ST3Gal3, ST6GALNac4 and
ST6GalNac@dditionally, the stromal celkialic acid profile is significantly higher than
epithelial cancer cell lingsndicating its potentiatole in the TMEandthe regulation of
tumour progressionFinally, usingCAFS and NAF®m colorectal cancer fresh patient
samples it was foundthat stromal cells exposed to the tumour environment have a

significantly increased sialylati@md siglec ligangrofile.

Stromal cells exposed to tumosecretome have significantly increasedit ¢ f Ay 1 SR & A

acid and sigle€&/-9 sialylationprofiles.

CAB are highly immunosuppressive, tumour promotirgfromal cellswhich are
associated with a worse overall survival outcqraspecially in CRE659, 560] Sudies
havefound that completelyeliminating stromal cellfrom the TMEhave detrimental
consequencept74]. Onepre-clinicalstudy found that thenon-specific depletiorof FAP
stromal cellsresulted in significant cachexia andanemia [474]. Therefore the
identification of CAF specific markers may be required before the depletion of @AFs fr
the TME becomes a valid therapeutic optichmore rational approachmay beto
identify tumour induced mechanisms of CAF immunosuppresanoitarget these so

asto not impact normal stromal cells homeostatic functions.

Targetingthe immunosuppressive effects of the CA$an approach whichasshown
promising results. FARCAFsare the main producers of CXCL12 in the TME; -€XCL
bindsto CXCR4 and acts to stim@atumour progression and metasta$8, 561563].
Using a model of pancreatic cancEeig et alobserved that the use of a CXCR4 inhibitor
prevented CXC12 binding, promoted €ell infiltration and could act synergistically with
anti-PD1 toreduce tumour burdenwhich could potentially improve patients response

to anti-PD1 therapy inclinic, improving patient outcomf37]. Identifying previously
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unknown mehanismsby which CAFs regulate their immunomodulatory effecis
provide additional targets for cancer therapy. This thesis has shown, for the first time
that primary humanCAF®f the CRC TMiiave elevated levels 6f 1 = ¢ diaficyadidS R
and sigle€9 expressionwhich could provide novel targets for immunothpres in clinic.

If an elevated sialylation profile on stromal cells and CAFs within the TME this may allow
for tumour specific targeting, as is seen with the elevated levels of HER2 in breast cancer
[513]. Tumour specific targeting is a desirable goal as it can enhance the efficacy of the
drug at the tumour site and redwe the potential for oftarget adverse effectfb64]. If

the sialylation profile of CAFs within the tumour is significantly higher than the healthy
epithelial and stromal cells surrounding the tumour, then this could prove to be a viable
target to enhance the induction of a tumour specific immune resporw®viing

immunotherapeutic treatment regimes.

Sialylation of PED.1 enhances its binding to the chimeric-PBeceptor.

PDL1 upregulation on tumour cells is a welown factor of tumour
immunosuppression, and PIL expression on CAFs has been confiraed negative

prognostic factor in several cancg&65-568]. Interestingly in stromal cell€onditioned

with inflammatory tumoursecretome PDL1 expressiomas significantlyipregulated

This effect was enhanced further following treatmenttomour-conditioned stromal

cells with sialyltransferase inhibitor treatment. This resuliises many compelling

questiong & dzOK I a3 W5 arfikodybinding ske®orfDOVam! th¥rebst |

mask detection and bindifg~ YR WLA& aAiAl §mM@ MNYKR oM IpdENT Rz
If PDL1 is sialylated andhis sialylation profile contributes to ligand maskng or
supressedindingby anttPDL1 therapiesit may explairthe low therapeutic response

rate seen irsometumours.

Novel research has shown thalhe glycosylation profile of RDL is critical for its
stabilization and immunomodulatory effexfc69, 570] Li et alfound that the halflife
of PBL1 isfour times higher when it is in its glycosylated form (¢gPL) compared to its
non-glycosylated form (ngRD1)[569]. Glycosylation of RD1 prevents its degradation,

prolonging the length of time it is expressed on the cell surface, enhancing its potential
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to bind of PD1 on CDS8T cell§569]. Li et alalso found that glycosylation is required for
PD1/PDL1 interactions, with a significant reduction binding when PIL1 was de
glycosylated[569, 571] They also confirmed that the glycosylation profile of-lAD
influences its immunomodulatory properties, with ngPD cells experiencing more T
cell mediated apoptosis than gRD tumour cellg569, 571] The development of
antibodies specifically targeting the glycosylated isoform ol.RDnay increase target
specificity, enhance T cefunction, and overcome therapy resistance. The-de
glycosylation of PID1 also improves its recognition by aRIDL1 anibodies enhancing
its signal in bioassay$ his thesisoundthat PD1 Fc chimeras have significantly reduced
binding to its ligand ontumour-conditioned stromal cells which have received
neuraminidase treatment. This suggests that sialylatitay becritical for PD1/PD-L1
interactions and thatdesialylatingPDL1 could result in reduced immunosuppressive
properties. Thighesisprovides evidence that RDlL-sialidase conjugatetherapeutics
could bea beneficialapproachin immunotherapy resistant patientSalidaseshould
enhance immune functiomn conjunction with the antPDL1 antibody, restoring an

effective cytotoxic CDJ cell responsgs72].

