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Abstract 
AdopƟve T cell therapies have revoluƟonised the treatment of haematological malignancies, 

where complete remissions up to 90% have been achieved, paving their translaƟon to solid 

tumours where standard treatments have failed or remain limited. Two types of adopƟve T 

cell therapies are chimeric anƟgen receptor (CAR) T cell therapy and tumour infiltraƟng 

lymphocyte (TIL) therapy. However, their clinical responses in solid tumours remain modest 

to date. This thesis focuses on improving the translaƟon of adopƟve T cell therapies in two 

solid tumours of significant unmet need, pancreaƟc cancer and appendiceal cancer. 

PancreaƟc cancer has an extremely poor prognosis (<15% five-year survival), and CAR T cell 

therapies targeƟng the tumour anƟgen mesothelin (MSLN) have exhibited limited clinical 

efficacy. Although MSLN is the most studied CAR target in solid tumours, its role in pancreaƟc 

cancer and potenƟal contribuƟon to the poor therapeuƟc efficacy remain unclear. To improve 

MSLN-targeted immunotherapies, we aimed to examine the clinicopathological and biological 

significance of MSLN in pancreaƟc cancer. MSLN expression in 74 pancreaƟc cancer paƟents 

was evaluated by immunohistochemical staining. PaƟents with high MSLN expression (H-score 

≥ 62) were significantly associated with improved relapse-free survival (p = 0.021). Analysis of 

bulk and single-cell RNA-sequencing datasets found that MSLN-high tumours were associated 

with an immunosuppressive microenvironment characterised by lower anƟ-tumour immune 

reacƟvity and reduced CD8 T cell abundance, which was further supported by 

immunohistochemical staining in a small paƟent cohort (n = 10).   

Appendiceal cancer is a rare disease with limited treatment opƟons. Immunotherapies were 

understudied and no adopƟve T cell therapies have been examined to date. We aimed, for the 

first Ɵme, to assess CAR T cell and TIL therapies in appendiceal cancer. Using paƟent-derived 

appendiceal tumour organoids, common tumour anƟgens MSLN and mucin-1 (MUC1) were 

shown to be expressed in 3 of the 4 examined organoids by flow cytometry and transcriptomic 

analyses. Two anƟ-MSLN CAR T cell products, SS1 and P4 CAR T cells, demonstrated effecƟve 

tumour killing of anƟgen-posiƟve organoids, as measured by impedance-based cytotoxicity 

assay. TIL expansion was tested and was successfully established from 73% (8 out of 11) 

appendiceal surgical Ɵssue specimens. Expanded TILs displayed a high (> 95%) CD3% fracƟon 

and upregulated funcƟonal responses induced by superanƟgen sƟmulaƟon, although no 
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consistent reacƟvity or killing was observed when co-cultured with their matched tumour 

organoid. 

Overall, the immunosuppressive associaƟon of MSLN in pancreaƟc cancer highlights an 

underappreciated barrier that should be addressed to improve MSLN-targeƟng adopƟve T cell 

therapies. In appendiceal cancer, CAR T cells, targeƟng MSLN or MUC1, could be potenƟally 

aƩracƟve and effecƟve treatment opƟons, while further opƟmisaƟon of TIL expansion is 

required. These findings provide crucial insights that could guide the development of more 

effecƟve adopƟve T cell therapies in these cancers of unmet need. 
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1.1 Overview 
AdopƟve T cell therapies have emerged as a novel treatment paradigm for cancers, 

experiencing a rapid growth globally with over 200 clinical trials iniƟated each year since 2019 

(1). These therapies rely on ex vivo manufacturing of live T cell products, which are then 

infused into paƟents for tumour-directed killing. There exist three main types of adopƟve T 

cell therapies – chimeric anƟgen receptor (CAR) T cell therapy, T cell receptor (TCR) T cell 

therapy, and tumour infiltraƟng lymphocyte (TIL) therapy.  

CAR T cell therapy has achieved remarkable success in the treatment of haematological 

malignancies with complete remissions (CRs) as high as 80 – 90% reported from clinical trials 

of relapsed and refractory (R/R) B-cell acute lymphoblasƟc leukemia (B-ALL) (2). Currently, 

seven CAR T cell products have been approved by the Food and Drug AdministraƟon (FDA). 

Five of these have been used for the treatment of R/R non-Hodgkin lymphomas (NHL) and B-

ALL. These include axicabtagene ciloleucel (Yescarta) (3), Ɵsagelecleucel (Kymriah) (4), 

lisocabtagene maraleucel (Breyanzi) (5), brexucabtagene autoleucel (Tecartus) (6), and 

obecabtagene autoleucel (Aucatzyl) (7). Two products, idecabtagene vicleucel (Abecma) and 

ciltacabtagene autoleucel (CarvykƟ) (8, 9), have been approved for the treatment of R/R 

mulƟple myeloma (MM), and are now being tested during earlier lines of treatment (1).  

TIL and TCR T cell therapies have recently received FDA-approvals for advanced, treatment-

resistant solid tumours. In early 2024, the first TIL product – lilfileucel (Amtagvi), received 

accelerated FDA approval for advanced (unresectable or metastaƟc) melanoma, following an 

objecƟve response rate (ORR) of 31% (48/153) in the pivotal Phase 2 C-144-01 study (10). In 

late 2024, the first TCR T cell therapy – afamitresgene autoleucel (Tecelra), received FDA 

approval for advanced synovial sarcoma in HLA-A*02-posiƟve paƟents with MAGE-4 anƟgen 

expression, based on an ORR of 43% (19/44) from the open-label, phase II SPEARHEAD-1 trial 

(11). Despite these recent successes, the translaƟon of adopƟve T cell therapies to other solid 

tumour types have not achieved comparable levels of clinical efficacy. 

This thesis will focus on two types of adopƟve T cell therapies: CAR T cell and TIL therapies, in 

two solid tumours of significant unmet need – pancreaƟc cancer and appendiceal cancer. In 

this introducƟon, we first outline CAR T cell therapy and TIL therapy, specifically detailing the 

design of CAR T cells and TIL manufacturing as criƟcal components to the success of these 
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therapies. We then summarise the clinical applicaƟons of CAR T cell therapies targeƟng two 

anƟgens of high relevance in solid tumours, mesothelin (MSLN) and mucin-1 (MUC1), along 

with the clinical trial landscape of TIL therapy. Lastly, we discuss the current challenges and 

advances in translaƟng these adopƟve T cell therapies to solid tumours, to provide insight in 

their applicaƟon in pancreaƟc and appendiceal cancers. In pancreaƟc cancer, CAR T cell 

therapy has been extensively tested but further understanding of the anƟgen expression and 

disease biology is required to improve clinical efficacy. In appendiceal cancer, adopƟve T cell 

therapies, to the best of our knowledge, have not been studied, providing an ideal avenue to 

pioneer adopƟon of CAR T cell therapy and TIL therapy in this rare disease.  

 

1.2 AdopƟve T cell therapies 

1.2.1 CAR T cell engineering 
In CAR T cell therapy, T cells are engineered to express arƟficial receptors targeƟng a tumour-

bound anƟgen. This redirects the cytotoxic potenƟal of T cells to promote tumour killing and 

has proven CAR T cells a powerful tool in cancer treatment. Success of CAR T cell therapy is 

mainly dependent on the idenƟficaƟon of an ideal target anƟgen as well as design of the CAR 

construct. Significant advances in CAR structural design, delivery strategies, and 

understanding of CAR T cell funcƟonal responses have been made to improve the efficacy of 

CAR T cell treatments.  

1.2.1.1 Standard manufacturing workflow 

To date, the manufacturing process of CAR T cell therapy has not undergone significant 

modificaƟons and remains relaƟvely standardised (12). 

Standard workflow of autologous CAR T cell therapy involves (1) obtaining peripheral blood 

mononuclear cells (PBMCs) from paƟent leukapheresis, (2) ex vivo acƟvaƟon of the T cell 

populaƟon, (3) CAR delivery, (4) expansion of CAR T cells, (5) harvest and release tesƟng, and 

(6) reinfusion of CAR T cell product, as illustrated in Figure 1.1. Current clinical-scale 

manufacturing of CAR T cell products costs approximately $40,000 - $60,000 USD per paƟent 

and can take 2-6 weeks (13, 14).  
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The main disadvantages of clinical CAR T cell manufacturing are its high cost, time 

consumption, and potential for production failures (as high as 14% in lymphoma 

treatment) (15). AlternaƟve CAR T cell manufacturing workflows, such as the producƟon of 

“off-the-shelf” allogenic CAR T cells, are also being explored, however none have been 

clinically approved thus far. Allogeneic CAR T cell manufacturing produces infusion products 

using T cells derived from a third-party source, such as the blood of healthy donors, in advance 

of paƟent demand. Ideally, these allogeneic products could be mass-produced, readily 

available and universal applicable to all paƟents, thus overcoming the main challenges in 

current autologous CAR T cell manufacturing. However, immune incompatibility arising 

between the donor and the recipient poses two major challenges in allogeneic CAR T cell 

therapy: graft-versus-host disease (GvHD), which leads to treatment toxicities, and graft 

rejection by the host immune system, which compromises long-term efficacy of the 

therapy (16). To overcome this, allogeneic products often exhibit additional modifications 

to disrupt the expression of endogenous TCR and human leukocyte antigen (HLA) 

molecules that are responsible for GvHD and graft rejection, respectively. However, 

knockdown of TCR compromises persistence of allogeneic anti-CD19 CAR T cells in a 

murine B-ALL model (17), while downregulated HLA class I can render CAR T cells to be 

susceptible to killing by the host’s natural killer cells (18). Clinical trials of allogeneic CAR 

T cells have not achieved similar levels of therapeutic efficacy observed with autologous 

CAR T cells, and efforts are ongoing to improve the persistence and safety of allogeneic 

products (19).  
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Figure 1.1 Generic workflow of chimeric anƟgen receptor (CAR) T cell manufacturing and 
design of CAR constructs. In standard manufacturing workflow, CAR T cells are produced via 
(1) leukapheresis, followed by (2) bead-based T cell acƟvaƟon, (3) delivery of CAR using a CAR-
carrying vector, (4) expansion, (5) harvest and release tesƟng, and (6) reinfusion into the same 
paƟent. A CAR construct includes a single-chain variable fragment (scFv) synthesised from the 
anƟgen binding domain derived from an anƟbody, connected to hinge/spacer region, a 
transmembrane (TM) domain, and intracellular domains for downstream signalling. In first-
generaƟon (Gen I) CARs, the intracellular signalling domain consists of a CD3ζ chain only. 
Second-generaƟon (Gen II) CARs contain one whereas third-generaƟon (Gen III) CARs contain 
two cosƟmulatory domains. AddiƟonal modules are incorporated in fourth-generaƟon (Gen 
IV) CARs for cytokine release and other coupled signalling pathways in fiŌh-generaƟon (GEN 
V) CARs. Figure was generated in Biorender.  

 

1.2.1.2 CAR design 

The design of a CAR construct generally consists of an extracellular anƟgen-binding domain 

connected by a hinge/spacer region and transmembrane domain to endodomains responsible 

for CAR T cell acƟvaƟon (Figure 1.1).  

The anƟgen binding domain is usually derived from the single-chain variable fragment (scFv) 

from an anƟbody, where the variable binding regions of heavy chains (VH) and light chains (VL) 
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are connected by a short linker sequence. This confers CAR T cells the ability to recognise 

anƟgens without HLA restricƟon, a requirement for physiological acƟvaƟon of T cells.  

The hinge/spacer region, mainly derived from CD28 and CD8, confers structural flexibility that 

enables the CAR to access its target anƟgen. Compared to CD28-derived hinge, CD8-derived 

hinge shows increased length and structural flexibility, which is more appropriate for targeƟng 

membrane-proximal epitopes or heavily glycosylated anƟgens (20). Choice of hinge/spacer 

domain has been shown to influence the formaƟon of immunological synapse and regulate 

the signalling threshold responsible for CAR T cell acƟvaƟon (21).  

The transmembrane domain, mainly derived from CD3ζ, CD4, CD8, and CD28, provides CAR 

anchorage in the cell membrane through a hydrophobic α-helix structure. This is generally 

considered an inert component in the CAR construct, although it has also been shown to 

regulate CAR expression on the cell surface (21),. 

Inherent in the endodomains of almost every CAR is the intracellular CD3ζ chain, which 

sƟmulates signalling via phosphorylaƟon of its three immunoreceptor tyrosine-based 

acƟvaƟon moƟfs upon anƟgen-recogniƟon. CAR constructs have evolved through several 

generaƟons, driven by improvements in the design of endodomains. In the first-generaƟon 

CAR, the anƟgen-binding domain was joined by the hinge and transmembrane domains to a 

porƟon of the CD3ζ chain as the only intracellular signalling module (22). However, these CAR 

T cells exhibit weak signalling, limited funcƟonal persistence, and low efficacy, highlighƟng the 

need for addiƟonal co-sƟmulaƟon signals (23). 

To improve signalling strength, second-generaƟon CARs inserts a cosƟmulatory domain in 

between the transmembrane domain and CD3ζ chain, while two cosƟmulatory domains are 

employed in third-generaƟon CARs (24). Choices of cosƟmulatory domains include CD28, 4-

1BB, OX40, CD27, and ICOS, with CD28 and 4-1BB being the most commonly employed in 

second-generaƟon CARs. To date, all FDA-approved CAR T cell products are second-generaƟon, 

as well as the majority currently being tested in clinical trials. Nevertheless, when directly 

compared, third-generaƟon CARs exhibited greater in vivo expansion and persistence than 

second-generaƟon CARs in paƟents receiving anƟ-CD19 CAR T cell therapies, highlighƟng their 

emerging potenƟal in clinical applicaƟon (25) 
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Fourth-generaƟon CAR T cells, known as TRUCK T cells (T cells redirected for anƟgen-

unrestricted cytokine-iniƟated killing) co-express key cytokines (such as IL-2, IL-5, IL-12, and 

IL-15) to counteract the immunosuppressive milieu of solid tumours and improve the in vivo 

funcƟonality of CAR T cells (26, 27). Designs of fourth-generaƟon CARs have been extensively 

tested in preclinical studies and are currently being translated for clinical evaluaƟon.  

Lastly, fiŌh-generaƟon CAR T cells acƟvate addiƟonal coupled pathways downstream CAR T 

cell signalling, such as JAK/STAT3, by incorporaƟng a cosƟmulatory domain responsible for 

transcripƟon factor binding (i.e. IL2-RB for STAT5 binding). Upon anƟgen recogniƟon, 

acƟvaƟon of the coupled JAK/STAT3 pathway provides addiƟonal sƟmulaƟon beyond CD3ζ and 

CD28 co-sƟmulaƟon, resulƟng in enhanced CAR T cell expansion, persistence, and sustained 

tumour control in murine xenograŌ models (28). However, fiŌh-generaƟon CAR T cells are sƟll 

in preclinical development and have yet to be clinically evaluated.  

1.2.1.3 CAR delivery 

In the FDA-approved CAR T cell products, CAR delivery into T cells was performed by 

transducƟon with a viral vector. In parƟcular, gamma retroviral vectors are used for 

axicabtagene ciloleucel and brexucabtagene autoleucel, whereas all the other approved CAR 

T cell products use lenƟviral vectors (29). Both types of viral vectors allow for stable, 

permanent CAR integraƟon into the host T cell genome to ensure sustained CAR expression. 

Gamma retroviral vectors can only transduce acƟvely dividing T cells, whereas lenƟviral 

vectors can transduce both dividing and non-dividing cells. AddiƟonally, gamma retroviral 

vectors preferenƟally insert transgenes in promoter and exon regions, whereas lenƟviral 

vectors preferenƟally insert transgenes in introns and intergenic regions (30). In both cases, 

such viral integraƟons carry inherent risks of inserƟonal mutagenesis. Importantly, cases of 

secondary T cell lymphomas arising from CAR T cell therapies have been reported (31, 32). 

However, current evidence does not implicate such secondary malignancies to be associated 

with viral integraƟon of the CAR construct; instead, reports have suggested that they are more 

likely to arise from lymphoid clonal haematopoiesis (31, 32). Nevertheless, the FDA has 

mandated 15-year long-term follow-up to monitor potenƟal secondary malignancies that may 

develop from inserƟonal mutagenesis in CAR T cell products (33).  
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While ex vivo transduction using a CAR-carrying viral vector remains the mainstream 

method of CAR modification, other CAR delivery methods are being explored. One of 

which is transfection of the CAR via electroporation, which circumvents the need to 

generate costly GMP-grade viral vectors (34). Transient transfection has generally been 

regarded as a non-toxic alternative to treatment using virally transduced CAR T cells, since 

any toxicity will be self-limiting due to the short life-span of the transfected CAR T cells 

(34-36). Transfection of the CAR construct can be done using electroporation of plasmid 

DNA (37), or more commonly, the messenger RNA (mRNA) (38). Electroporation-based 

transfection known as nucleofection can also directly deliver nucleic acids into target cell 

nucleus. This strategy is popular for delivering transposon/transposase systems, such as 

the PiggyBac and Sleeping Beauty systems, into cells to enable permanent insertion of 

the transgene into the genome (39, 40). These transposons are simpler and cheaper to 

manufacture and yields higher efficiency of stable gene transfer (39, 41). However, 

secondary malignancies arising from PiggBac transposon-manufactured CAR T cells have 

been reported in 2 out of 8 infusion cases from a Phase I trial, highlighting the safety 

concerns associated with this approach (42).  

Additionally, transfection of the CAR mRNA can be achieved by encapsulating the vector 

in lipid-based nanoparticles (LNPs), which are endocytosed by target cells and release the 

mRNA vector into the cytosol for CAR expression (43). Comparing to electroporation, LNP-

based delivery is shown to be less damaging to the transfected T cells while retaining 

similar levels of transfection efficiency (44, 45). This approach has also been utilised for 

the novel strategy of CAR delivery in vivo, which is gaining traction as a cost-effective and 

broadly applicable method of CAR T cell generation, with significant potential shown from 

preclinical studies. CAR T cells targeting fibroblast activation protein (FAP) have 

demonstrated specific killing of fibroblasts to reduce fibrosis and treat cardiac injury in 

vivo (43). Importantly, LNPs were engineered with an antibody-coated surface targeting 

the T cell marker CD5, which triggers receptor-mediated endocytosis upon contact with 

T cells. Without such modifications to confer T cell-targeting specificity, the majority of 

LNPs will be taken up by hepatocytes (46). Although most of the CAR modifications 

occurred in T cells, a small percentage (<25%) of non-T cells in the spleen (i.e. B cells, 

dendritic cells, and macrophages) was also modified. In addition to anti-CD5 LNPs, anti-
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CD8 LNPs have also been shown to successfully generate anti-CD19 and anti-CD20 CAR T 

cells from the CD8 T cell population in vivo (47). These CAR T cells achieved near-complete 

tumour clearance in a humanised leukemia xenograft mouse model and induced deep B 

cell depletion in cynomolgus monkeys, without evidence of significant LNP-mediated 

toxicities. Further optimisations in dosing, safety profiles, and efficacy remain necessary 

for the successful clinical application of in vivo CAR T cell delivery.  

1.2.1.4 FuncƟonal responses 

Upon engagement of CAR with its ligand, an immunological synapse forms and provides CAR 

T cells anchorage to the ligand-presenƟng target cells for subsequent release of cytotoxic 

granules (48). Unlike the convenƟonal well-organised immunological synapse between CD8 T 

cells and their targets, the CAR immunological synapse is characterised by loose distribuƟon 

of adhesion molecules (IFA-1), small acƟn ring formaƟon, and random micro-clusters of Lck 

recruited to CARs for downstream signalling (49). This results in CAR T cells exhibiƟng a 

convoluted immunological synapse with smaller size, which corresponds to faster signalling, 

recruitment of cytotoxic granule, and detachment from the dying target cell, compared to 

convenƟonal CD8 T cells (50).  

So far, studies on the downstream signalling pathways following IS formaƟon are limited for 

first-generaƟon CARs (51). Much of the interest has been on characterising signalling of CARs 

containing the CD28 and 4-1BB cosƟmulatory domains, as these have been incorporated in 

the FDA-approved products and are commonly used clinically. CAR T cells bearing the CD28 

cosƟmulatory domain were known to have more robust but short-lived proliferaƟon and 

effector funcƟons than CAR T cells bearing the 4-1BB cosƟmulatory domain, which had higher 

in vivo persistence and more sustained anƟ-tumour responses instead (24). Both 

cosƟmulatory domains can acƟvate canonical CD28 and 4-1BB signalling pathways (52). In 

parƟcular, signalling via the 4-1BB cosƟmulatory domain can phosphorylate endogenous CD28; 

while signalling via the CD28 cosƟmulatory domain phosphorylates LSP1, a signalling 

intermediate that can directly bind to endogenous 4-1BB and TRAF2. Downstream signalling 

is associated with pathways involved in endogenous TCR acƟvaƟon (i.e. MAPK, JAK/STAT, 

PI3K/AKT, and NF-kB) (53-55). However, CAR T cells bearing the CD28 cosƟmulatory domain 

generally have faster and greater levels of protein phosphorylaƟon, parƟally owing to a much 

stronger recruitment of Lck, and consequently display more effector-like phenotypes (52). In 
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contrast, CAR T cells bearing the 4-1BB cosƟmulatory domain show higher expressions of 

memory T cell-associated genes (i.e. FOXO4, KLF2, and IL-7R), and downregulated expression 

of effector molecules (i.e. IFN-γ, IL-2, granzyme B, and TNF-α). They also selecƟvely upregulate 

genes involved in faƩy acid oxidaƟon and mitochondrial biogenesis, as opposed to the 

primarily glycolyƟc metabolism profile adopted by CD28 CAR T cells, and have higher levels of 

anƟapoptoƟc proteins BCL-2 and BCL-XL (55, 56). Taken together, these factors explain the 

brisk response of CD28 CAR T cells and the funcƟonal persistence of 4-1BB CAR T cells 

following anƟgen sƟmulaƟon, contribuƟng to differences in their clinical performances (57).  

Following acƟvaƟon, the anƟ-tumour acƟvity of CAR T cells is mainly mediated by two types 

of effector funcƟons: cytotoxicity and cytokine secreƟon (58). Direct tumour killing by CAR T 

cells is mostly aƩributed to the degranulaƟon of perforin and granzyme B. Importantly, 

acƟvated CARs confer granzyme/perforin-dependent cytotoxic capacity to CD4 T cells, which 

convenƟonally do not play a major role in cell killing.  Compared to their CD8 counterparts, 

CD4 CAR T cells secrete lower levels of cytolyƟc granules (granzyme B and perforin) and 

parƟcipate in killing at a slower rate; but are less suscepƟble to acƟvaƟon-induced cell death 

following cytotoxic responses (59-61). When tesƟng the effects of intrapleural infusion in vivo, 

iniƟal cytotoxicity mediated by early CD4 CAR T acƟvaƟon was essenƟal for kick-starƟng anƟ-

tumour immunity, which led to the eradicaƟon of primary and metastasised tumours that 

were not achievable during convenƟonal systemic CAR T cell administraƟon (62). In addiƟon, 

a defined CD4:CD8 raƟo of 1:1 in the CAR T cell product has been shown to confer synergisƟc 

and superior anƟ-tumour efficacy than CAR T cells derived from CD4 or CD8 T cell subsets 

alone (63), highlighƟng the important contribuƟon of CD4 CAR T cell responses in direcƟng 

treatment successes.  

CAR T cells can also mediate cytotoxicity based on the engagement of their death ligands (i.e. 

FasL, TRAIL) to corresponding death receptors (i.e. Fas, DR4/5, respecƟvely) on target cells. 

Previously considered to have a minor contribuƟon to CAR-mediated target lysis, the 

significance of this alternaƟve killing mechanism is being increasingly appreciated. Indeed, 

one of the factors that hamper long-term persistence of CAR T cells is fratricide, which is 

aƩributed to death ligand/receptor-based signalling interacƟons among CAR T cells (64). 

LigaƟon of death receptors on tumour cells enables CAR T cells to perform CAR-independent 

killing. CAR T cells can eliminate surrounding anƟgen-negaƟve tumour cells via direct FasL/Fas 
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interacƟons, when there is a fracƟon of anƟgen-posiƟve tumour cells to provide CAR 

acƟvaƟon (65). AddiƟonally, impaired death receptor signalling in cancer cells has been 

associated with rapid tumour progression and poor survival (66). The underlying mechanism 

was shown to be (a) an iniƟal resistance to death-ligand-based killing by CAR T cells, which 

results in anƟgen persistence, and (b) chronic exposure of CAR T cells to target anƟgens that 

leads to progressive funcƟonal impairments, ulƟmately ending in treatment failure and 

disease progression.  

Lastly, cytokine release by CAR T cells enhances tumour destrucƟon and orchestrates further 

anƟ-tumour immune responses. Generally, CAR T cells have a low acƟvaƟon threshold 

(defined by anƟgen density on target cells) for cytotoxic responses, but a higher one for 

cytokine secreƟon (67). The exact level of anƟgen density to trigger each response varies 

depending on the design of the CAR construct, and CAR T cells are effecƟve in vivo only when 

anƟgen density sufficient for cytokine secreƟon is reached during acƟvaƟon (68). IL-2, TNF-α, 

and IFN-γ are among the most common cytokines secreted by acƟvated CAR T cells (69). IL-2 

producƟon is essenƟal for CAR T cell proliferaƟon and survival through autocrine signalling 

(70). TNF-α is a potent pro-inflammatory cytokine (71), while IFN-γ contributes to solid 

tumour lysis through direct stromal destrucƟon, polarisaƟon of anƟ-tumour (M1) 

macrophages, and acƟvaƟon of IFN-γ receptor-mediated signalling on tumour cells that  

enhances CAR T cell adhesion and cytotoxicity (72, 73). Other cytokines and chemokines 

produced include those that promote anƟ-tumour effects (i.e. MIP-1α), proliferaƟon (i.e. GM-

CSF), and immune regulaƟon (i.e. IL-13), as well as novel cytokine secreƟon pathways (i.e. IL-

12 and IL-15) introduced in fourth-generaƟon CAR T cells (26, 27, 74).  

Overall, CAR-dependent cytotoxicity, death-ligand-based signalling, and cytokine secreƟon, 

are key funcƟonal responses that underlie the anƟ-tumour efficacy and therapeuƟc outcomes 

of CAR T cells. 

 

1.2.2 TIL manufacturing 
Tumour-infiltraƟng lymphocyte (TIL) therapy is a form of adopƟve T cell therapy where 

immune cells were selecƟvely expanded ex vivo from paƟent tumours and reinfused into the 
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same paƟents for treatment. Although broadly termed as “tumour-infiltraƟng lymphocytes”, 

exisƟng TIL therapies rely solely on tumour-reacƟve T cells for therapeuƟc efficacy. 

In TIL therapy, design of the manufacturing pipeline underlies the successful expansion and 

efficacy of the infusion product. The general TIL manufacturing workflow is presented in 

Figure 1.2. Standard protocols to produce bulk, unselected TILs consist of a two-stage – pre-

rapid expansion protocol (REP) and REP – expansion process. Prior to REP, TIL cultures can also 

be subjected to further reacƟvity selecƟon and modificaƟons. Manufacturing of unselected 

TILs typically takes 2-6 weeks, whereas several months are required to produce selected or 

modified TILs (75, 76). CryopreservaƟon can be performed at each stage of clinical expansion. 

Specific stages of TIL manufacturing are described in the following subsecƟons.  

 

Figure 1.2 Manufacturing pipeline of tumour-infiltraƟng lymphocyte (TIL) therapy. Tumour 
specimen was obtained from surgical resecƟon, processed, and expanded using IL-2-enriched 
media in the first TIL expansion stage (pre-REP). Expanded TILs can undergo addiƟonal 
reacƟvity selecƟon to enrich tumour-reacƟve TIL populaƟons, or alternaƟvely proceed directly 
to the second TIL expansion stage (REP), where large-scale culturing is achieved using 
bioreactors. Final TIL products are funcƟonally validated and can be cryopreserved for 
reinfusion into the same paƟent. REP, rapid expansion protocol. Figure was generated using 
Biorender. 

1.2.2.1 Tumour procurement 

Surgical resecƟon is the most common method for obtaining tumour Ɵssues for TIL 

manufacturing, although samples from core biopsies can also be used (77, 78). Importantly, 
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guidelines for surgical harvest are similar across different cancer types and locaƟons of 

resecƟon (79). Because paƟents receiving TIL therapy typically present with advanced disease, 

metastaƟc deposits and lymph nodes are common sites of harvest. Surgery prioriƟses 

minimising paƟent morbidity over therapeuƟc intent, and does not need to follow tradiƟonal 

margins or achieve complete resecƟons. Exact locaƟons and process of surgical resecƟon for 

each paƟent relies on the best decision from collaboraƟng surgical and medical oncologist 

teams.   

Having a diameter of at least 1.5 cm (1.5 cm – 4 cm) is a standard requirement for tumours 

procured for TIL manufacturing (80). AddiƟonally, necroƟc and adipose Ɵssues should be 

avoided, and any excess should be trimmed off during tumour processing. PaƟents with brain 

metastases are excluded from procurement and TIL treatment due to potenƟal concerns of 

intracranial bleeding. Irradiated and ulcerated tumours are also excluded. Tumours with high 

risks of bacterial colonizaƟon, such as those derived from the gastrointesƟnal lumen, are 

excluded or handled with cauƟon to prevent bacterial contaminaƟon during ex vivo expansion 

(81). Sterile pracƟces are used for tumour handling similar to organ transplantaƟon 

procedures. Tissues from procurement, either cryopreserved or stored in cold, anƟbioƟcs-

enriched media, are transported to TIL manufacturing facility for further processing.  

1.2.2.2 Tumour processing & pre-REP expansion 

Strategies for processing of tumour on the iniƟal day of TIL expansion include culturing of 

tumour fragments (1 - 3 mm in size) and culturing of single cell digests.  

In tumour fragment cultures, individual tumour fragments are placed in separate wells of a 

24-well Ɵssue culture microplate. Cultures are maintained for 1-3 weeks, during which 

lymphocytes will egress and form a dense carpet around the fragment. Confluent wells will be 

split and maintained as independent subcultures, by half media exchange or culture spliƫng 

every 2-3 days aŌer TIL outgrowth. Fragment cultures can also be iniƟated in bioreactors, such 

as the gas-permeable culturing flasks, known as G-rex (Wilson-wolf, Minneapolis, MN) devices, 

which allows for efficient gas exchange to occur on a membrane where cells seƩle, with ample 

nutrient availability provided by the large volume of culturing media loaded on top (82). 

Bioreactors minimize operator handling and have been uƟlised across several generaƟons in 

the proprietary manufacturing of lifileucel products (83, 84). Pre-REP expansion from 



 
 

31 
 

GeneraƟon 1 (Gen 1) manufacturing takes approximately 21 days. 4 tumour fragments were 

seeded in 10 G-rex 10 flasks and manual open volume reducƟon (every 3-4 days) were 

performed aŌer the iniƟal week. Gen 2 manufacturing employs upscaled bioreactors without 

interim media exchange and has been used in the majority of lifileucel clinical trials to date. 

During pre-REP expansion, 40 tumour fragments were seeded in a single G-rex 100-CS and 

cultured without operator intervenƟon for 11 days, while the enƟre manufacturing process 

takes only 22 days. A novel 16-day Gen 3 process shortens the pre-REP expansion to 7-8 days 

by the addiƟon of anƟ-CD3 anƟbody (OKT-3 clone) with opƟonal anƟgen-presenƟng feeder 

cells. This is being assessed in ongoing clinical trials and awaits iniƟal reports on safety and 

efficacy (85).  

In cultures of single cell digests, procured tumours are fragmented and subjected to enzymaƟc 

and/or mechanical dissociaƟons. Dissociated mixtures are then filtered to obtain single cell 

suspensions for expansion similar to tumour fragment cultures. In one melanoma study, 

enzymaƟcally digested cultures yielded the highest success rate in TIL expansion (94.1%), 

compared to fragment-derived (69.9%) and mechanically dissociated cultures (90.3%) (86). 

EnzymaƟc digesƟon was performed overnight using a cocktail of collagenase, hyaluronidase, 

and DNAse under gentle agitaƟon, whereas mechanical dissociaƟon was performed on a 

sterile homogenizer (Medimachine) followed by density gradient centrifugaƟon (Ficoll) to 

obtain the lower TIL-enriched fracƟon. The same overnight enzymaƟc digesƟon was tested in 

renal cell carcinoma, but shown to be inferior compared to the commercial 

mechanical/enzymaƟc GentleMACS dissociaƟon system (Miltenyi Biotec), which 

demonstrated less variability in TIL number and preserved expressions of cell surface anƟgens 

(87). Although enzymaƟc digest cultures have been used in bioreactors and clinical 

manufacturing (88, 89), fragment cultures are generally preferred due to simpler pracƟces. 