Further researclinto the role of PEL1 sialylation is required and this knowledgmuld

be important in the discovery of novel therapeutic targeting approaches.

Stromal cells express significantly higher levels of > ¢ diacgcld $hRnepithelial

cancer cellines.

Hypersialylation of cancer cells is now an accepted hallmiacamcer progression and

has been directly implicated in the immunosuppressive properties of cancef&&Ns

573575]. Sialylated ligands on cancer cells bind to siglec receptonsnamune cells

resulting in an inhibited immune response, for examphemultiple myelomacancer

cells have been found to evade NK ce#diatedkilling through the upreguation of

ligands for both sigleZ and-9 [576, 577] The high levebfh H ¢ f Ay 1 SR &aAl f A C
siglec9 ligands found to be expressed by roonditioned stromal cells indicates that

sialylation plays a critical role in their homeostatic propertasi this is also reflected

in the fact that an extended treatment witthe sialyltransferase inhibitor is required to
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reduce expressionTherefore, it may be important to ensure that therapeutic
approaches targeting sialylation on stromal cells are specific to CAFs in the TME, in order

to reduce the chance of etarget adverg effects.

Consideringhe high levelof sialic acid and siglec ligands on CAfigractions with
siglecson immune cells in the TMiB likely to occur and lead tammunosuppression
through siglec interactiongn stroma rich tumours, including pancreatic acolorectal
cancer the stromal cells are the firgboint of contact of infiltrating immune cells
strongly influencing their functional outcomf35, 578581] CAFs secrete ECM
componentswhich causammune cellssuch as T cellsp localize in the strorm and
0S02Y D P3a i dizyhfiltéate 3nto dhd tumour andperform their cytotoxic
functions[582-584]. This provides increased opportunities for the CAFs to interact with
and suppress immune cell functions and theexpression of stromal and immune
markers are associated with worse progndsB85]. The high levels of sialic acid on the
stroma likely results in increased siglec bindimghibition of immune activation and
promotestumour progression.Reducing or removing sialic acid from the stromay
allow for increased infiltration of immune cells into the tumour aedhanced
cytotoxicity. This could be investigated using complex 3D and fluidic models,

incorporating tumour cells, stromal cells and immune ¢ellsessing theinteractions.

Thisdata shows, for the first time, that stromal cells and CAFs have differentially
regulated sialylation profiles in thEME,and it was hypothesizé that sialylation isa
previously uknown mechanismby which CAFs can regulate their immomodulatory
functions As CAFs have significant interactions with immune cells such as macrophages
and T cells in the TME, expanding our knowledge on how they influence each other could

provide information on novel pathways by which to target tumoumunosuppression.

With the knowledge that stromal cell sialylation is upregulated when exposed to the
TME and that this upregulation can be inhibited using a sialyltransferase inhibitor, the
role of sialylation on stromal cells and if it contributes to their immunosuppvessi

propertiescould now be investigated
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In chapter 3it was confirmed that sialylation is differentialipducedon stromal cells
exposed to the tumour environmertompared to healthystromal cells It was also
observed thatumour-conditionedstromal cells expressesignificantlyhigher levels of
sialic acid tharepithelialcancer cellines. knally, CAFs isolated from the tumowurere
confirmed tomaintain thar tumour imprint, expresagsignificantly more sialic acid and
siglec ligands than their healthy patient matched NAF&refore the aim of this next
chapter was to investigate if thelevatedsialylation profile of stromal cells and CAFs

influenced their immunomodulatory propertse

CAFs are the most abundant cell type in the colorectal cancer TME and play a major role
in tumour progressionprognosis and have also been implicated imodulating the
immune respons@&nd shaping an immunosuppressive T[@8, 586588]. Yavuz et al
discoveredhat CAFs recruit monocytes via MCRnd SDH secretion andnducetheir
differentiation towards a TAM phenotyp®89]. Other studies have shown that CAFs
recruit CDACD25 T cells and promote their differentiation towardso¥3" Tregs
through CXCL12 secretidf90]. In pancreatic tumours, CAFs have been found to
suppresscytotoxic CD8T cell proliferation and induce their expression of exhaustion
markers TIM3, LAG and CTLA [591]. Understanding the crosstalk between CAFs and
immune cells in the TME is essent@mlovercome therapy resistance and enhance the
immune response. This body of work aimed to identify previously unknown mechanisms
by which CAFs reguéathe immune response. As an upregulation of sialic acid on CAFs
exposedto the TMEwas confirmedin chapter 3 further investigaibn into if their

sialylation profilecontributedto their immunosuppressive functiongas performed

Aberrantsialylationis awell-establishedhallmarkof cancer, with many sidlyglycans
known tofacilitate invasion angiogenesisgand immunosuppressiop37]. In melanoma,
tumour infiltrating T cells were found to have upregulated levels of s@Jeand this
significantly mhibited cytotoxic functions of T cells once bound to si§ldigands on
cancer cell§460]. Sialylated MUCIis known topolarize macrophages twardsa TAM
phenotype, which can be inhibitedusinga siglee9 blocking antibody[398, 424] In
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ovarian cancer the presence of siglHe on TAMs suppressed their phagocytic function
[431]. Dysregulatedsialylation on tumour cells contributes significantly ttheir
immunosuppressive functions arttliis thesisproposes that the sialylation profile of
stromal cells and CAFs in the TME could be a previously unexplored method by which

CAFs regulate their immune response.

Several sialyltnasferases are known to contribute to tumour progression. For example,
ST6GAL2 is overexpressed in numerous cancers such as breast, ovarian, pancreatic, and
prostrate, and is associated with tumour proliferation and metastg5i82-594]
ST8SIA2 overexpression is linked to metastasis insnall cell lung cancer, and
chemoresistance in acute myeloid leukeni95, 596] However, as the sp#ic
sialyltransferases responsible for the upregulation of sialylation in the conditioned
stromal cells and CAFs in our model have not yet been identdieduchthis study

elected to use thenon-specificsialyltransferase inhibitgr3Fax-PeracetylNeu5ac The

use ofthis inhibitor allowed us to investigate the overall expressionf sialic acidbn

stomal cells could influence their immune modulating properties, withoffittarget

desialylationoccurringon the immune cells present in theo-culture systems.

In this chapteit wasshown for the first timethat stromal cell sialylation can suppress T
cell function,activation,and phenotypen vitrothrough celicell contact mechanism#
wasalso found that stromal cell sialylation could influence both NK cell and macrophage
phenotypes but not to the same extent as T cells. Inhibiting stromal cell sialylation
reversed T cell suppression and exhaustion, representipgtentially novel targetfor
restoring the immune rgponse in stromal dense tumoursTargetingstromal cell
sialylation, alone or on combinatiomith other therapies may provide novel strategies

which couldenhancemmune activation in the TME.
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4.2.1THE SALYLATION PRF OF STROMAL CELLS SUPPRESSES T CELL
PROLIFERATIAGNDACTIVATION

CMS4 tumours are characterized by a high immune infiltrate, howelespite this,
patients in this subtype have a poor overall survival r@i45]. These tumars are
characterized by a highly suppressimmune landscape, with elevated levels @H >
Tregs and TAME55, 597] In many case$ cells exposed to a tumour can develop a
dysregulatecexhaustedohenotype,expressing increased levels of TBYLAG3 and PD
1[598]. Exhaustedumour infiltrating T cells havesuppressedroliferation, activation,
and cytotoxicfunction [598, 599] Published research has shown that stromal cells are
highly immunosuppressive and ceeduceT cell activatiorj65, 600602]. To asses#
stromal cells were more suppressittean their syngeneic cancer cell linec-culture
systems were designed to investigate their suppressive effects on primary TCJ&l&.
TCS/TNAFCS BMMSCs and CT26-INFh  OSf f & ¢ S N&vell pllitdatdc® Ay |
cultured with primary cell trace violet (CTV) stained, CD3/CD28 adivsgienocytes
for 96 hours, as outlined iRigure 4.1(A) and (B). T cell proliferation and activation was

investigated using multicolour flow cytometry, with gating strategies as showigure

4.1(0.

As CT26 are rapidly proliferating cells, both Ca2é BMMSCswere irradiated ats-

Gray(5Gy)in order to halt proliferation of these cellg the caculture.
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Figure 4.1 Schematic of emlture assay setip and flow cytometry gatingA) CT26 cells +/
TNFh |y RMSCsa+ conditioning were collected and placed in a 96 well plat¢B)
Splenocytessolated from healthyBALBc mice were activated and stained with CTV before
inclusion into the ceculture. (C) Flow cytometry gating strategy for primary splenocytes
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Figure 4.2Stromal cells suppressl T cell expression o£D25 and CD69 to a greater extent
than epithelial CT26 cells +TNFh . Tumourconditionedstromal cells and CT26 cells were
included in a caculture with primary murine splenocytes. Following 96 hours ewauring T
cells were removed and their proliferation and marker expression was &sk@ssBar chart
and representative histograms @D4 T cell proliferatior(i) total percentageand (ii) greater
than 3 generation®f proliferation Bar charts showing the median fluorescence intensity of
the (jii) activation marker CD25 and the&)(éxhaustion marker CD69 on CDO4cells. (B) Bar
chart and representative histograms ©D8+ T cell proliferatiafi) total percentageand (ii)
greater than 3yenerationf proliferation. Bar charts showing the median fluorescence
intensity of the (i) adivation marker CD25 and the/{iexhaustion marker CD69 on CD8
cells Error bars mean +/SD *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, One Way ANOVA,
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CT26 cellsignificantlysuppresedCD4 and CD8T celltotal proliferation compared to
MSCCSwhile therewasno significantdifference betweerCT26N™ cellsand MSENFTCS
cells(Figure 4.2 (A)(i) and (B)(i)}T26 cells significantly suppred<CD4T cell but not
CD8T cell, proliferation greater than three generations, compared to the M$@up
(Figure 4.2 (A)(ii) and (A)(ii))-herewasno significant difference between the groups
CT26™F and MSCENFTCSin the suppression of proliferation greater than three
generations for either CD4or CD8T cells(Figure 4.2(A)(ii) and (B)(ii) CD25 marker
expressionwvassignificantly suppressed on T cells cultured with (#S&hd MSEVFTCS
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compared to CT26 and CT2¥" respectively(Figure 4.2 (A){) and (B)(i)). CD25 is
considered an activation marker, is upregulated around 24 hours after stimulation and
plays a key role in42 recognition603]. The significansuppressionn CD25 expression
may suggestan inactivatedT cellphenotype(Figure 4.2 (A)(ii) and (B)(i)CD69 is an
early activation markerlts expression in T cells declines 12 hours after activation
however, elevated expression beyond this timepoint indicates an estenulated
exhausted T cell phenotypfs04]. Recent research has showrat anti-CD69 antibody
treatment results in enhanced antiimour responsg605-607]. In this case, CT26 and
CT26™ induced significantly higher levels of CD69 on stimulated T celtspared to
MSCCand MSEFTCYFigure 4.2 (A)() and (B))).