Standard expansion of pre-REP cultures is performed in a complete medium (i.e. RPMI-1640 

enriched with 10% inacƟvated human AB serum), supplemented with high IL-2 concentraƟon 

(3000 – 6000 IU/mL) (83). High IL-2 concentraƟon is criƟcal as sƟmulated TILs are incapable 

of producing their own IL-2, unlike T cells from the peripheral circulaƟon (90).  
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1.2.2.3 ReacƟvity selecƟon 

SelecƟon of pre-REP cultures is not a mandatory procedure in TIL manufacturing. Bulk, 

unselected TILs, exhibit benefits from accelerated manufacturing such as higher telomere 

lengths and lower levels of differenƟaƟon (89). These features are associated with higher in 

vivo persistence and objecƟve responses in melanoma. Nevertheless, unselected TILs may not 

display similar therapeuƟc efficacy in a non-melanoma seƫng. Lack of responses of 

unselected TILs from immunogenically cold tumours such as gastrointesƟnal cancers indicate 

that manufacturing pipelines of reacƟve TILs are sƟll essenƟal for translaƟng TIL therapies 

from melanoma to other solid tumours (91). 

The two main types of TIL selecƟon are selecƟon based on cell surface marker expression and 

selecƟon based on anƟgen recogniƟon, which are detailed below. AddiƟonally, detecƟon of 

cytokine producƟon (IFN-γ response) from co-culture assays is a standard requirement for 

reacƟvity assessment. This can be evaluated in ELISA assays as an increase in the soluble IFN-

γ concentraƟon or in ELISpot assays as an increase in the number of IFN-γ -secreƟng cells. 

1.2.2.3.1 SelecƟon based on cell surface markers 
ReacƟve pre-REP TIL cultures can be idenƟfied via upregulaƟons of reacƟve markers during 

co-culture with HLA-matched or autologous tumours. ReacƟve clones can also be sorted, 

isolated, or selecƟvely enriched based on surface marker expression. This is usually done at 

the iniƟaƟon of pre-REP expansion following tumour digesƟon.   

IniƟal studies idenƟfied PD-1 as a marker for tumour reacƟvity on CD8 TILs (92). Fluorescence-

acƟvated cell sorƟng (FACS) sorƟng of mouse PD-1+ CD8 TILs led to specific recogniƟon of 

tumour cells and prolonged survival in micrometastasis murine models of melanoma and 

colon adenocarcinoma (93). Notably, PD-1+ TILs displayed a fold expansion that was 10 Ɵmes 

lower compared to the PD-1- fracƟon. The outgrowth of PD-1- CD8 TILs could have 

contributed to the lack of tumour recogniƟon from unsorted CD8 TILs, which iniƟally exhibited 

high PD-1 expression (70-90%) during tumour harvesƟng. Despite PD-1 being a well-known 

exhausƟon marker, PD-1+ TILs from FACS sorƟng or magneƟc bead separaƟons of human 

melanoma digests did not display exhausted phenotypes aŌer 2-weeks of ex vivo culture with 

IL-2 (94). Both bulk and selected CD8 TILs also showed consistent decreases of PD-1 

expression over Ɵme, indicaƟng that PD-1 is not a reliable marker for reacƟvity during 
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prolonged culturing (2-5 weeks). Lifileucel with PD-1 selecƟon (LN-145-S1, by Iovance 

BiotherapeuƟcs) is being assessed in a melanoma cohort within an ongoing Phase II IOV-COM-

202 trial (85).  

CD39 (ENTPD1), either alone or in combinaƟon with CD103 (ITGAE), have been shown to 

idenƟfy reacƟve, tumour-resident TIL populaƟons. Following FACS sorƟng and expansion, 

CD39+ CD103+ double-posiƟve (DP) CD8 TILs demonstrated reacƟvity against autologous 

tumours in all tested paƟents (n = 6), whereas double-negaƟve or single-posiƟve (CD103+ 

CD39−) TILs yielded minimal reacƟvity (95). These DP CD8 T cells cannot be found in the 

peripheral blood of cancer paƟents, and were more abundant in immunogenic tumours such 

as melanoma and microsatellite instability-high (MSI-H) colon cancer than microsatellite 

stable (MSS) colon cancer. In contrast, tumour reacƟve CD4 T cells can be recognised by CD39 

expression alone (96). At the transcriptomic level, CD39+ CD4 TILs displayed similar acƟvated 

and Ɵssue-resident phenotypes as CD39+ CD103+ CD8+ TILs. FACS-sorted CD39+ CD4 TILs 

demonstrated strong reacƟvity to oncoproteins E6 and E7 in HPV-specific cancers and did not 

lead to expansion of immunosuppressive regulatory T cells (Tregs). SorƟng directly from 

tumour digests is necessary due to variaƟons in CD39 and CD103 expressions during ex vivo 

expansion. 

Tumour-reacƟve TILs can also be idenƟfied by the expression of CD137 (4-1BB), a co-

sƟmulaƟon marker of T cells (97). MagneƟc bead isolaƟon of CD137+ TILs have been 

established using CliniMACS Prodigy (Miltenyi Biotec), a closed and semi-automated plaƞorm 

for GMP-compliant manufacturing. TILs with CD137 expression, following co-culture of pre-

REP cultures with autologous tumour cells, were column-isolated using CliniMACS reagents 

(98). AlternaƟvely, the Tumour ReacƟve T cell (TRT) Process allows for expansion of CD137-

selected TILs on CliniMACS Prodigy within 16 days (99). AutomaƟc magneƟc isolaƟon of 

CD137+ TILs was iniƟated following a pre-culture phase of tumour digests, and isolated 

CD137+ TILs were directly fed into an automated REP process. Final CD137+ TILs products 

showed high reacƟvity against autologous tumour cell lines, for all tested samples (n =3). 

However, the TRT Process currently has a maximum output of 5 x 109 (5 billion) cells, and 

requires upscaling to support the larger dose requirements in many clinical trials, which have 

upper ranges of 100 – 200 billion cells per dose. Urelumab, an anƟ-CD137 anƟbody, has also 

been used for agonist sƟmulaƟon during pre-REP expansion by the proprietary MDACC TIL 
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manufacturing process (80, 100). Agonist sƟmulaƟon of CD137 and CD3 accelerated TIL 

expansion and improved success rate of TIL establishment in melanoma, with TILs exhibiƟng 

low expressions of exhausƟon markers PD-1 and TIM3 (80). ReacƟvity was also displayed in 4 

of 5 TIL products against autologous cutaneous melanoma cell lines. 

Importantly, surface CD137 expression is also upregulated upon sƟmulaƟon of TIL with 

tumour anƟgens (98). DetecƟon of CD137 expression is a standard reacƟvity assessment in 

co-cultures of TILs with tumours. Since CD137 is reliable for idenƟfying tumour-reacƟve CD8 

but not CD4 TILs, another reacƟvity marker such as CD134 (OX40) is oŌen used in conjuncƟon 

with CD137 to detect tumour-reacƟve CD4 TIL subsets (101). Nevertheless, high expression of 

tumour reacƟvity markers might not always correlate with TIL responses in cytokine 

producƟon. This is reflected in one study where renal cell carcinoma TILs exhibited 

upregulaƟon of CD137 upon co-culture with autologous tumour digest but triggered minimal 

producƟon of TNF-α and IFN-γ (102). Therefore, both detecƟon of reacƟve markers and 

cytokine producƟon responses from TILs should be incorporated for comprehensive 

assessment of TIL reacƟvity. 

1.2.2.3.2 SelecƟon based on anƟgen recogniƟon 
In anƟgen-based selecƟon, TILs are co-cultured with autologous or HLA-matched anƟgen-

presenƟng cells (APCs) that were loaded with specified anƟgens for recogniƟon. RecogniƟon 

of HPV anƟgens E6 and E7 have been used to select reacƟve TILs for the treatment of HPV-

associated cancers (103). NeoanƟgen-reacƟve TILs have also been established based on the 

mutaƟonal profiles of individual paƟents through whole-exome sequencing (WES). Although 

technically difficult and demanding prolonged manufacturing Ɵme, neoanƟgen-reacƟve TILs 

have been tested in a number of clinical trials and achieved posiƟve responses in 

gastrointesƟnal cancers (91, 104).  

Choices of APCs include autologous dendriƟc cells (DCs), B cells, and HLA-matched cell lines, 

such as COS-7 cells transfected with autologous HLA alleles (105, 106). AnƟgens from pre-

defined or WES-predicted epitopes are fragmented into 24-25 mer long pepƟdes and 

introduced to APCs as pepƟde pools (PPs) for intracellular processing. AlternaƟvely, a library 

of tandem minigene (TMG) RNAs derived from the same pepƟde sequences can be delivered 

to APCs through transfecƟon or virally transducƟon. ReacƟve T cells from the co-culture can 

then be FACS-sorted for subsequent expansion. This neoanƟgen selecƟon process has been 
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employed by the NeoExpand protocols, which has been tested in several recent clinical trials 

(105). When pepƟde and TMG libraries from paƟent-specific neoanƟgens need to be newly 

synthesised, the NeoExpand process requires 4-6 weeks. However, selecƟon using common 

neoanƟgens that can be prepared ahead of Ɵme, such as p53 and KRAS, can accelerate the 

NeoExpand process to 14-19 days. Compared to bulk, unselected TILs, TILs generated using 

NeoExpand showed increased diversity of tumour reacƟve clonotypes and preserved stem-

like memory phenotypes. These neoanƟgen-reacƟve TILs also outperformed bulk, unselected 

TILs in controlling tumour growths in xenograŌ models of colorectal and ovarian cancer 

harbouring the same p53 and KRAS mutaƟons, which mirrored subsequent clinical 

experiences (91). However, low yield of autologous APCs and the complex selecƟon process 

remain challenges that hinder the wide adopƟon of neoanƟgen selecƟon in TIL manufacturing.  

1.2.2.4 REP expansion 

Pre-REP TILs or TILs aŌer reacƟvity selecƟon will be expanded using the REP process, to obtain 

cell numbers sufficient for clinical infusion (5- 150 billions) (75). REP accelerates TIL expansion 

by providing a nutrient-rich media containing high dose IL-2 (3000 – 6000 IU/mL), agonisƟc 

CD3 sƟmulaƟon (via the OKT-3 clone) and irradiated allogeneic feeder cells derived from 

healthy donor PBMCs, at a 200:1 raƟo to TILs. TradiƟonal REP process takes 14 days, with 

iniƟal seeding in T-175 Ɵssue culture flasks followed by transfer into gas-permeable bags aŌer 

one week (86). Compared to tradiƟonal REP, REP conducted in G-rex bioreactors showed 

doubled fold expansion (median = 2653 vs median = 1210) in the same 14-day period (107). 

More recent (Gen 2 and Gen 3) pipelines of lifileucel manufacturing have shortened the REP 

process to within 11 days using G-rex bioreactors (83). The exact mechanism by which REP 

accelerates TIL expansion remains unclear. ReducƟons in frequencies of neoanƟgen-reacƟve 

TILs have been shown following REP of reacƟvity-selected TIL cultures, likely because of 

enrichment of non-reacƟve bystander cells through nonspecific sƟmulaƟon (105).    

The use of allogeneic feeder cells during REP has been a major barrier for the wide 

implementaƟon of TIL manufacturing. For each treated paƟent, large numbers (up to 1010) of 

feeder cells need to be procured, which require pooling PBMCs from 4-6 donor samples (108). 

Donor heterogeneity also contributes to differences in TIL acƟvaƟon and expansion. An 

alternaƟve approach is to use arƟficial anƟgen presenƟng cells (aAPCs) as subsƟtuƟon of 

allogeneic feeders. IniƟally, magneƟc beads aƩached with anƟ-CD3 and anƟ-CD28 monoclonal 
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anƟbodies were used as aAPCs to induce T cell acƟvaƟon by receptor crosslinking. These bead-

based aAPCs failed to sufficiently expand TILs but showed substanƟally beƩer expansion of T 

cells from matched paƟent PBMCs (90). An underlying reason could be the lower expression 

of CD28 on TILs compared to matched paƟent PBMCs. Cell-based aAPCs, such as irradiated 

K592 cell lines engineered to express molecules including the high affinity Fc receptor CD64 

and cosƟmulatory ligand CD137L, were explored. K592-based aAPCs showed comparable 

expansion of TILs as convenƟonal REP in small-scale and clinical-grade manufacturing (90, 

108). Compared to convenƟonal REP, rapid expansion using K592-based aAPCs also exhibited 

increased CD8 T cell frequency, reducƟons in Tregs, and similar effector-memory and 

exhausƟon profiles. Furthermore, no differences were observed in clonotype diversity and 

anƟtumour reacƟvity, and a much lower APC to TIL raƟo was used (50:1 vs 200:1 in clinical-

grade manufacturing). Overall, K592-based aAPCs show similar performance in the rapid 

expansion of TILs as tradiƟonal allogeneic feeders. Their ease for upscaling, lot-to-lot 

consistency, and capacity for addiƟonal engineering make them an aƩracƟve alternaƟve 

source of APCs. Such cell-based aAPCs have not been examined in exisƟng clinical trials but 

show potenƟal clinical implementaƟons in the future.  

1.3 Clinical applicaƟons of adopƟve T cell therapies in 
solid tumours 

1.3.1 SelecƟon of tumour anƟgen targets for CAR T cell therapies  
In haematological malignancies, successful clinical outcomes from CAR T cell therapy have 

largely been aƩributed to the idenƟficaƟon of an ideal target anƟgen such as CD19. CD19 has 

been considered as one of the most reliable biomarkers for B cells (109). Its expression is 

restricted to B cells from the pro-B cell lineage unƟl terminal differenƟaƟon into plasma cells 

and is stably regulated (110). PosiƟvity of CD19 is detected in over 90% of B-ALL cases, of 

which the mean percentage of posiƟve cells from the blast populaƟon is close to 80% (111). 

On-target, off-tumour killing of anƟ-CD19 CAR T cells depletes CD19-posiƟve, normal B cells, 

but such B cell aplasia is manageable through anƟbioƟcs and anƟbody infusion treatments 

(112, 113).  Overall, CD19 is highlighted by its high specificity, stability, prevalence, and 

manageable off-tumour effects as a CAR T cell target in B-cell malignancies.  
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The heterogeneity of anƟgen expressions, however, remains one of the major hurdles for the 

effecƟve translaƟon of CAR T cells to solid tumours. So far, no CAR T cell therapy for solid 

tumours has progressed beyond Phase II clinical trials. Overall outcomes from exisƟng trials 

suggest that responses of CAR T cells against solid tumours are modest at best, and complete 

remissions are rare. Unlike haematological malignancies, solid tumours exhibit strong clonal 

diversity, and complex tumour microenvironment (TME) supported by a diverse range of 

stromal cells. On-target, off-tumour toxiciƟes can and have been reported to be life-

threatening (113, 114). As such, tumour-associated anƟgens that are highly upregulated in 

solid cancers but minimally expressed on normal Ɵssues represent the best target candidates. 

Some of the most examined targets in clinical trials to date are listed below (Figure 1.3). In 

this review, we will focus on CAR T cells directed against the tumour-associated anƟgens 

mesothelin (MSLN) and mucin-1 (MUC1) in solid tumours.  

 

Figure 1.3 Tumour-associated anƟgens targeted by CAR T cells in solid tumour clinical trials 
worldwide. AnƟgens are ranked by the total number of CAR T cell clinical trials in solid 
tumours and each clinical trial status is represented in the legend. InformaƟon was collected 
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from trials as of July 2024 from clinicaltrials.gov. Figure was reproduced from Tony et al., 2025 
(115).    

1.3.2 AnƟ-MSLN CAR T cell therapies 
By far, MSLN remains the most studied target for CAR T cell therapy in solid tumours (115). 

MSLN is a glycosylphosphaƟdylinositol (GPI)-anchored glycoprotein that was originally 

discovered on mesothelial linings of the pericardium, peritoneum, and pleura (116). Further 

characterisaƟon revealed its expression to be mainly confined in normal mesothelial cells, but 

upregulated in a wide range of solid tumours (117) (Figure 1.4). Some of the cancer types with 

high (over 50%) posiƟvity of MSLN include intesƟnal cancers, ovarian cancer, pancreaƟc cancer, 

endometrial cancer, lung cancer, and mesothelioma. The aberrant expression of MSLN in 

cancer development and limited physiological expression characterises it as a tumour-

associated anƟgen with high prevalence and specificity. In addiƟon, although the exact 

funcƟon of MSLN remains unclear, mice with MSLN knockout demonstrated no differences in 

survival, development, and reproducƟon compared to wild-type mice (118). This highlights 

advantages for the use of MSLN as a CAR target, as loss of MSLN is not shown to be essenƟal 

for vital funcƟons. MSLN has also been shown to promote tumorigenesis. In pancreaƟc cancer 

cells, MSLN expression increases proliferaƟon through STAT3 acƟvaƟon, and rescues TNF-α-

induced apoptosis through autocrine IL-6 producƟon (119-122). During cell-to-cell contact, its 

interacƟon with mucin-16 (MUC16), the only idenƟfied binding partner of MSLN, facilitates 

migraƟon and contributes to metastaƟc disseminaƟon of pancreaƟc cancer cells (123, 124).  

Expression of MSLN is regulated by mulƟple steps of biological processing (Figure 1.5). The 

MSLN protein is expressed on the cell surface as a 71-kDa precursor protein. Upon furin 

cleavage, a 31-kDa soluble product is released from the N-terminal known as the 

megakaryocyte potenƟaƟng factor (MPF), which is named aŌer its ability to support colony 

formaƟon of mouse megakaryocytes in the presence of IL-3 (125). The remaining 41-kDa GPI-

anchored protein is the mature form of MSLN. This form of MSLN is recognised by the anƟgen-

binding domains of current anƟ-MSLN CAR constructs, such as SS1 and P4 (126, 127). Enzymes 

in the ADAM, MMP, and BACE families can further cleave mature MSLN at the C-terminal 

domain, which releases the protein into the peripheral circulaƟon as the soluble mesothelin-

related pepƟde (SMRP) (128, 129). Mature MSLN is also responsible for interacƟng with 

membrane-bound MUC16 (130, 131). Overall, shedding of MSLN and its binding interacƟons 
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with MUC16 can reduce the availability of targetable anƟgens on tumours to impair CAR T cell 

recogniƟon.  

 

 

Figure 1.4 Mesothelin (MSLN) expression examined across solid tumours by 
immunohistochemical staining. Blue dots represent percentages of samples with any posiƟve 
MSLN staining. Orange dots represent percentages of samples with strong MSLN posiƟvity, 
defined by >70% of tumour cells exhibiƟng staining intensity of 2+ or >30% of tumour cells 
exhibiƟng staining intensity of 3+.  Figure was reproduced from Weidemann et al., 2021 (117).  
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Figure 1.5 Biological processes of mesothelin (MSLN) expression. (1) During preprocessing, 
a precursor protein is cleaved by furin enzyme into a soluble component (MPF) and mature 
MSLN. (2) During MSLN shedding, the mature form is cleaved by families of sheddase enzymes 
to release a soluble protein (SMRP). (3) MSLN can parƟcipate in binding interacƟons with 
membrane-bound MUC16 on adjacent cells. MPF, megakaryocyte potenƟaƟng factor; MSLN, 
mesothelin; SMRP, soluble mesothelin-related pepƟde; MUC16, mucin-16. Figure was 
generated in Biorender.   

1.2.4.1 Development and clinical outcomes of anƟ-MSLN CAR T cell therapies  

In early clinical trials, scFv of anƟ-MSLN CAR T cells employed the anƟgen recogniƟon domain 

of a murine anƟ-MSLN anƟbody clone known as SS1. This anƟbody and its immunotoxin 

derivaƟve SS1P have been widely assessed in Phase I and II clinical trials of solid tumours (132). 

In preclinical tesƟng, CAR T cells bearing the SS1-derived scFv (hereaŌer referred to as SS1 

CAR T cells) achieved complete eradicaƟon of well-established (~ 500 mm3) tumours in 

xenograŌ models of melanoma (133). However, first-in-human study reported severe 

anaphylaxis and cardiac arrest immediately aŌer third CAR T cell infusion (134). This has been 

aƩributed to the long dosing schedule of the mulƟ-infusion regimen (3 infusions over 49 days), 

which allowed for the development of IgE-mediated allergic reacƟon. Further studies 

employed shorter dosing schedules that must be completed within 21 days, so that CAR T cells 

are administered before isotype switching from IgG to IgE is complete. In Phase I clinical trials, 

second-generaƟon SS1 CAR T cells bearing the 4-1BB cosƟmulatory domain have been shown 

to be well-tolerated, both when CAR constructs are expressed transiently by mRNA 

electroporaƟon and consƟtuƟvely by lenƟviral transducƟon (34, 135). However, clinical 

efficacy was subopƟmal, with no ORR observed in either trials, and stable disease (SD) was 

the best response in 73% (11/15) from the lenƟviral-transduced SS1 CAR T cells. The issues of 

CAR T cell-induced anaphylaxis and lack of favourable efficacy have been suggested to be the 

immunogenicity of the SS1 scFv, which is of murine origin. AnƟbodies against the murine 

component of the CAR have been observed in both the anaphylaxis case and 57.1% (8/14) 

paƟents in the study with lenƟviral-transduced SS1 CAR T cells.  

Fully human scFvs have been uƟlised in other anƟ-MSLN CAR T cell therapies, to address the 

issue of xenoreacƟvity observed with SS1 CAR T cells. The P4 scFv (human-anƟ-human) was 

selected from a yeast-display scFv library based on its high binding affinity to recombinant 

MSLN (127). AnƟbodies with the P4 anƟgen binding domain were shown to inhibit 

MUC16/MSLN-dependent cell adhesion, suggest that the P4 scFv likely recognises an epitope 
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on MSLN that competes with MUC16 docking. P4 CAR T cells exhibited robust IFN-γ secreƟon 

against immobilised MSLN, and were capable of mediaƟng bystander killing of MSLN-negaƟve 

tumour cells in the presence of MSLN-posiƟve tumour targets (126). Unlike the SS1 CAR T cells, 

effector funcƟons of P4 CAR T cells were not suppressed in the presence of SMRP (136), 

highlighƟng their specificity to the tumour cells and increased resistance to MSLN shedding. 

Rapid tumour control was observed in xenograŌ models of ovarian cancer through 

intratumoural and intravenous injecƟons of second-generaƟon P4 CAR T cells containing the 

CD28 cosƟmulatory domain. In a Phase I dose-escalaƟon study in MSLN-posiƟve solid tumours, 

these second-generaƟon P4 CAR T cells were shown to be well-tolerated (137). No 

autoimmune reacƟons or dose-limiƟng toxiciƟes were observed in paƟents receiving mulƟ-

infusion regimens (up to three infusions) or maximal doses (up to 1.1 x 107 cells/kg). In 

addiƟon, CRISPR-Cas9 knockout of PD-1 and T cell receptor alpha subunit (TRAC) were 

performed on the infusion product in addiƟon to CAR delivery. TCR removal via TRAC knockout 

was iniƟally expected to improve CAR T cell expansion; however, outgrowth of TCR-posiƟve 

CAR T cells was observed in 3 paƟents aŌer infusion. In all paƟents, CAR T cells did not persist 

for more than 6 weeks post-infusion, and this limited persistence was confirmed in xenograŌ 

models to be due to the TRAC disrupƟon. Clinical efficacy was poor, with SD achieved in 2 from 

15 paƟents as the best overall response. Whether P4 CAR T cells without TRAC disrupƟon 

would result in favourable persistence and efficacy in paƟents remains to be tested. P4 CAR T 

cells have also been modified to reverse funcƟonal exhausƟon through depleƟon of the 

transcripƟon factor BATF (138), and to reduce off-tumour toxiciƟes through tandem 

expression of a CAR targeƟng folate receptor 1 (FOLR1) (139, 140). However, these strategies 

have not been examined clinically.  

The m912 and M5 scFvs are two other fully human anƟ-MSLN domains incorporated in clinical 

anƟ-MSLN CAR constructs. The m912 scFv was selected from a phage display assay based on 

specific recogniƟon of naƟve MSLN, at an epitope that is unaffected by glycosylaƟon (141). 

The m912 scFv has not been affinity-maturated, and a 30-fold higher concentraƟon of the 

m912 anƟbody is required for MSLN detecƟon on MSLN-posiƟve tumour cells, compared to 

the SS1 anƟbody. Consistent with this observaƟon, m912 CAR T cells also exhibited lack of 

targeted killing of cells with low MSLN anƟgen density (142). However, this confers m912 CAR 

T cells with minimal off-tumour toxiciƟes, such as against normal mesothelial cells. Increasing 
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anƟgen density through inhibiƟon of the MSLN shedding process was able to recover the 

killing responses of m912 CAR T cells on MSLN-posiƟve tumours (142). When administered 

regionally via the intrapleural route, pleural tumours in mice were eradicated using second-

generaƟon m912 CAR T cells bearing the CD28 cosƟmulatory domain (62). Importantly, 

compared to intravenous injecƟon, regional injecƟon enabled efficient tumour infiltraƟon, 

clearance of tumour deposits, and required 30-fold lower dose to achieve long-term remission. 

The underlying mechanism was aƩributed to early acƟvaƟon of CD4 CAR T cells, which 

showed sustained funcƟonal persistence and promoted accumulaƟon of T cells in established 

tumours. These promising results led to the iniƟaƟon of a Phase I trial assessing intrapleural 

administraƟon of m912 CAR T cells, with or without PD-1 blockade by pembrolizumab, in 

paƟents with pleural tumours (143). CAR T cells used in this trial were second-generaƟon with 

the CD28 cosƟmulatory domain, same as the preclinical studies. Treatment was well-tolerated, 

with no dose-limiƟng toxiciƟes and reversible grade 4 adverse events (AEs) from the 

precondiƟoning lymphodepleƟon only. In pleural mesothelioma paƟents, 39% (9/23) had 

detectable CAR T cells in the peripheral blood more than 100 days post-infusion, based on 

polymerase chain reacƟon (PCR) analysis. In paƟents receiving the combinaƟon treatment 

(m912 CAR T cells followed by pembrolizumab) with measurable disease, ORR was 13% (2/16), 

with 2 parƟal responses (PR) and 9 SD as the best overall response. Overall, incorporaƟon of 

the fully human m912 scFv in the CAR construct did not induce severe autoimmune reacƟons, 

and on-target, off-tumour toxiciƟes were not observed. Regional delivery, coupled with 

immune checkpoint blockade, likely contributed to the posiƟve clinical responses and 

favourable in vivo persistence of m912 CAR T cells in the treated paƟents. 

The M5 scFv was selected from a phage display library and exhibited sensiƟve recogniƟon of 

low-MSLN expressing cells when used as a CAR anƟgen binding domain (144). The M5 scFv 

binds to the membrane-proximal epitope close to the C-terminal of MSLN, and does not 

interfere with the binding of SS1 scFv, which instead recognises an epitope close to the N-

terminal of MSLN. In xenograŌ models, M5 CAR T cells demonstrated similar regressions of 

tumours with moderate levels of MSLN expression compared to SS1 CAR T cells, but 

substanƟally outperformed SS1 CAR T cells in controlling tumours with low MSLN expression. 

However, two severe cases of pulmonary toxiciƟes were reported in the treatment of 

mesothelioma paƟents in the subsequent Phase I dose-escalaƟon study (144, 145). Both 
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subjects received intravenous infusion of second-generaƟon M5 CAR T cells with the 4-1BB 

cosƟmulatory domain at the highest tested dose (1–3 × 108 CAR T cells/m2). Clinical condiƟons 

were managed in one paƟent who did not require intubaƟon, but the second paƟent 

succumbed to treatment complicaƟons despite medical management. Further analysis 

revealed low levels of MSLN expression in pulmonary epithelial cells, which were shown to be 

upregulated during inflammaƟon and lung injury. In addiƟon, the second paƟent received 

pembrolizumab prior to CAR T cell therapy, and circulaƟng pembrolizumab was detected at 

the Ɵme of CAR T cell infusion. Residual pembrolizumab could boost CAR T cell responses or 

induce pulmonary inflammaƟon and potenƟally exacerbated the pulmonary toxiciƟes. The 

trial was re-evaluated due to the toxiciƟes and conƟnued with modificaƟons to include a 4-

month washout period for prior immune checkpoint blockade therapy. Intrapleural injecƟon 

of M5 CAR T cells was also tested. Overall, clinical experiences from M5 CAR T cells suggest 

that, despite the fully human nature, on-target off-tumour toxiciƟes remain a significant 

concern for scFvs with high potency against targets with low anƟgen expression.  

In a first-in-human tesƟng of another fully humanised anƟ-MSLN CAR construct (huCART-

MESO), infusions were well-tolerated and an ORR of 9% (1/11) was observed in paƟents with 

advanced pancreaƟc cancer, with SD as the best overall response (146). These CAR T cells 

harbour a second-generaƟon construct with the 4-1BB cosƟmulatory domain; however, the 

scFv was not specified. Further analysis revealed low tumour infiltraƟon and exhausted 

phenotypes of infused CAR T cells. Knockout of ID3 and SOX4, two transcripƟonal factors 

associated with T cell exhausƟon, in these CAR T cells promoted sustained control of disease 

recurrence in murine xenograŌ models of pancreaƟc cancer, but this strategy remains to be 

clinically assessed.  

Other anƟ-MSLN scFvs have been evaluated in pre-clinical studies or are being tested in 

clinical trials, but extensive clinical outcomes remain to be reported. The 15B6 scFv binds to a 

juxtamembrane posiƟon on mature MSLN to circumvent loss of anƟgen recogniƟon due to 

MSLN shedding (136). 15B6 CAR T cells were not influenced by high levels of SMRP and 

showed substanƟal improvement in vivo compared to SS1 CAR T cells, achieving complete 

eradicaƟon of ovarian and pancreaƟc tumours in xenograŌ mice models. The 15B6 scFv was 

iniƟally of murine origin but has been humanised subsequently (147). 15B6 CAR T cells remain 

to be assessed clinically. The hYP218 scFv, derived from the humanized anƟbody YP218, 
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represents another anƟgen binding domain that targets a membrane-proximal region of 

MSLN (148).  Similar to 15B6 CAR T cells, hYP218 CAR T cells demonstrated improved efficacy 

in vitro and in vivo compared to SS1 CAR T cells. AddiƟonally, hYP218 CAR T cells showed long-

term persistence in the TME and remained funcƟonal 40 days post-treatment, with enhanced 

tumour control from combinaƟon treatment with pembrolizumab (149). Safety and efficacy 

of hYP218 are currently being tested in a Phase I clinical trial (NCT06885697).  

In summary, anƟ-MSLN CAR T cells have been tested in solid tumours with extensive clinical 

experiences reported to date. Despite being one of the earliest CAR T cells examined in solid 

tumours, improvements of exisƟng CAR constructs and idenƟficaƟon of new anƟ-MSLN scFv 

conƟnue to emerge from preclinical studies. Advancement of anƟ-MSLN CAR T cell therapy 

over the years has focused on humanisaƟon of the scFv (i.e. P4, m912, M5, 15B6, and hYP218) 

to prevent potenƟally life-threatening immune reacƟons due to xenoreacƟvity. To avoid 

impairments from MSLN shedding, scFvs have been designed to bind to the membrane-

proximal region of MSLN, such as 15B4. Although this allows for improved potency and efficacy, 

this does potenƟally increase on-target off-tumour toxiciƟes, as MSLN expression is observed 

in physiological condiƟons, and potenƟally upregulated during Ɵssue injury, as reported in the 

fatal pulmonary toxiciƟes from M5 CAR T cells (144). SelecƟon of scFvs that react to anƟgen 

density levels compaƟble from malignant Ɵssues but not the low levels from benign Ɵssues 

will be an ideal strategy. To date, most of the anƟ-MSLN CAR T cells in clinical trials are second-

generaƟon, with varied results on safety and generally subopƟmal clinical efficacy. AddiƟonal 

geneƟc modificaƟons (i.e. CRISPR-Cas9 knockouts or receptor co-expression) are being 

explored as novel strategies in next-generaƟon CAR T cells, with potenƟal for clinical 

translaƟon and improving the clinical outcomes of anƟ-MSLN CAR T cell therapies in the future.   

1.3.3 AnƟ-MUC1 CAR T cell therapies 
MUC1 is a widely tested CAR target in solid tumours (including pancreaƟc, breast, liver, lung, 

and gastrointesƟnal cancers) and may be parƟcularly relevant for mucinous cancers, such as 

appendiceal cancer.   