Tumoukrconditionedstromal cells MSCNFTCS were as effective aisuppressingcD4 T
cellandCD8 T cellproliferation as CT28NF epithelialcellsbut are not as suppressive
as CT26 cells alorigure 4.1 (A)(i)(ii) and (B)(i)(i))Both CT26 and CTZ8" cells
induced elevated levels of CD2%igure 4.2 (A)(i) and (B)(i)) and CD69Figure 4.2
(A)(v) and (B)(#)) on activatedT cells compared to T cells cultured with M&Gr

MSCNFTCSsuggesting different mechanisms of T cell suppression

4.2.2STROMAL CELL IMMUNOSUPRESSIONJGICELONTAGEPENDENT

Mesenchymal stromal cells are knowngecrete a variety of factors such as cytokines
andchemokinesincludingilDO and TGF ¢ KA OK & dzLJLINE a p08611]J0St £  LINZ
To examine the effects of calkll contact versus secreted factors on T cells-autture
experimentwas establishedto compare the effects of stromal cells and stromal cell

secretome on T cell proliferation arattivationmarker expressionThe secretome of

MSC®S and MSCNFTCS was collected, and cell debris wasremoved through

centrifugation. Cell trace violet (CTstained, CD3/CD38 activated splenocytes were

cultured with 50%T cell media and 50% control MSC media or secretome of
MSCCPMSCNFTCScells Conditioned stromal cells were also harvested atated in a

96-well plate and cecultured with primary CTV stad, CD3/CD28 activated

splenocytes for 96 hours, as outlinedRigure 43 (A) and (B).T cellproliferation and
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activation was investigated using multicoldiow cytometry, with gating strategies as

shown inFigure 4.1

MSC<and MSEFTC%ells significantlinhibited both CD#and CD8T cell proliferation
compared to cell secretomavith MSENFTCells having the most suppressive effect on
total proliferation (Figure 4.3 (C)(i) and (D)())MSCCSand MSCEYFTCS cells also
significantlyreducedthe expression of the activation marker CD25 on both ‘Gibd
CDS8T cells however there was no significant difference @D25%expressioron CD4or
CDS8T cells exposed to cetkll contact compared to cell free secretor(ieigure 4.3
(C)(ii) and (D)(ii)).Interestingly, MSC°"l secretome significantly increased the
expression of thactivation marker CD2&mpared to MS&"! cells.(Figure 4.3 (C)(ii)
and (D)(ii) respectively. CD69 expression onoth CD4 and CD8T cellswas
significantly suppresseaapon culture withMScEomo! MSCESand MSEVFTCells(Figure
4.3(C)(iii) and (D)(iii))No significant differencevas seenn CD69 expressicon CD4 T
cells or CD8T cells when exposed to M5€cells compared to their secretome on
CD4 T cells exposed to M3TCScells versus their secretomgigure 4.3 (C)(iii) and
(D)(iii). However, there was a significant difference seen in the expression of CD69 on
CD8T cells exposed to M3€TCcells compared to their secretome, with cell contact
significantly suppressingxpression compared to secretome alofiggure 4.3 (D)(iii))
The secretome of MS&ldid not significantly affect CD69 in either COACDS8T cells
(Figure 4.3 (C)(iii) and (D)(iii)jhis data confirms thatimour-conditionedstromal cells
+/- inflammation suppresboth CD4and CDS8T cell proliferatiorand activatiorin a cell