MUC1 is a member of the transmembrane mucin family and is characterised by its large 

structure (300 – 600 kDa) and heavy glycosylaƟon (150). Under physiological condiƟons, 

MUC1 is abundantly expressed on the apical surface of glandular epithelial cells, forming a 
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physical covering that provides lubricaƟon and protects against pathogenic invasion (151, 152). 

The protein is composed of two subunits stabilised by hydrogen bonds (Figure 1.6). The short 

C-terminal subunit contains the transmembrane domain and is responsible for intracellular 

signalling. The large N-terminal subunit forms an extracellular domain that extends 200 – 500 

nm above the cell surface. This subunit is extensively O-glycosylated at the membrane-distal 

region and N-glycosylated at the membrane-proximal region.  

During carcinogenesis, MUC1 shows abnormaliƟes in both expression and glycosylaƟon 

paƩerns. Due to loss of polarity, MUC1 expression is no longer confined to the apical surface 

but can be found on the basal and lateral surfaces as well. A 10-fold increase is observed in 

MUC1 expression of epithelial tumours, compared to normal physiological expression (153). 

PosiƟvity of MUC1 expression in solid tumours ranges from 44% - 66% in gastrointesƟnal and 

cervical cancers, and from 77% - 100% in liver, thyroid, lung, breast, and ovarian cancer (150). 

Furthermore, MUC1 is altered structurally in tumour cells and shows exposure of the core 

pepƟde in the extracellular domain with incomplete glycosylaƟon of the carbohydrate side 

chains. Importantly, new carbohydrate side chains are formed. These include the Tn (Thomsen 

Nouveau), TF (Thomsen-Friedenreich), sTn (sialyl Tn), ST (sialyl T anƟgen), and sTF (sialyl TF) 

glycoforms (154).   

The biological funcƟons of MUC1 in malignant seƫngs have been well-studied. MUC1 

parƟcipates in various pathways that regulate inflammaƟon, drug resistance, angiogenesis, 

cancer migraƟon, tumour growth and apoptosis (151). AddiƟonally, similar to MSLN, the 

extracellular domain of MUC1 can be proteolyƟcally cleaved by enzymes of the TACE family 

to mediate MUC1 shedding (155), which can reduce on-tumour recogniƟon by CAR T cells. As 

a CAR target, it is worthwhile noƟng that increased anƟgen expression alone is not sufficient 

for MUC1 to be a suitable candidate, as its expression on normal epithelial cells would lead to 

potenƟal obvious on-target, off-tumour toxiciƟes. Given the aberrantly glycosylated nature of 

MUC1 protein in malignancies, current CAR T cells targeƟng MUC1 were designed to recognise 

the various tumour-specific MUC1 glycoforms.   
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Figure 1.6 Mucin-1 (MUC1) structure in normal physiology and during malignancy. In this 
illustraƟon, the C-terminal and N-terminal subunits were visualised as a single pepƟde, and 
the membrane-proximal N-glycosylaƟon region was not shown. Glycoforms of MUC1 (Tn, sTn, 
TF, sTF, sLea, and sLex) were indicated, with the respecƟve glycosylaƟon moieƟes shown in the 
legend. Notably, the ST glycoform (Neu5Acα2-3Galβ1-3GalNAc) was not included in this 
illustraƟon. VNTR, variable number of tandem repeats. Figure was reproduced from Beckwith 
and Cudic, 2020 (154).  

 

1.2.4.1 Development and clinical outcomes of anƟ-MUC1 CAR T cell therapies  

The iniƟal anƟ-MUC1 CAR T cells in early development employed scFvs derived from anƟgen 

binding domains of murine anƟbodies, such as SM3 and HMFG2. Both SM3 and HMFG2 were 

capable of binding to mulƟple tumour-specific glycoforms (T, sTn, Tn, and addiƟonally ST for 

HMFG2) as well as unglycosylated core protein (156). SM3 is highly specific to tumour-

associated MUC1 glycoforms, however second-generaƟon SM3 CAR T cells (with CD28 

cosƟmulatory domain) showed inefficient targeƟng of MUC1-posiƟve tumour cells, and the 

reasons have been aƩributed to steric hinderance imposed by MUC1’s size and heavy 

glycosylaƟon (157). Despite lower surface expression, increasing the hinge length improved 

recogniƟon and response of the SM3 CARs, resulƟng in drasƟcally higher proliferaƟon and IFN-



 
 

47 
 

γ responses against MUC1-posiƟve target cells. Phase I clinical trials of SM3 CAR T cells 

reported the treatment to be well-tolerated, although efficacy was moderate. In paƟents with 

advanced oesophageal cancer and non-small-cell lung cancer (NSCLC), no serious adverse 

events were reported where SM3 CAR T cells were modified with PD-1 knockout (158, 159). 

Best overall response was 66.7% (6/9) SD in the oesophageal cancer cohort and 55.0% (11/20) 

SD in the NSCLC cohort. In another study, two paƟents with metastaƟc seminal vesicle cancer 

received intratumoural injecƟons of two third-generaƟon SM3-based CAR T cell therapies 

(bearing the tandem CD28-41BB cosƟmulatory domain) in separate tumours lesions (160). 

Since the SM3 scFv is incapable of recognising the MUC1 ST glycoform, the SM3 scFv was 

mutated in one product to improve binding of this specific glycoform. In the other product, 

the unmodified SM3 CAR was co-expressed with IL-12 to reduce immunosuppression. 

Significant tumour necrosis was observed in both paƟents only in the lesions infused with the 

mutated SM3 CAR T cells, suggesƟng that improving the binding capability of SM3 CAR T cells 

is essenƟal for their clinical efficacy.  

Unlike SM3, HMFG2 is a highly potent scFv, exhibiƟng a 7.4-fold higher affinity than SM3 when 

binding to unglycosylated MUC1 core protein. Third-generaƟon HMFG2 CAR T cells with 

tandem OX40 and CD28 co-sƟmulatory domains showed efficient killing of target cells with 

low MUC1 expression and significantly delayed tumour growth in vivo (157). However, 

recogniƟon of HMFG2 to MUC1 on normal breast epithelial Ɵssues gave rise to the potenƟal 

concern of on-target, off-tumour toxiciƟes, hindering clinical translaƟon of this CAR T cell 

therapy (161). 

The 5E5 scFv represents an alternaƟve with high tumour specificity and safety profiles in vivo 

(162). 5E5 selecƟvely binds the tumour-associated Tn glycoform of MUC1, and, to a lower 

extent, the sTn glycoform as well, without binding of normally glycosylated MUC1 expressed 

on non-malignant cells (162). The primary epitope bound by 5E5 has been elucidated as the 

enƟre GalNAc unit on the MUC1 glycoforms, with direct contact to two of its residues (163). 

CAR T cells bearing the 5E5 scFv have been tested in xenograŌ mouse models of T cell 

leukemia, pancreaƟc cancer, and cholangiocarcinoma (162, 164). InteresƟngly, in 

cholangiocarcinoma, the tumour-specific Tn glycoforms were only recognised by 5E5 on 

tumour Ɵssues but not found in all examined tumour cell lines (164). As a result, the C1GALT1 

gene had to be knocked out to produce the Tn glycoforms by inhibiƟon of T-synthase, and 
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consequenƟally the knockout cell line was used for mouse engraŌment. Compared to control 

CAR T cells, robust tumour control by 5E5 CAR T cells was seen in the pancreaƟc cancer and 

cholangiocarcinoma models (100% vs 40% survival at endpoint and 60% vs 0% tumour 

eradicaƟon, respecƟvely), while in the T cell leukemia model survival was significantly 

increased (median survival: 50 vs 30 days). However, when 5E5 CAR T cells were tested in a 

syngeneic mouse model of ovarian cancer, no effect of tumour control was observed, although 

median survival was significantly extended by three other Tn-dependent anƟ-MUC1 CAR T 

cells (WE, 237, and TNGK) (165). The lack of efficacy was aƩributed to basal tonic signalling of 

the second-generaƟon 5E5 CAR construct (with CD28 cosƟmulatory domain) used, which 

contributed to lower CAR expression on the cell surface and higher release of 

immunosuppressive cytokines (IL-10 and IL-4) upon in vitro sƟmulaƟon. In addiƟon, while 237 

scFv and its WE and TNGK derivaƟves were all developed against mouse mucin-family protein 

podoplanin (Tn-OST8), the cognate anƟgen used in the syngeneic model, 5E5 was iniƟally 

designed for binding of the human Tn-MUC1 protein, and exhibited low binding to mouse Tn-

OST8. In this instance, the poor responses of 5E5 CAR T cells could be specific to the design of 

the endogenous murine Tn-OST8 target. 5E5 CAR T cells with PD-1 knockout are being tested 

in an ongoing clinical trial (NCT05812326), for the treatment of recurrent/metastaƟc breast 

cancer, with preliminary results indicaƟng that the treatment was safe and well-tolerated 

(166). The most serious adverse event was grade 4 lymphopenias which occurred in only one 

paƟent, lasƟng only a day. Preliminary data on efficacy showed 42% (5/12) evaluated paƟents 

had SD, and responses were associated with increased circulaƟng CAR copies. It is unknown 

whether the 5E5 scFv has been humanized in this study, although humanised 5E5 CAR T cells 

have been used in another acƟve clinical trial (NCT04025216) (165).  

To address the issue of MUC1 shedding, the huMNC2 scFv was designed to recognise a specific 

juxtamembrane region, termed MUC1*, that is retained aŌer enzymaƟc cleavage of MUC1 

(167, 168). The huMNC2 scFv is fully humanised and does not bind to full-length MUC1 on 

normal epithelial cells. Immunohistochemical staining confirmed recogniƟon of MUC1* by the 

huMNC2 scFv in 70% - 90% of lung, pancreaƟc, ovarian, and breast cancers (167, 168). Second-

generaƟon huMNC2 CAR T cells with CD28 or 41BB cosƟmulatory domains (huMNC2-CAR28 

and huMNC2-CAR44, respecƟvely) both exhibited in vitro and in vivo efficacy against MUC1*-

posiƟve tumours. An ongoing Phase I/II clinical trial (NCT04020575) is currently assessing the 
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safety and efficacy of huMNC2-CAR44 T cells in paƟents with metastaƟc breast cancer (169, 

170). 5 paƟents have been treated, although clinical outcomes have not yet been reported.  

Overall, compared with anƟ-MSLN CAR T cells, anƟ-MUC1 CAR T cells offer the advantage of 

selecƟvely recognising tumour-specific glycoforms, thus minimising the potenƟal for on-target, 

off-tumour toxiciƟes. Progress has been made to humanise scFvs (i.e. 5E5 and huMNC2) and 

balance the limited efficacy (SM3) or safety concerns (HMFG2) observed with earlier murine-

derived scFvs. To date, clinical evaluaƟons of humanised anƟ-MUC1 CAR T cells remain 

preliminary. IniƟal findings with 5E5 CAR T cells suggest favourable safety profiles and early-

stage efficacy, although it remains to be confirmed through further clinical invesƟgaƟons. 

Shedding of MUC1 poses an ongoing therapeuƟc challenge and is currently being addressed 

by the huMNC2 scFv targeƟng the MUC1 cleavage product (MUC1*), which sƟll awaits clinical 

reporƟng.  AddiƟonally, the limited availability of specific targetable glycoforms in cell line 

models has complicated the preclinical evaluaƟon of glycoform-targeƟng CAR T cells. The 

development of more paƟent-related tumour models will be crucial for examining the 

expressions of MUC1 glycoforms, as well as to assess and opƟmise the therapeuƟc efficacy of 

anƟ-MUC1 CAR T cells.  

 

1.3.4 Clinical trial landscape of TIL therapy 
TIL isolaƟon and efficacy were first demonstrated in murine models by Dr. Rosenberg and his 

group in 1982 (171). Following this, a first-in-human clinical trial was conducted in 1988 for 

metastaƟc melanoma, where objecƟve response was observed in 55% (11/20) paƟents (172). 

Since this iniƟal clinical success, clinical trials of TIL therapy have expanded over the years, 

mainly concentraƟng on melanoma and has led to the FDA approval of lifileucel, with ongoing 

tesƟng in other solid tumours such as ovarian, pancreaƟc, lung, and intesƟnal cancers.  

In general, TIL therapy is evaluated to be safe and the toxiciƟes from treatment regimens can 

be clinically managed. Notably, serious adverse effects from TIL therapy mainly come from the 

non-myeloablaƟve lymphodepleƟon (NMA-LD) and high dose of IL-2 administered prior and 

post TIL infusion, respecƟvely. Standard NMA-LD is delivered as a combinaƟon regimen of 

cyclophosphamide (CP, 60 mg/kg) for 2 days and fludarabine (FA, 25 mg/m2) for the next 5 

days before TIL infusion (75). Common grade 3 or above adverse events related to NMA-LD 
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are haematological complicaƟons such as low white blood cell count and febrile neutropenia, 

which are the expected consequences of the therapy. High dose of IL-2, usually ranging from 

600,000 IU/kg to 720,000 IU/kg, is given at 8-12 hour intervals post-TIL infusion. Most studies 

employ up to 6 doses of IL-2. Grade 3 or above adverse events related to the IL-2 regimen 

include hypotension and capillary leakage. Although side effects from NMA-LD and IL-2 are 

typically temporary and manageable, deaths due to pneumonia, arrhythmia, and acute 

respiratory failure related to NMA-LD and/or IL-2 have been reported (10). TIL infusion is 

usually given as a single injecƟon, where less than 5 billion to 150 billion cells per dose have 

been administered (75). It is generally regarded as well-tolerated, with transient dyspnea, 

chills and fever as common side effects. However, life-threatening adverse effects, such as 

anaphylacƟc reacƟons, have been reported (10). Such infusion-related reacƟons occur in less 

than 4% of paƟents (173). These can be miƟgated by close monitoring and easily accessible 

emergency medicaƟons (i.e. epinephrine and diphenhydramine). 

1.3.4.1 Clinical efficacy in melanoma 

Favourable outcomes of TIL therapy have been achieved in melanoma, an immunogenic 

disease where most clinical trials of TIL therapy have been conducted (174). Prior to the 

approval of immune checkpoint blockade treatments, early studies reported ORR of 34 – 55% 

from metastaƟc paƟents receiving TIL therapy (172, 175). Treatment regimens in these early 

studies consisted only of CP in NMD-LD and involved mulƟple cycles of TIL and IL-2 infusions 

instead of single infusions. While REP expansion was not yet implemented, the transfer to gas-

permeable bags from expansion in Ɵssue-culture plates has been explored (175), laying the 

foundaƟon for the more advanced protocols that are now in clinical use.  

Further studies have assessed TIL generaƟons from tumour-reacƟve cultures (selected TILs) in 

contrast to bulk, unselected TILs. One type of unselected TILs, known as “young TILs”,  were 

shown to be comparable or superior in efficacy than reacƟvity-selected TIL products while 

minimising ex vivo culturing Ɵme (176, 177). In the expansion of young TILs, microcultures 

containing lymphocyte outgrowth from tumour fragments were mixed and combined prior to 

REP expansion. Manufacturing Ɵme was significantly shortened while tumour reacƟvity was 

retained in cryopreserved aliquots used for infusion (177). In the same study, paƟents 

receiving tumour-selected TILs exhibited shorter TIL culturing Ɵmes in responders than non-

responders. This suggested a negaƟve associaƟon between manufacturing duraƟon and 
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clinical response. Nevertheless, young TILs did not show this associaƟon, and efficacy was 

similar between CD8-enriched young TILs and tumour-selected TILs, both at a clinical response 

rate of ~55% in metastaƟc paƟents. In another study on metastaƟc paƟents that were 

refractory to at least one line of therapy, young TIL protocol achieved a significantly higher 

ORR than the tumour-selected TIL protocol (31% vs 8%) (176). However, substanƟally more 

paƟents were treated with young TILs than tumour-selected TILs (n = 91 vs n = 12). It was 

unknown whether enrichment of CD8 TIL populaƟons was performed, and if this potenƟal 

difference contributed to improved efficacy of young TILs over tumour-selected TILs compared 

to the previous study. GeneraƟon of young TILs has also been employed in the manufacturing 

of lifileucel for melanoma (LN-144, by Iovance BiotherapeuƟcs). In the pivotal Phase II C-144-

01 study, lifileucel demonstrated 29% - 35% ORR across two melanoma cohorts (25/87 and 

23/66, respecƟvely) (10). Notably, study parƟcipants were advanced paƟents who failed 

mulƟple lines of treatment (median = 3 prior lines of therapy), all of which previously received 

immune checkpoint inhibitors (ICIs) (100% with PD-1/PD-L1 inhibitors and 81.7% with CTLA-4 

inhibitors). The Phase III TILVANCE-301 trial assessing lifileucel with pembrolizumab (PD-1 

inhibitor) compared to pembrolizumab alone in ICI-naïve, advanced melanoma paƟents is 

ongoing (178). PosiƟve results could support the implementaƟon of lifileucel as an earlier line 

of therapy for paƟents with metastaƟc or unresectable melanoma. Preliminary results from a 

small cohort of ICI-naïve, advanced melanoma paƟents in the Phase II IOV-COM-202 study 

have shown an ORR of 88% (7/8), when treated with lifileucel in combinaƟon with 

pembrolizumab (179). Another Phase III randomised trial (M14TIL) compared TIL therapy 

versus ipilimumab (CTLA-4 inhibitor) as a first or second-line treatment for advanced 

melanoma (180). TILs were manufactured using a young TIL protocol which is disƟnct from 

the manufacturing protocol used for lifileucel. ORR of the young TIL-infused group was 49% 

(41/84), with 17 (20%) CR and 24 (29%) PR responses. This was in stark contrast with the 

ipilimumab-infused group where an ORR of 21% (18/84), with 6 (7%) CRs and 12 (14%) PRs, 

was observed. Progression-free survival was also higher for the TIL-infused group, at 7.2 

months, compared to 3.1 months in the ipilimumab-infused group. The majority (87% in TIL-

infused group and 85% in ipilimumab-infused group) of paƟents had prior anƟ-PD-1 therapy. 