contact dependent manner.
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Figure 4.3Tumourconditioned stromal cellsuppresed CD4and CDS8T cell proliferation and
CD25 and CD69 expressionacontactdependentmanner. CTV stained, activategplenocytes
were incubated with conditioned stromal cells control, or thar secretome for 96 hours.
Proliferation and activation markensere assessed by flow cytomet() Schematic displaying
the conditioning of BMMSCs and the generation of MS€&cretome(B) Schematic of T cell
immunosuppression assay systef@)(i) Bar chartsexhibiting the total perent of proliferating
CD4T cells, median fluorescent intensity (@ activation marker CD25 and the (iii) exhaustion
marker CD69 on CDA cellswhen exposed to MSE" MSCSand MSECSor their
secretome (D)(i) Bar chart of totapercentage of CDS8T cell proliferation (ii) the median
fluorescence intensity of the (iiCD25 and the (iii) CD69 on COB8cellswhen exposed to
MScontrel MSCCSand MSE&FTC%or their secretome Striped bas indicate celfree secretome.
Error bars mean + SD *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001Two Way ANOVA,
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4.2.3 STROMAL CELL SIALYLATION INDUCES AN EXHAUSTED T CELL PHENOTYPI
ANDSUPPRESSES PROLIFERATION AND CYTOTOXIC ABILITY

Next, the impact of sialylation o stromal cell mediated immunosuppressiavas
assessedSince increases in silayltransferase expressitnnmour-conditionedstromal
cellswas observeda pansialyltransferase inhibitor (SWyas usedto assess whether
targeting salyltransferase activity could reduce cell surface expression of sialic acids.
MSCCS MSCNFTCSand MSCento! +/- S| pretreatmentvere plated in a 9avell plate and
co-cultured with primary cell CTV stained, CD3/CD2Baied splenocytes for 96 hours.

T cell proliferation and activation was investigated using multicolour flow cytometry,
with gating strategies as shown in Figure.&1pretreatment was performed as shown

in figure 3.2 Cand efficacy was confirmed by flocytometry as shown ifigure 3.3 C

(i) and C (ii)

MSCNFTCSsignificantly suppressedooth CD4 and CD8 total proliferation, and this
effect was significantly reversed in MSECS * YFigure 4.4(A)(i)(ii)). MSCNFTCScells
significantly suppressed the expression of the activation magk@25 andnduced the
expression of CD69 and siglgca sialic acid receptor and the murine orthologue to
Siglee7/-9,on CD8T cellgFigure 4.4Q)(i)(ii)(iii)). SI pretreatment oMSCNFTCHid not
affecttheir ability to suppress CD25 expression CD&lls butdid significantly restore
CDS8T cellexpression of CD69 and siglE¢Figure 4.4 (C)(i)(ii)(iii))

These data indicage that stromal cellsexposed to the inflammatory TME are
immunosuppressiveand that tumour-conditioned stromal cells inhibit T cell
proliferation and indue an exhausted T cell phenotype. The inhibition of sialic acid
expression orntumour-conditioned stromal cells(MSCNFTCS$) significantlyinhibited
their ability tosuppress T cell proliferation and activatieajidatingthe hypothesis that

stromal cell sialylation plays an important role in their immunosuppressive abilities.
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Figure 4.4 Conditioned BNMSCs significanthguppresed T cell proliferation and activation

which wasreversed with sialyltransferasénhibition. CTV stained, activateghlenocyteswere

incubated with conditioned stromal celler control +/- Sl pretreatment for 96 hours.

Proliferation, and T cell subsets were assessed by flow cytom@yyBar charts for total

proliferation of(i) CD4 and (ii) CD8splenocytes with representative histografiisC) Bar charts

displaying median fluorescent intensity (MFI) for floptometric analysis of the T cell surface

markers (i) CD25, (ii) CD69 and (ii) siglec E on (B)a@®4C) CD8&plenocytesStriped bars

represent cells which received prior Sl treatmetror bars mean +/SD *p<0.05, **p<0.01,

**+n<0.001, ***p<0.0001> hyS 2| & ! bhzx! 3 hx& SeQa tz2aid 120 ¢

In a mixed splenocyte coulture system, iis not possible to determind the stromal

cells are acting directly or indirectly on the T cells. It could be that the siglec ligands
expressed on the stromal celle interacting with siglec receptors expressed on
dendritic cells, for example. This interaction could modulate dendritic cell activation and
interfere with antigen presentation and T cell primif@gl2]. To test if the effects
observed following ceulture were direct, CD3 T cellswere isolated from cell
suspensionsand their proliferation and activation followinga coculture with

conditioned stromal cellg/as investigated
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Stromal cells significantly suppressed T cell proliferatiothe CD3 sorted MSC co
culture experimentFigure 4.5 (A)(i)(ii)) This reduction in T cell proliferation was
comparably more evid# in this sorted culture than in the mixed splenocyteatdture
(Figure 44 (A)(i)(ii)). Pretreatment of MSC~Sand MSEFTCSwith the sialyltransferase
inhibitor was able to restore CD4nd CD8T cell proliferatior(Figure 4.5A)(i)(ii)).