These results suggest young TILs as a more favourable treatment than ipilimumab 

monotherapy in advanced paƟents refractory to frontline anƟ-PD-1 therapy. Overall, TIL 

therapy has demonstrated therapeuƟc success in metastaƟc melanoma. Its potenƟal to be 
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used as an earlier line of treatment, in combinaƟon or subsƟtuƟon of immune checkpoint 

inhibitors, is currently being explored in the clinical space. 

1.3.4.2 Clinical efficacy in other solid tumours 

TIL therapy has also been tested in clinical trials of other solid tumours such as NSCLC, 

pancreaƟc cancer, ovarian cancer, cervical cancer, and colorectal cancer, with varying success. 

In the Phase II IOV-COM-202 trial, lifileucel for non-melanoma solid tumours (LN-145, by 

Iovance BiotherapeuƟcs) achieved an ORR of 21% (6/28) in a NSCLC cohort (181). PaƟents had 

metastaƟc disease and were heavily pretreated, with 100% having had anƟ-PD-1/PD-L1 

therapy and 96% received one or more lines of systemic chemotherapy. Early results of 

lifileucel in combinaƟon with pembrolizumab had an ORR of 43% (5/12) in head and neck 

cancer and 50% (5/10) in cervical cancer in ongoing Phase II trials, although small number of 

paƟents have been recruited so far (179). All paƟents had advanced disease but were ICI-naïve, 

which could have contributed to the high ORRs observed. Similar to LN-144, LN-145 were 

expanded as young TILs and uƟlised the same GeneraƟon 2 (Gen 2) 22-day manufacturing 

process employed for LN-144 producƟon in the C-144-01 study (83).  

Other studies that used bulk, unselected TILs did not demonstrate comparable clinical 

responses as LN-145. Instead, tumour-selected TILs have found favourable clinical outcomes. 

In a Phase II study, unselected TILs yielded a disease control rate (DCR) of 63%, but an ORR of 

0%, in a pooled cohort of 16 paƟents with advanced, treatment-refractory ovarian cancer, 

colorectal cancer, and pancreaƟc cancer (80). TILs were generated using the proprietary 

MDACC manufacturing process, with addiƟonal agonist sƟmulaƟon (anƟ-CD3 and anƟ-CD137 

anƟbodies) supplemented in pre-REP expansion to support the early acƟvaƟon of T cells. No 

manufacturing failure occurred; however, no reacƟvity assessment using autologous tumour 

co-cultures was performed. It remains unclear whether the early agonist sƟmulaƟon 

preserved sufficient levels of tumour reacƟvity in the final infusion products, and if it played 

a role in the inadequate clinical responses.  

In another Phase II study, bulk, unselected TILs, generated using the young TIL protocol, 

yielded no objecƟve clinical responses in a pilot cohort of 18 paƟents with heavily-pretreated 

(median = 4 lines of prior therapy), metastaƟc gastrointesƟnal cancer (91). Subsequent 

paƟents were screened for neoanƟgen reacƟvity, of which 57% (95/168) were eligible for 
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treatment with neoanƟgen-reacƟve TILs. PaƟents received neoanƟgen-reacƟve TILs as a 

monotherapy (the SEL-TIL group) or in combinaƟon with pembrolizumab (the SEL-TIL + P 

group). ORR was 8% (3/39) for the SEL-TIL group and 24% (8/34) for the SEL-TIL + P group. 

NeoanƟgen selecƟon was performed using the “NeoExpand” method, where individual TIL 

microcultures from pre-REP were co-cultured with APCs loaded with mutated neoanƟgen 

epitopes idenƟfied from WES (105). In the Phase II study, the interval from tumour resecƟon 

to infusion of neoanƟgen-selected TILs was 3-5 months, although for several non-responders 

in both SEL-TIL and SEL-TIL + P groups this period was over 20 months. The high paƟent 

dropout during screening and lengthy manufacturing Ɵme remain limitaƟons of neoanƟgen-

selected TILs in this study, despite their higher efficacy compared to young TILs. 

Viral anƟgen-selected TILs have also been tested in virus-induced cancers. A phase II study 

examined TILs for human papillomavirus (HPV)-associated cancers, aŌer an ORR of 33.3% (3/9) 

was achieved in a preliminary cohort of HPV-posiƟve cervical cancer paƟents (182). Pre-REP 

TIL microcultures that showed reacƟve responses to APCs loaded with oncoproteins E6 and 

E7 from paƟent-specific HPV type (HPV-16 or HPV-18) were selected for REP and subsequent 

infusion. ORR was 28% (5/18) for the cervical cancer cohort and 18% (2/11) for the non-

cervical cancer cohort (103). The non-cervical cancer cohort was comprised of paƟents with 

oropharyngeal cancer (n = 5), anal cancer (n = 5), and vaginal cancer (n = 1). All paƟents had 

HPV-posiƟve, metastaƟc disease and at least one prior line of systemic chemotherapy. Higher 

levels of reacƟvity were shown for responders than non-responders from TIL subcultures. 

AddiƟonally, there was a posiƟve correlaƟon between clinical response and HPV reacƟvity 

from peripheral blood one month post-treatment. However, only 64% (29/45) of paƟents 

undergoing surgery received TIL therapy due to high paƟent-to-paƟent variability in HPV 

reacƟvity. GeneƟcally engineered, HPV-targeted T cells can circumvent this issue, and this is 

being assessed by the same group in an ongoing phase I/II trial using TCR T cells specific to 

HPV-16 E7 oncoprotein (NCT02858310). 

In addiƟon to anƟgen-selected TILs, geneƟc modificaƟons to improve the clinical performance 

of TILs are also being evaluated for non-melanoma solid tumours. In one completed phase I 

study, a novel intracellular immune checkpoint, cytokine inducible SH2-containing protein 

(CISH), was knocked out using CRISPR-Cas9 in neoanƟgen-selected TILs (104). PaƟents had 

metastaƟc colorectal cancer and were heavily treated with a median of five prior lines of 
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systemic therapy. ORR was 8% (1/12). The only paƟent who showed objecƟve response had 

an ongoing CR that was over 21 months since TIL treatment. This paƟent had a microsatellite 

instability (MSI)-high tumour, which likely contributed to a high neoanƟgen burden that 

increased reacƟve T cell repertoire in the infusion product. On average, manufacturing Ɵme 

was 103 days and longer compared to standard young TIL protocols. Despite the geneƟc 

modificaƟons, neoanƟgen-selected, CISH knockout TILs were well-tolerated without severe 

side effects such as cytokine release syndrome or neurotoxicity. Other trials assessing 

geneƟcally modified TILs, such as TILs with PD-1 knockout (IOV-4001, Iovance BiotherapeuƟcs) 

for advanced NSCLC as well as melanoma (NCT05361174), are currently underway. Safety and 

efficacy of geneƟcally modified TILs remain to be confirmed from these studies.  

1.4 Challenges in solid tumours 

1.4.1 General challenges and emerging soluƟons 

1.4.1.1 CAR T cell therapy 

The idenƟficaƟon of an ideal tumour-associated anƟgen target represents one major 

challenge of CAR T cells in solid tumours. Other challenges include limited tumour infiltraƟon, 

poor in vivo persistence, and TME-induced hypofuncƟon. Strategies to overcome these 

challenges have been explored to improve CAR T cell efficacy and achieve long-term remission. 

In addiƟon, safety of CAR T cells remains hindered by risks of significant toxiciƟes, such as life-

threatening on target off-tumour responses, neurotoxicity, and immune reacƟons to infused 

CAR T cells. Cytokine release syndrome remains another potenƟal concern for CAR T cells, 

although its overall incidence and severity are lower in solid tumours compared to 

haematological malignancies (183).  Methods to reduce CAR T cell toxiciƟes and improve 

treatment safety are also being developed and evaluated.  

Locoregional delivery of CAR T cells, in contrast to systemic administraƟon, has been tested in 

an increasing number of studies as an approach to improve CAR T cell infiltraƟon, persistence, 

and safety in solid tumours (184, 185). Locoregional delivery refers to administering the CAR 

T cells intratumourally or in close vicinity of the tumour. Due to the limited trafficking of T cells 

across the blood brain barrier, intracranial injecƟon has been assessed and considered to be 

the preferred method of CAR T cell administraƟon for brain tumours, demonstraƟng 
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favourable safety and efficacy profiles from a number of clinical trials (186-190). As discussed 

earlier, for pleural tumours such as mesothelioma, intrapleural injecƟon achieved remarkable 

improvements in efficacy during preclinical studies, compared to systemic administraƟon of 

CAR T cells (62). Intrapleural injecƟon has also been well-tolerated when tested clinically and 

can be a potenƟal method to limit the on-target, off-tumour toxiciƟes of highly potent anƟ-

MSLN CAR T cells (143, 144). Direct intratumoral delivery is also feasible, which can be guided 

by radiological and/or sonographic imaging for increased precision. In a clinical trial against 

metastaƟc breast cancer, intratumoural injecƟon of mRNA-based CAR T cells was well-

tolerated and showed necrosis as well as loss of target anƟgen (c-Met) at the site of injecƟon 

(191). Use of image guidance, however, was not menƟoned. In another head-and-neck cancer 

trial, intratumoural injecƟon was safe (no severe treatment-related and dose-limiƟng 

toxiciƟes), with 60% (9/15) of paƟents achieving SD as best clinical response. Ultrasound 

guidance was used during one case of drug administraƟon. CAR T cell leakage into the 

peripheral circulaƟon was not detected post-injecƟon, which likely contributed to the lack of 

significant toxiciƟes. Overall, locoregional delivery is a highly clinically applicable technique 

and has consistently demonstrated to be safe, with potenƟal of enhancing CAR T cell 

performance compared to systemic delivery.  

CombinaƟon treatments have also been examined to improve the response of CAR T cell 

therapies (192). CombinaƟon with anƟ-PD-1 blockade by pembrolizumab has been clinically 

assessed for CAR T cells in neuroblastoma as well as anƟ-MSLN (m912) CAR T cells in 

mesothelioma (143, 193, 194). In both neuroblastoma trials using anƟ-GD2 and anƟ-EGFRvIII 

CAR T cells, combinaƟon with pembrolizumab was safe but did not increase CAR T cell 

expansion, persistence, or efficacy (193, 194). In the mesothelioma trial, more favourable 

outcomes were seen with complete metabolic responses observed based on radiological 

evaluaƟon (143). The specific contribuƟon of pembrolizumab administraƟon was unclear, as 

the CAR T cells were delivered locoregionally and this could have improved treatment 

responses as well. Nevertheless, in one paƟent where tumour biopsy was available, PD-L1 

expression was increased by 40% eight weeks post-treatment, suggesƟng evidence of 

response to pembrolizumab. Further, CAR T cells can be combined with other 

immunotherapies such as oncolyƟc viruses and cancer vaccines. Both approaches are capable 

of promoƟng an inflammatory TME that facilitates the anƟ-tumour responses of CAR T cells 
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in solid tumours (195, 196). An ongoing trial using anƟ-MSLN (M5) CAR T cells combined with 

an oncolyƟc adenovirus (VCN-01) has reported sustained SD in 2 out of 3 treated paƟents 

(197). No severe (grade 4 or higher) toxiciƟes occurred, but cytokine release syndrome was 

observed in one paƟent, likely because of high potency of M5 CAR T cells. A separate phase I 

trial tesƟng intratumoural delivery of another oncolyƟc virus (CAdVEC) with anƟ-HER2 CAR T 

cells is currently enrolling (NCT03740256) (198). In the seminal phase I/II BNT211 trial, anƟ-

CLDN6 CAR T cells in combinaƟon with CARVac, a cancer vaccine consisƟng of an RNA-lipid 

complex amplifying for the CAR target CLDN6, resulted in an ORR of 33% (7/21), with 1 CR and 

6 PRs out of 21 paƟents as the best overall response (199). CARVac administraƟon was well-

tolerated, and treatment-related toxiciƟes were mainly aƩributed to CAR T cell delivery, which 

were manageable. Transient fever, and increase in CAR T cell frequencies as well as circulaƟng 

IFN-γ levels were observed upon CARVac infusion, providing preliminary evidence for vaccine-

induced effects on immune sƟmulaƟon and CAR T cell expansion. However, the exact impact 

of CARVac on CAR T cell engraŌment was not characterised extensively. CombinaƟon 

therapies thus provide a mulƟ-faceted approach to overcome the hosƟle environment that 

CAR T cells experience in solid tumours.   

Although CAR T cell products used in most clinical trials employ second-generaƟon CAR 

constructs, next-generaƟon CAR T cells have also been employed for solid tumour treatments. 

Third-generaƟon CAR T cells, such as ones with tandem CD28 and 4-1BB, or CD28 and OX40 

cosƟmulatory domains, have achieved increased persistence from xenograŌ studies (133, 200, 

201), although long-term persistence have not been consistently well demonstrated from 

solid tumour clinical trials (194, 202, 203). Suppressive myeloid populaƟons from the 

peripheral circulaƟon have been observed as one limitaƟon that inhibited CAR T cell expansion 

in some of the treated paƟents. In one case example from a fourth-generaƟon CAR T cell 

product, complete remission (CR) was demonstrated in an advanced pancreaƟc cancer paƟent 

following intravenous infusion of anƟ-MSLN CAR T cells co-expressing IL-7 and CCL19 

cytokines (204), which also enhanced CAR T cell survival and solid tumour clearance in murine 

models (205). The paƟent did receive mulƟple infusions (6 Ɵmes in total) for CR to be 

confirmed radiologically. Although the anƟ-MSLN scFv was not specified, the paƟent did not 

experience significant toxiciƟes and none of the 6 paƟents in the tested cohort reported grade 

2 or above adverse events. AddiƟonal geneƟc modificaƟons, such as CRISPR gene knockout 
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and overexpression of chemokine receptors, have also been widely tested. The immune 

checkpoint PD-1 is a common knockout target for reinvigoraƟng the anƟ-tumour acƟvity of 

CAR T cells (206). This has been evaluated in clinical trials of both anƟ-MSLN and anƟ-MUC1 

CAR T cells (137, 159), as menƟoned in secƟon 1.3. In the case of P4 CAR T cells, the addiƟonal 

TCR-knockout significantly impaired CAR T cell persistence, highlighƟng the need for extensive 

preclinical characterisaƟon of intended knockouts prior to clinical translaƟon. Further, co-

expression of chemokine receptors (such as CCR2,4,8, and CXCR1,2,6) has been uƟlised for 

facilitaƟng homing and infiltraƟon of CAR T cells into solid tumours preclinically, although such 

strategies await clinical translaƟon (207). In a phase I trial against relapsed/refractory Hodgkin 

lymphoma, anƟ-CD30 CAR T cells co-expressing the CCR4 showed enhanced persistence 

(posiƟve signal at 6-month: 86% vs 22%) and anƟ-tumour acƟvity (reducƟon in CCL17 by week 

2: 86 ± 13% vs 52 ± 38%) compared to anƟ-CD30 CAR T cells without CCR4 co-expression (208). 

Safety and funcƟonality of chemokine receptor co-expression remain to be examined in solid 

tumour clinical trials.   