The expression dhe activation markelCD25, was significantly reduced on CBdlls
when exposed to MSE"° and MSENFTCS and the pretreatment of MSENFTCSwith S|
significantly restoredhe levels of CD2%Figure 4.5B)(i)). Although CD25 levelsere
not significantly reduced on CDE cells cultured with stromal cells, MSEFTCS+SI
expressed significantly higher levels CD8 T cellsthan MSCENFTCS(Figure 4.5Q)(i)).
Interestingly there was no significant effect on the expression of CD69 on eithet CD4
or CD8T cellgFigure 4.5 (B)(ii) and (C)(iwhich was seen in the mixed splenocyte co
culture (Figure 4.4 (C)(ii))potentially indicating an indirect effect whiclequires the
presence of other immune cells, such as dendritic cells or macroph&igeeE
expression is significantly increased on both Gibd CD8T cells exposed to MS€©!
MSCCSand MSEFTCS(Figure 4.5(B)(iii) and (O(iii)). Sialyltransfease inhibitor pre
treatment did not induce a significant reduction in sigkeexpressior(Figure 4.5 (B)(iii)

and (C)(iii))as was seen in the mixed splenocyteatdture (Figure 4.40(ii)).

In conclusion the sialylation profile dfimour-conditioned stromal cells directly
regulated CD#Zand CDS8T cellphenotype, resulting irsuppressd proliferation and
CD25 expressiorgand anupregulaton of the expression of the immunosuppressive
receptor siglece. These effects could be reversed by ireatment with a
sialylatransferase inhibitor, confirming that the immunosuppressive effects of stromal

cells on T cell activation and proliferation is sialylation dependent.
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Figure 4.5 Conditioned MS@#ectly suppresed CD3 T cell proliferation and activation which
wasreversed with sialyltransferase inhibitionCD3 T cells were positively selected from single
cell splenocyte suspension, stained with CTV and activated by CD3/CD28[ €&}¥3 were
included in ceculture with conditioned stromal cells or control-+%l pretreatment. T cell
proliferation and activation was assessed by flow cytometry 96 hours |§grBar charts for

total proliferation of CD3sorted (i) CD4and (ii) CD8with representative histograms {8) Bar
charts displaying median fluorescent intensity (MFI) for flow cytometric analysis of the T cell
surface markers (i) CD25, (i) CD69 and (ii) siflec (B) CD4nd (C) CD8 cells Striped bars
indicated stromal cells which received prior Sl treatmdstror bars mean +/SD *p<0.05,
FFLF ndnmMZ FFrFLF ndnAamME FFFFLF ANPanmu3techntd 21 & | b
replicates

To test the cytotoxic function of T cells, T cells whichbheehcultured withtumour-
conditionedstromal cells +/SI treatmentor control stromal cellsvere removed from
the MSC ceulture and then included into eo-culture with CT26 cellsTheir ability to

induceCT26cell deathwas assesselly flow cytometry.
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Figure 4.6 The sialylation profile of M8€™SsignificantlyinfluencedT cell cytotoxicity
Following 96 houco-culture with conditioned stromal cells or control-8I pretreatment, T
cells were collected and cultured with CSFE stained CT26 cells for a further 16 hours. Cells
were collected and death was assessed by flow cytom{@rating strategies used tmalyse
cell death in CT26 cells cultured with primed T cells. CT26 cells were identified based on CTV
negativity and CSFE positivity. Representaiating strategies from (i) FMOs and (ii)
stimulated T cell controCelldeath was measured using sytox AAD stainjBgBar chart of
CT26 death following exposure to primed T cétsiped bars indicated cells which were
cultured withstromal cells whicthadreceived Sl treatmerirror bars mean +/SD *p<0.05,
*p<0.01,F LF ndPnnAmE FFFFLFANOAAAME hyS;n2l & 1 bhz! 3 ¢dz

T cells which had previously beenadtured with stromal cells +/SI treatment had a
significantly suppressed ability to induce CT26 cell dé&tjure 4.6 (B)However, there

was a sigificant increase in the percentage of CT26 cell death when T cells had been
previously cultured with MSEFTCS*Sicompared to MSTFTCS(Figure 4.6 (B)) This
indicates that the sialylation profile of stromal cells can influence the cytotoxic potential

of T cells, and this could be assessed further by investigating the levels of granzyme B

within the secretome of this cytotoxicity assay.
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Figure 4.7 T cellexposed to MSCNFTCSsecreted significantly increased levels of TNF

compared to control. Inductionwas significantly reversedwith pretreatment of MSCNFTCS

with Sl Supernatantfrom the cytotoxicity ceculture in figure 4.6 was assessed by EL(SA
BlSAanalysisof TNF £ S@Sft a Ay GKS &dzLISNYFGFyd FNRBY (GKS
pg/ml. Error bars mean +5D *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, One Way ANOVA,

¢dz]l S8Qa t:Bi 120 ¢S8aid

TNFh A a-inflamrhakbB/ cytokine whose exgssion is elevated in colorectal cancer

[541, 613, 614]Elevated TNF Ay GKS [/ w/ ¢a9 A ametasasiga, OAl 0 SR
invasion, tumour proliferation and suppressed cytotoxic CD&:ll activatiofi615-618].