Progress in syntheƟc engineering have also sought to improve CAR T cell safety in solid 

tumours. Dual-targeƟng CAR T cells can confer greater tumour specificity and reduce the 

potenƟal for on-target, off-tumour toxiciƟes, when logic-gated by an “AND gate” so that CAR 

T cells are only acƟvated by simultaneous recogniƟon of both target anƟgens (209). Dual-

targeƟng CAR T cells can also be logic-gated by an “OR gate”, where recogniƟon of at least one 

target anƟgen is sufficient for acƟvaƟon, to counter anƟgen heterogeneity and improve CAR 

T cell efficacy. The incorporaƟon of a suicide switch such as the inducible Caspase 9 (iCasp9) 

enables eliminaƟon of CAR T cells in case life-threatening treatment toxiciƟes occur (210). The 

iCasp9 construct is induced by administraƟon of the pharmaceuƟcal agent AP1903, which 

leads to apoptosis of CAR T cells within minutes. Suicide switches have been widely employed 

in CAR T cell clinical trials of CAR T cells, in both haematological and solid tumour seƫngs 

(209). Clinical experiences indicate that CAR T cells incorporaƟng suicide switches have been 

well-tolerated, although the suicide switches have been rarely acƟvated. In one instance, 

acƟvaƟon of iCasp9 successfully terminated severe and steroid-refractory neurotoxicity 

following CAR T cell administraƟon in a leukemia paƟent (211). More than 90% of circulaƟng 

CAR T cells were eliminated 1 day aŌer AP1903 administraƟon. Neurotoxicity immediately 

improved following AP1903-induced iCasp9 acƟvaƟon and completely resolved by day 4. 
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Overall, advances in CAR engineering offers promising avenues to combat toxiciƟes and off-

target effects of CAR T cell therapies. 

In summary, following the success previously seen in the haematological seƫng, clinical 

translaƟon of CAR T cell therapy into solid tumours is rapidly expanding. However, the complex 

architecture, immunosuppression/exclusion, and anƟgen heterogeneity of solid tumours pose 

addiƟonal challenges. Despite poor to modest responses of CAR T cells in current clinical trials, 

numerous strategies have been explored in preclinical and clinical seƫngs to enhance the 

safety and in vivo funcƟonality (persistence, infiltraƟon, and anƟ-tumour responses) of CAR T 

cells. As addressed above, improvements have been shown in several instances, with 

locoregional delivery and next-generaƟon CAR T cells being increasingly adopted in more 

recent trials. The future of CAR T cell therapy in solid tumours awaits to be determined from 

the outcomes of ongoing clinical trials. 

1.4.1.2 TIL therapy  

The challenges that TIL therapy faces in solid tumour treatments have largely been outlined 

in previous secƟons (secƟon 1.2.2 and secƟon 1.3.4). The main prioriƟes are to opƟmise TIL 

manufacturing to ensure successful and Ɵmely TIL expansion, as well as to enhance the anƟ-

tumour reacƟvity of TIL products, especially in other solid tumours besides melanoma.  

Current TIL therapy suffers from issues with manufacturing failures and high interpaƟent 

variability in TIL performances. The single most important factor for successful TIL 

establishment is tumour quality (212). As discussed, tumour size specificaƟons (> 1.5 cm 

greatest diameter) are essenƟal for obtaining sufficient TILs for expansion. For paƟents who 

experienced iniƟal TIL manufacturing failure, re-enrolment provides a second chance at 

manufacturing (104). Manufacturing of reacƟvity-selected TILs can be aborted if no strong 

reacƟvity is observed during reacƟvity screening. High heterogeneity in TIL expansion and 

performance is also seen in clinical experience across different solid tumour types. Despite 

relaƟvely consistent frameworks in TIL generaƟon, individual tumour types have different 

microenvironment composiƟons and can differ in the frequency, phenotype, and reacƟvity of 

TILs present. For instance, expansion of TILs from gastrointesƟnal tumours was slower than 

TILs derived from melanoma due to lower density of TILs within tumours (213). TILs from 

gastrointesƟnal tumours also had less number of CD8 T cells and lower reacƟvity against 
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autologous tumours compared to TILs from melanoma. Further work is required to 

characterise the parameters that define successful TIL expansion across different solid tumour 

seƫngs.  

Standardised assays that opƟmally differenƟate between responders and non-responders are 

sƟll lacking and urgently require development. ELISA assays that detect IFN-γ secreted by TILs 

in co-culture with autologous tumours remain the gold standard for assessing tumour 

reacƟvity during clinical manufacturing (212). However, in cases when autologous tumours 

were not available and HLA-matched tumour cell lines were used as targets, reacƟvity from in 

vitro assays has been observed to under-represent clinical reacƟviƟes of infused TILs (89). 

Improvements in potency assays for screening and release tesƟng of TIL products require 

thorough understanding of the factors governing clinical responses of TIL therapy, which are 

currently being explored (214). 

GeneƟcally modified TILs represent the next-generaƟon TIL therapy for advanced solid 

tumours. Immune checkpoints that suppress TIL acƟviƟes can be knocked out using 

technologies such as CRISPR-Cas9 and TALEN. In one example, CRISPR-Cas9 knockout of the 

intracellular target CISH enhanced TIL reacƟvity and was able to restore reacƟvity that was 

lost from unedited, control TILs (204). As described earlier, CISH knockout TIL therapy was 

demonstrated to be safe and CR was achieved in one paƟent with MSI-H gastrointesƟnal 

cancer from an ongoing Phase I trial (104). Current experiences of gene knockouts in TIL 

studies all showed minimal off-target acƟviƟes with no detrimental influences on TIL 

expansion and responses (215, 216) (217), highlighƟng their safety for clinical delivery. TILs 

can also be engineered to express transgenes for increased anƟ-tumour acƟvity. CAR-

engineered TILs have also been assessed in preclinical models of colorectal cancer and 

melanoma, demonstraƟng improved in vivo efficacy over convenƟonal, PBMC-derived CAR T 

cells (218, 219). However, responses of CAR-engineered TILs remain to be assessed clinically. 

Transient expression of the pro-inflammatory cytokine IL-12 increased cytotoxicity of TILs 

injected intratumourally in a murine melanoma model, and led to the eliminaƟon of untreated, 

bilateral tumours (220). In a phase I melanoma trial, a favourable ORR of 63% (10/16) was 

reported for TILs retrovirally transduced with IL-12 (221). However, the trial was terminated 

as life-threatening toxiciƟes were observed at the treated dose levels (0.3 - 3 × 109 cells per 

dose), likely due to the unmanaged levels of IL-12 secreƟon from TILs. The co-expression of 
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chemokine receptors has also been invesƟgated as a strategy to enhance TIL tumour 

infiltraƟon, and clinical-grade manufacturing of TILs retrovirally transduced with the 

chemokine receptor CXCR2 has been established (222). CXCR2 transducƟon did not affect TIL 

expansion and retained their cytotoxic capacity. A phase I/II trial in progress is assessing the 

safety and tumour trafficking ability of CXCR2-transduced TILs in metastaƟc melanoma (223). 

Overall, geneƟc modificaƟons provide strategies to counteract immunosuppression, increase 

anƟ-tumour cytotoxicity, and improve infiltraƟon, holding significant potenƟal to enhance the 

clinical efficacy of TIL therapies in solid tumours. 

1.4.2 Solid tumours  
While both CAR T cell and TIL therapies have been examined in a wide range of solid tumours, 

it is essenƟal to recognise that each cancer type presents their own unique set of challenges. 

Individual cancer types differ in stromal composiƟon, tumour architecture, anƟgen expression, 

and profiles as well as immune phenotypes. These can have significant implicaƟons on the 

construct choice for CAR T cell therapy and opƟmal manufacturing pipelines for TIL therapy. 

In addiƟon, given the cost and lengthy producƟon process, applicaƟons of T cell-based 

therapies should take into consideraƟon the aggressiveness and complicaƟons of the disease, 

as well as if more cost-effecƟve alternaƟve lines of treatment are available. Given the 

differences in prevalence and severity of unmet needs, T cell-based therapies have been well-

established for clinical tesƟng in some solid tumour types while showing liƩle adopƟon in 

others. Below we will describe the challenges faced by T cell-based therapies in pancreaƟc 

cancer and appendiceal cancer, where effecƟve treatments are currently lacking. In the former, 

CAR T cell therapies have been extensively tested but hindered by the hosƟle tumour 

microenvironment (TME); in the laƩer, T cell-based therapies have not been examined so far.  

1.4.2.1 PancreaƟc cancer  

PancreaƟc cancer remains a significant global burden of disease, ranking as the 7th cancer-

related cause of absolute years of life lost worldwide and the fourth leading cause of cancer 

deaths in Australia (224, 225). Over 90% of pancreaƟc malignancies occur as the highly 

aggressive pancreaƟc ductal adenocarcinoma (PDAC) subtype (226). Most PDAC cases 

originate from microscopic dysplasƟc precursor lesions known as pancreaƟc intraepithelial 

neoplasms (PanINs) (227), but other cysƟc precursor lesions, such as intraductal papillary 



 
 

61 
 

mucinous neoplasms (IPMNs) and mucinous cysƟc neoplasms (MCNs), can also become 

malignant (228). 

The significant disease burden of PDAC is highlighted by its rising incidence rate and high 

mortality rate, with a five-year survival of less than 10% (225, 229). This is contributed by late 

diagnosis in the majority of PDAC paƟents due to both the absence of specific clinical 

symptoms during early disease and the inherent challenges in imaging and detecƟng early-

stage pancreaƟc tumours (230, 231). For treatments, surgical resecƟon remains the only 

potenƟally curaƟve opƟon, but this is only possible for the 10-15% of paƟents who have 

limited local disease (232). The remainder present with locally advanced or metastaƟc disease 

that is not amenable to curaƟve intent surgery. Standard systemic chemotherapy and 

radiotherapy have also shown limited efficacy to date with low response rates and oŌen rapid 

development of treatment resistance (232-234). Novel treatments are urgently needed to 

improve the poor clinical outcomes in PDAC. 

1.4.2.1.1 Biology of PDAC  
PDAC exhibits a highly complex and hosƟle TME that presents significant therapeuƟc 

challenges (Figure 1.7). This TME is characterised by pronounced fibrosis, hypoxia, nutrient 

deprivaƟon, and immunosuppression.  

Fibrosis is a significant feature of the PDAC stroma, which can take up more than 90% of the 

tumour mass (235). This serves as a physical barrier, reducing the penetraƟon of systemic 

chemotherapies and hindering T cell infiltraƟon into the tumour (236, 237). The fibroƟc 

deposiƟon, known as desmoplasia, is composed of extracellular matrix (ECM) proteins such 

as collagens, integrins, proteoglycans, and glycoproteins that are predominantly produced by 

cancer-associated fibroblasts (CAFs) (238). Of these ECM proteins, collagen is the most 

abundant, with type I collagen considered responsible for most of the desmoplasia in PDAC 

(239). ProducƟon of type I collagen are largely driven by the αSMA+ myofibroblasts (myCAF) 

subset. Two other subsets, inflammatory CAFs (iCAFs) and anƟgen-presenƟng CAFs (apCAFs) 

contribute to immunomodulaƟon in the TME. iCAFs secrete the pro-inflammatory cytokine IL-

6 to promote tumour progression, while apCAFs directly engage with CD4 T cells to induce 

their differenƟaƟon into Tregs, thus inhibiƟng anƟ-tumour immunity (240, 241). InteresƟngly, 

selecƟve depleƟon of myCAF to counteract desmoplasia has unexpectedly accelerated PDAC 

progression and reduced survival in murine models, accompanied by increased 
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immunosuppression, hypoxia, and epithelial-to-mesenchymal (EMT) transiƟons (242). As such, 

stromal modulaƟon approaches that focus on CAF reprogramming, rather than depleƟon, 

offer a more effecƟve way to overcome desmoplasia, and have been shown to improve 

responses of anƟ-PD-1 therapies in murine PDAC models (236, 243).  

Hypoxia in the PDAC TME has been aƩributed to restricted blood flow due to poor 

vascularisaƟon. PDAC vasculature is characterised by deficient angiogenesis and markedly 

elevated intersƟƟal fluid pressure, which is 10-fold higher in pancreas of mice with PDAC than 

in normal murine pancreas (244). The buildup of high intersƟƟal fluid pressure can induce 

vascular collapse, limiƟng effecƟve delivery of therapeuƟc agents from the peripheral 

circulaƟon into the TME (244).  

Notably, PDAC is considered an immunologically “cold” tumour characterised by a strongly 

immunosuppressive TME and low infiltraƟons of effector T cells (245). Diverse myeloid and 

lymphocyte cell types contribute to this immunosuppressive milieu. 

The myeloid populaƟons represent a substanƟal compartment of the PDAC stroma, and 

include myeloid-derived suppressor cells (MDSCs), tumour-associated macrophages (TAMs), 

and tumour-associated neutrophils (TANs). MDSCs engage in contact-dependent cross-talk 

with Tregs to induce their accumulaƟon within tumours (246). TAMs induce the upregulaƟon 

of PD-1 expression and the release of immunosuppressive chemokines (CXCL1 and CXCL5) 

from tumour cells, which promote T cell exhausƟon and inhibit T cell infiltraƟon, respecƟvely 

(247, 248). AddiƟonally, TAMs can be polarised to the immunosuppressive M2 or the pro-

inflammatory M1 phenotypes. TAMs in PDAC are predominantly of the M2 phenotype, which 

produce cytokines such as IL-10 and TGF-β that can inhibit the funcƟonal acƟviƟes of CD8 T 

cells (249). TAMs have been negaƟvely associated with CD8 T cell infiltraƟon and contribute 

to T cell exhausƟon via upregulaƟon of the immune checkpoint ligand NecƟn-2 (250). 

Blockade of IL-17, a neutrophil-chemoaƩractant upregulated in the PDAC TME, also improved 

sensiƟvity of murine PDAC models to anƟ-PD-1 immunotherapy (251). Finally, arginase-1 

acƟvity from myeloid cells causes local depleƟon of arginine, an essenƟal metabolite for T 

cells, leading to a nutrient-poor environment that compromises T cell fitness, survival, and 

anƟ-tumour responses (252, 253).  
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The infiltraƟng lymphocyte populaƟons in PDAC mainly consist of regulatory B cells and T cells 

(Bregs and Tregs), and dysfuncƟonal T cells with senescent and exhausted phenotypes (245). 

IL-18 secreted by PDAC cells has been shown to sƟmulate the expansion of Bregs and their 

release of IL-10 (250). Tumour-infiltraƟng B cells also exert potent immunosuppression via 

secreƟon of IL-35, which downregulates effector funcƟons of CD4 and CD8 T cell infiltrates, 

promotes Treg expansion, and enhances cancer cell proliferaƟon and resistance to apoptosis 

(254-256). AddiƟonally, these B cells show upregulated PD-L1 expression and interact with 

TAMs to induce M2 polarisaƟon, which impair anƟ-tumour responses of CD8 T cells (257, 258). 

Tregs (idenƟfied by CD4+CD25+FOXP3+ expressions) show increased prevalence during PDAC 

progression and is negaƟvely correlated with CD8 T cell infiltraƟon (259). These cells can 

contribute to immune evasion through mulƟple mechanisms, including direct cytotoxicity 

towards effector T cells, secreƟon of immunosuppressive cytokines (IL-10 and TGF-β), 

inducƟon of T cell exhausƟon via inhibitory receptor signalling, and deprivaƟon of IL-2 

required for effector T cell metabolism and survival (250). In PDAC, Tregs have also been 

shown to interact directly with CD11c+ dendriƟc cells (DCs) and suppress the expression of 

cosƟmulatory ligands (CD40 and CD86), leading to the inhibiƟon of CD8 T cell acƟvaƟon 

downstream (260). Lastly, the PDAC stroma shows markedly poor infiltraƟon of effector T cells. 

These effector T cells are uniformly distributed in the PDAC tumour and presented 

predominantly with dysfuncƟonal phenotypes (261). In parƟcular, single cell transcriptomic 

profiling revealed that only ~12% of CD8 T cells in PDAC TME showed expression profiles 

associated with anƟ-tumour capabiliƟes. The remaining populaƟons are either funcƟonally 

unresponsive (naïve, senescent or exhausted phenotypes) or immunosuppressive 

(CD8+FOXP3+ Tregs) (261). In addiƟon, over 40% of CD8 T cells show a terminally 

differenƟated phenotype. Overall, the elevated immune checkpoint expressions within 

stromal populaƟons, together with a fibroƟc, hypoxic, and nutrient-deprived TME enriched in 

immunosuppressive cytokines, contribute significantly to the low anƟ-tumour immunity 

observed in PDAC.  