This ELISA was performed on the secretome of the cytotoxicity asgyrna 4.6 In

conditions with T cells and CT26 cells only, a low level of TNFs F & RSGSOGSR A
secretome (Figure 47 (A)). In conditions where activated T cells were exposed to

stromal cells +/conditioning, before ceulture with CT26 cells, there was a significant
upregulation in TNE S E LINFE@mére\ & (A} In conditionswhere T cells were

cultured with conditiored stromal cells pretreated witthe sialyltransferase inhibifr,

MSCCS+Sand MSENFTCS*+SIhefore culture with CT26 cellthere was significantly lower

levels of TNF  LINFFag@e/4i7 (A)).

While this ELISAannot determine which cells arsecreting the TNF >hesé data
indicate that the sialylation profile of stromal cells influences-TNF{ $n@ Saculture

system
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4.3.4 STROMAL CELNDUCE A TAM PHENOTYPE IN MACROPHAGES THAT IS
INDEPENDENT OF STROMAL CELL SIALYLATION

Macrophagesancompriseup to about 50% of the tumour microenvironment and are

negatively correlated with overall survivi@19]. Macrophages wit the tumour are

often described as tumour associated macrophages or T/&MY. Both tissue resident
macrophages and recruitedacrophages exposed to the TME can be polarized towards

the tumour promoting TAM phenotype, which is now recognized as a unique population

separate from the Mdike inflammatory and Maike wound healing phenotypgs20].

M2-like macrophages are also tumour promoting and share many markers with TAMS,

such as the expression of CD206 and the secretion-b® ind TGF [620]. For the

purpose of thisthesi&€ an Y| ONRB LK 3Sa | gdBarizBdSr@dciuiedé R | a ¢
macrophages, Mlike are defined as antumour and M2like are defined are pro

tumour and representative of TAMs. Polarized macrophages (MO, M1(Af)re 4.8

(A)) were cultured with conditioned BNMSCs +/ S| pretreatment and theimarker

expression was investigated by flow cytometry after eculture (Figure 4.8
(B)(C)(D)(E)(F)Yheexpression of CD206, a wdkfined M2/TAM markenyvas assessed

and MS@FTCScellsinduced a significant increase in expressmnMO macrophages

(Figure 4.8 ©). MSCentol MSECS and MSENFTCS significantly suppressed the

expression oSIRF" Ay 620K an YR am YIONRLKIFISa 02"
cultured alone(Figure 4.80). SRR" A a |y AYKAOAG2 NBotheSOSLII 2N
CDA47 ligand it results in reduced phagocytds87]. The suppression seen esas
counterintuitive, as a reduction in an inhibitory receptor could imply an increase in
phagocytosis. The expression of-P@and MHAI are unaffected on the ceultured

macrophagegFigure 4.8 and §).
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Figure 4.8 MSTF"“Snduced CD206on MO macrophages and MS&'°, MSCand MSENFTCS

cells significantly suppressd SIRF

SELINB&aaArzy 020K

<
X0«

2y

an

Macrophages were polarized and included in a 72 looxgulture with conditioned stromal cells

or control ++ Sl pretreatment. Macrophage marker expression was assessed by flow cytometry.
(A) Schematic of macrophage polarization for MO to M1 or M2. (B) Flow cytometry plots of
gating strategies for macropigas in ceculture. Representative histograms and MFI bar charts
for (O CD206(D) Sirp" 3E) P®d1 and, ) MHGCII expression on MO, M1 and M2 macrophages
after coculture with MSE°l MSCCS MSCGNFTCS+/- S| pretreatment. Error bars mean +/SD

FLF ndnp

FFLFndAMZ

FFFLFn®dnnanms FFFFLFA®OGAAAMEZ
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This data indicates that inflammatotymour-conditionedstromal cells, MS®FTCS can
induce a more TAM like phenotype in RAW264.7 macrophages, upregulating CD206
expression and suppressingIRF. This M2iike polarization is independerf the

sialylation profileof the stromal cells

Macrophage phagocytosis is significantly suppressed in the colorectal canceantME
restoring the phagocytic potential of macrophages is an effective method to restore
cancer immunity and tumour clearanf@21, 622] The use of aMCD47 antibodies is a
clinically approved methodin haematological cancersfor the restoration of
phagocytosig§623-625]. Thishas been proven to effectively restore the ahimour
phagocytic potential of macphages in the TMEmproving patient outcome and
survival[623-625]. To investigate ifstromal cels suppressed RAW264céllsability to
phagocytose cancer celBnd if this ability was influenced by their sialylation prqofie
phagocytosis assay was develop&hagocytosis was defined as the percent of CTV

positivity expressed by CD1limacrophages, indicating uptake of CT3126 cells.

Inflammatorytumour-conditionedstromal cells MSCNFTCS significantlysuppressdthe
phagocytic potential oM1-polarized, but not naive MO or M2 polarized RAW264.7
macrophagesjn this experimental mode(Figure 49 (A}X(C)) The pretreatment of
stromal cells with a sialyltransferase inhibitor significantly resdotiee phagocytic
potential of the MZlike RAW264.7 macrophages, suggesting that the suppression
observedis partly sialylation dependentand targeting this interactionn vivo may

enhance tumour clearanggigure 49 (B)).
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Figure 49 Tumourconditioned stromal cellssignificantly suppressd M1 polarizedRAW264.7
cellsphagocytic abilityin a sialylation dependent manneiMacrophages were coultured with
conditioned stromal cells +SI pretreatment for 72 hours befordead CT\étained CT26 cells

were included in the ceulture for a further 16 hours. Phagocytosis was measured as %

CTVCD11bcellsfollowing 16 hour incubation with CT®T26 cellsThe percent of CD1HETV
(A) MO, (B) M1, and (C) M2 macrophagéter 16 hour cultire with CTVCT26 cellsError bars
mean +£ SD*p<0.050ne Way ANOVA S 6 SSy
Hoc Test#0<0.05 Paired ttest between MS&Sand MSC*S*$'and MSEFTCSand MSEFTCS*S!

n=3

a

TChafd MBEFECS cadg]/ S & Q &

In addition to analysing the phagocytic potentialmficrophages exposed to stromal

cells their secretomewas alsocollected and the expression garious cytokines and

small moleculesvasassessedThe secretome wascluded in aGriessassay to assss

levels of nitric oxid€NO) NO can exhibit both praand antitumourigenicproperties,

t2aid

and it generally accepted that macrophages initially secrete high levels of NO to induce

tumour cell apoptosis but as the tumour develops these macrophages are cormdition

to secrete lower levelsenhancing tumour growtfi626]. In figure 4.10 A, therewasa

downward trendin the levels of NO in wells which containederophage aloneontrols

compared towells where macrophagdsad been previously exposed stromal cells

(Figure 4.0 (A)(ii)). However there is no significant change WO leveldor either MO,
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M1 or M2 macrophagesegardless of por exposure tavMSEo"o! MSCCS or MSCENFTCS
cells(Figure 4.0 (A)(i)(ii)(iii)). The sialylation profile of the conditioned stromal cells did
not have any effect othe level of NO preser(Figure 4.0 (A)(i)(i1)(iii)).

An ELISA was performed to investigate levels of the p40 subunit, a component shared
by both IL12 and IE23[627]. The secretion of the prinflammatory cytokine H12 by
macrophages results in the activation of NK cells, as well adiffieeentiation of naive

T cells towards an antumour Thl phenotypg627, 628] In contrastthe secretion of

IL-23 by macrophages promotes tumour growth and metastfgis, 628] IL-12/IL-23

(p40) expressionwas significantly upregulated in theecretome of thephagocytosis
assy of wells which containedMO-like and MZtlike macrophagescultured with
inflammatory tumour-conditioned stromal cells(Figure 4.0 (B)(i)(iii)). While it is not
possible to discriminate between -2 and IE23 in this ELISA, considering the
established immunosuppressive effects of stromal cells on macrophages, it is likely that
the upregulation of the p40 subunit can be attributed to increase@3levels. The
sialylation profile of the conditioned stromal cetl&l not influence levels of 112/-23,

suggesting that sialic acid is not necessary for this immunosuppressive effect.
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Figure 4.0 1L-12/-23(p40) expression wasignificantly upregulated in the secretome of €o
cultures which incorporated MO or M2 macrophages, M8CSand CT26 cells compared to
controls, which was independent of their sialylation profilélacrophagesvere cultured with
conditioned stromal cellsr control ++ S| pretreatment for 72 hours, before CT26 eedire
included for a further 16 hours. Followingetthé hours the assagecretome was collected and
levels of nitric oxide (NO), IL12/IL23 and TNF gdssessedby griess assay or ELISA) NO

levels detected bysriess assagxpressed in UM/ml, secreted by control and stromal cell primed

(i) MO, (if) M1 and (iii) M2 macrophagefter 24hour phagocytosis ass@) I1L-12/1L.-23 (p40)

levels detected by ELISA, expressed in pg/ml, secreted byotant stromal cell primed (i) MO,

(i) M1 and (iii) M2 macrophagester 24hour phagocytosis asséf) TNR £ S@Sta RSSO0 S
ELISA, expressed in pg/ml, secreted by control and stromal cell primed (i) MO, (i) M1 and (iii)
M2 macrophages afte24hour ghagocytosis assa¥error bars mean +/SD *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001 n=3/4.

TAMs contribute significantly to the elevated levels of TINF LINB a Sy i Ay GKS ¢
elevated TN f Shas ben found topromote cancer cell proliferation and
metastasis[629-631] The secretome of MO and M2 macrophagadtured with

unconditioned MSCE°° cells prior to inclusion in the phagocytosis assayad

significantly higher expression of TNF (G K Iy Y I O NF¥Figilitd- 4D Ei)(iD)f 2y S

Interestingly, in all cases it seems that macrophages exposdamour-conditioned
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