Aside from the PDAC stroma, this low anƟ-tumour immunity is also parƟally driven by tumour-

intrinsic factors. Compared to other solid tumour types, PDAC exhibits a low tumour 

mutaƟonal burden (TMB) characterised by a few well-defined driver mutaƟons, most 

commonly in tumour suppressor genes such as KRAS (> 95% of all cases), TP53 (60% - 70%), 
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CDKN2A (30% - 50%), and SMAD4 (20% - 50%) (262-264). To date, only a few immunogenic 

anƟgens have been idenƟfied in PDAC (245). Consequently, the low neoanƟgen diversity in 

PDAC constrains the clonality of tumour infiltraƟng CD8 T cells, which is a criƟcal determinant 

of anƟ-tumour immunity (265). Furthermore, downregulaƟons of anƟgen-presenƟng 

molecules (i.e. HLA class I and TAP) have been observed in PDAC tumour Ɵssues and cancer 

cell lines, presenƟng a barrier to the generaƟon of tumour-reacƟve T cell responses (266). 

PDAC tumour cells can also evade T cell killing by secreƟng immunosuppressive cytokines (G-

CSF and GM-CSF) and developing resistance to death receptor-ligand interacƟons (267, 268). 

Their intrinsic aggressiveness and broad chemoresistance further highlight PDAC as a 

challenging disease for exisƟng therapeuƟc approaches.  
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Figure 1.7 Comparison of pancreaƟc ductal adenocarcinoma (PDAC) pathology versus 
normal pancreaƟc Ɵssue. Whereas normal pancreaƟc Ɵssue (right) shows well-organised 
vasculature and ductal structure with sparse fibroƟc deposiƟon, PDAC tumour (leŌ) is 
composed of dense tumour cell populaƟons and a heterogenous mixture of stromal cells. The 
tumour microenvironment also exhibits vascular collapse and substanƟal amounts of fibrosis 
(desmoplasƟc reacƟon). Figure was reproduced from Joseph et al., 2024 (269). ECM, 
extracellular matrix; PSCs, pancreaƟc stellate cells; TAMs, tumour-associated macrophages; 
CAF, cancer associated fibroblast; Treg, regulatory T cells; TANs, tumour associated neutrophils; 
Breg; regulatory B cells.  

 

1.4.2.1.2 LimitaƟons of current immunotherapies in PDAC  
The low immunogenicity in PDAC has posed significant barriers to the effecƟve translaƟon of 

immunotherapies. AnƟ-PD-1 anƟbodies (pembrolizumab and nivolumab) have only been 

approved for paƟents with MSI-H tumours, which represents 2-3% of all PDAC paƟents, 

whereas the rest of PDAC paƟents remain irresponsive (269).  

One tumour anƟgen that shows high on-tumour expression across PDAC populaƟons is MSLN. 

Due to the lack of effecƟve treatments currently, anƟ-MSLN immunotherapies have frequently 

been assessed as a novel treatment for PDAC paƟents in clinical trials. These include anƟbody-

based therapeuƟcs (i.e. amatuximab, or SS1) (270-272), immunotoxins (i.e. SS1P) (273), 

anƟbody-drug conjugates (BMS-986148) (274), and CAR T cells (34, 135). Clinical outcomes, 

however, remained modest, despite encouraging results from preclinical studies (275, 276). 

In the case of anƟ-MSLN CAR T cells, clinical reports were available from completed trials using 

SS1 CAR T cells, which showed subopƟmal efficacy (SDs as best overall response) (34, 135). 

Similarly, as described earlier, iniƟal clinical tesƟng of anƟ-MSLN huCART-MESO CAR T cells 

demonstrated safety but low efficacy, with only 1 SD from 11 advanced PDAC paƟents as the 

best overall response (146). In an ongoing phase I trial using M5 CAR T cells combined with an 

oncolyƟc virus (VCN-01), infusion was well-tolerated in the three treated paƟents (197). 

Measurable disease, however, was not evaluated in the only PDAC paƟent treated. Further 

results remain to be reported from trials that have examined combinaƟon with B cell 

depleƟon (NCT02465983; NCT03497819), locoregional injecƟon (NCT06054308, 

NCT02706782), PD-1 inhibiƟon (NCT05779917; NCT03182803), improving T cell stemness 

(NCT06885697), or influences from gut microbiomes (NCT04203459). CAR T cell therapies 

targeƟng alternaƟve tumour anƟgens such as CLDN18.2, CEA, EGFR, and HER2 have also been 

clinically assessed in small numbers of PDAC paƟents (<15 from each trial), with PR observed 
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in selected cases (277). CR responses observed by CAR T cell treatments in haematological 

malignancies, however, remain to be realised in PDAC. 

TIL therapies are also undergoing clinical evaluaƟon in PDAC. However, their applicaƟon in this 

disease is sƟll in the early stage, and further opƟmisaƟon of the manufacturing pipeline 

remains necessary. In the Phase II clinical trial described in secƟon 1.3.4.2, the subset of PDAC 

paƟents receiving TIL products demonstrated 60% SD (3/5) as best response, although the 

number of paƟents is small (80). One paƟent was noted to have a prolonged SD that sustained 

for over 17 months, with reducƟons in several metastaƟc lesions, although the primary 

tumour showed no response. In the other Phase II trial with neoanƟgen-reacƟve TILs, ORR 

was only reported for the pooled gastrointesƟnal cancer cohort but not specified for the PDAC 

subpopulaƟon (91). In one example, a PDAC paƟent demonstrated objecƟve response (PR) 

with complete resoluƟon of a liver metastasis and 44% of overall tumour shrinkage, but 

disease sƟll progressed 7 months aŌer treatment, likely due to downregulated anƟgen 

presentaƟon (HLA) by tumour cells. Other trials assessing TIL monotherapy (NCT05098197 

and NCT03935893) as well as in combinaƟon with anƟ-PD-1 blockade (NCT01174121) are 

currently ongoing.  

Overall, the clinical efficacy of immunotherapies such as checkpoint inhibitors, CAR T cell 

therapies, and TIL therapies remains to be improved in PDAC. Given the detrimental biology 

of PDAC, there is an urgent need for deeper characterisaƟon of its tumour composiƟon and 

immune microenvironment to uncover key factors that could enhance future immunotherapy 

outcomes. 

1.4.2.2 Appendiceal cancer  

Appendiceal cancer is a rare disease with an occurrence of about 6 cases per 100,000 people 

(278). However, its incidence has been recently rising globally (279). Diagnosis can occur 

incidentally during appendectomy (in about 1% of all appendectomy cases), or more 

commonly when symptoms develop during peritoneal or systemaƟc disseminaƟon (280).  

Historically, classificaƟon of appendiceal cancer has been inconsistently applied due to 

frequent revisions. The current gold standard, the World Health OrganisaƟon (WHO) 2019 

fiŌh ediƟon classificaƟon system, classifies appendiceal cancer into appendiceal mucinous 

neoplasms (AMNs) and appendiceal adenocarcinoma (AAs) subtypes (281). AMNs are slow-
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growing, indolent tumours characterised by high mucin producƟon and typically low 

histological grade (282). AAs are usually aggressive diseases with a high histological grade and 

poor differenƟaƟon (283). One AA subtype with signet ring cell histology has high metastaƟc 

potenƟal and lethality (284). AAs can also arise from goblet cells, which shows both mucinous 

and neuroendocrine differenƟaƟon in contrast to the glandular epithelial differenƟaƟon by 

typical AAs (285). Prognosis of appendiceal cancer varies depending on disease type. Low-

grade AMN has a 10-year survival of 46-63% due to its slow growth (282). AA has a 3-year 

survival of 15% (283). The current standard of care consists of cytoreducƟve therapy (CRS) 

followed by hyperthermic intraperitoneal chemoperfusion (HIPEC). However, recurrent 

disease following surgery is common and prognosis remains extremely poor once paƟents 

develop unresectable disease. Systemic chemotherapy employed in colorectal cancer 

treatment, such as FOLFOX and FOLFIRI, have also been tested pre-operaƟvely and in 

unresectable/recurrent paƟents, but with limited success (281). As such, more effecƟve 

treatments are urgently needed.   

1.4.2.2.1 Biology of appendiceal cancer  
Although appendiceal cancer has historically been misclassified as colorectal cancer, 

accumulaƟng evidence now highlights it as a biologically disƟnct malignancy.  

The mutaƟonal landscape of appendiceal cancer is characterised by frequent mutaƟons in 

KRAS, TP53, GNAS, SMAD4, and BRAF (286). When compared to the mutaƟonal profile of 

colorectal cancer, AAs demonstrated significantly reduced frequencies in TP53 (27% vs 68%) 

and APC (9% vs 55%) mutaƟons (287). Early-onset paƟents were known to have 60% 

decreasing odds of GNAS mutaƟons, when compared to late-onset paƟents (288). GNAS and 

TP53 variants were found to be mutually exclusive in appendiceal cancer paƟents and 

independently associated with overall survival (OS) (289). In parƟcular, prognosis was 

improved for paƟents with GNAS mutaƟons (median OS = 115.5 months) but worse for 

paƟents with TP53 mutaƟons (median OS = 37.1 months), when compared to paƟents 

carrying the corresponding wildtype genes (median OS = 75.8 months). When MSI status was 

examined, appendiceal cancer was shown to have a lower MSI-H prevalence (4%) compared 

to colorectal cancer (15%) (290). Unlike colorectal cancer, where MLH1 promoter methylaƟon 

is a canonical driver of MSI, none of the appendiceal cancer paƟents demonstrated this 



 
 

68 
 

alteraƟon, and the underlying mechanism for MSI development in appendiceal cancer 

remains to be characterised.  

Tumour cells oŌen consƟtute only a small proporƟon of the volume of appendiceal cancer. 

From transcriptomic profiling, tumour cells from the AA subtype comprised 2% of total cells, 

in contrast to the 42% tumour cell abundance in colorectal cancer samples and 29% epithelial 

cell content in healthy appendiceal Ɵssues (291). The remaining cell populaƟons in AA were 

composed of fibroblasts (55%), and immune cells such as macrophages/monocytes (25%) and 

T cells (10%). The precise abundance of tumour cells from the AMN subtype has not been 

reported; however, low cellularity of samples has long been considered a challenge for the 

analysis of the AMN tumours (292). Transcriptomic acƟviƟes of EMT-related pathways and 

cellular differenƟaƟon were upregulated in disƟnct malignant cell clusters of AA samples (291), 

while pathways for cell proliferaƟon, reacƟve oxygen species (ROS) generaƟon, as well as gene 

sets for secretory mucins (MUC2, MUC5B, MUC5A, MUC6, MUC19), were elevated in 

epithelial cells of AMN samples relaƟve to normal appendiceal epithelium (292). 

Immunohistochemical analysis of appendiceal tumours has revealed high expression of drug 

resistance proteins, such as BCRP (97%) and MRP1 (81%) (293). Appendiceal tumours were 

also found to express tumour anƟgens MSLN, MUC1, MUC16, and EGFR (293-296), which are 

widely invesƟgated immunotherapy targets, parƟcularly for CAR T cell therapies. Nevertheless, 

comprehensive profiling of tumour anƟgen expression has not been performed in appendiceal 

cancer, parƟally owning to the rarity of the disease and complex histological subtyping. 

Secreted mucins form a crucial feature of appendiceal cancer, especially for the AMN subtype. 

Under physiological condiƟons, mucins secreted by epithelial cells provide a barrier for 

physical protecƟon and against bacterial exposure (297). During appendiceal cancer 

development, mucin producƟon is upregulated and dysregulated. The buildup of gelaƟnous 

deposiƟon, composed primarily of secretory mucins MUC2 and MUC5AC, can result in 

rupturing of the appendix and disseminaƟon of mucinous deposits throughout the peritoneal 

cavity, which is manifested clinically as pseudomyxoma peritonei (PMP) (298). This gelaƟnous 

deposiƟon is usually acellular or hypocellular. One study demonstrated a lack of immune cell 

infiltraƟon in perimucinous regions of AMN subtype, whereas this was not observed in the AA 

subtype (299). The precise biological role of mucin deposiƟon in appendiceal cancer, as well 

as its influence on therapeuƟc responses, remain to be determined.  
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Aside from mucin producƟon, appendiceal cancer also exhibits a complex TME composed of 

diverse stromal cell populaƟons (Figure 1.8). The appendix harbours rich microbiome 

populaƟons, and inflammatory condiƟons such as appendiciƟs and inflammatory bowel 

diseases have been shown to substanƟally alter the microbiome composiƟon (300). Although 

currently unexplored, the appendiceal microbiota may play a role in the development and 

progression of appendiceal cancer. TME from peritoneal metastases is known to contain 

mesothelial cells (from the peritoneal lining), fibroblasts, and immune infiltrates (291, 292). 

Transcriptomic profiling has idenƟfied fibroblasts and macrophages to be the most abundant 

cell types in AA peritoneal metastases samples (291). Lymphocyte infiltraƟon, in the form of 

terƟary lymphoid structures (TLS) have also been observed in both AMN and AA subtypes 

(299). As previously menƟoned, these lymphocyte infiltrates show a lack of perimucinonous 

distribuƟon in AMN. AA samples, in comparison, show a lack of intratumoural infiltraƟon of 

lymphocytes but increased infiltraƟon in perimucinous and/or peritumoural regions. In 

general, AMN shows higher density of T cell infiltrates compared to AA, and raƟo of CD8:CD3 

lymphocyte infiltrates has been shown to be a posiƟve prognosƟc marker for appendiceal 

cancer (301). In the case of AMN, transcriptomic expressions of cytotoxic gene signatures in 

CD8 T cell infiltrates were lower compared to CD8 T cells from matched normal Ɵssues (292). 

The abundance of exhausted CD8 T cells, however, was not significantly different. It is unclear 

whether the anƟ-tumour immunity in AMN was suppressed, due to the decreased cytotoxic 

gene expressions, or if such observaƟons were caused by non-tumour-reacƟve, bystander T 

cell populaƟons. Further understanding of tumour immunogenicity in appendiceal cancer 

would be crucial to provide insights for novel immunotherapy treatments, such as adopƟve T 

cell therapies, in this rare disease.  
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Figure 1.8 Comparison of appendiceal cancer biology versus healthy appendiceal Ɵssue. The 
healthy appendiceal Ɵssue is composed of well-organised epithelial and mesothelial linings 
and rich microbiome populaƟon within the luminal cavity. During appendiceal cancer 
development, linings and vasculature are disrupted by tumour cell proliferaƟon, with 
potenƟal alteraƟons in the microbiome composiƟon. As the tumour disseminates into the 
peritoneal cavity, it constructs a complex tumour microenvironment involving mesothelial 
cells, mesenchymal Ɵssues, extracellular matrix, lymphovascular structures, as well as 
immune infiltrates from the peritoneal fluid. Figure reproduced from Holowatyi et al., 2025 
(297). DC, dendriƟc cells.  

 

1.4.2.2.2 Novel therapies in appendiceal cancer  
Current treatment recommendaƟons for appendiceal cancer are informed primarily by 

experiences from retrospecƟve studies, and are largely based on treatment paradigms for 

colorectal cancer (281). The rarity of appendiceal cancer has also posed significant challenges 

on performing large-scale clinical trials to evaluate novel treatments, and exisƟng clinical trials 
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oŌen require mulƟ-centre collaboraƟon to ensure sufficient paƟent recruitment (297). To date, 

no Phase III trial has been conducted.  

Clinical trials examining the potenƟal use of systemic chemotherapies have not demonstrated 

convincing clinical efficacy to inform changes in exisƟng treatment regimens. From a 

retrospecƟve seƫng, preoperaƟve chemotherapy was associated with poorer clinical 

outcomes, while post-operaƟve chemotherapy demonstrated some degree of clinical benefit, 

especially for paƟents with high-grade disease (281). A Phase II trial invesƟgated 

chemotherapy combinaƟon, mitomycin C and metronomic capecitabine, with bevacizumab, 

an anƟ-angiogenic agent against vascular endothelial growth factor (VEGF), in 15 unresectable 

appendiceal cancer paƟents with PMP (302). Progression-free survival (PFS) was 17.5 months, 

and safety profile was manageable, although three paƟents disconƟnued bevacizumab due to 

thrombosis. 93% (13/14) SD was achieved in evaluable paƟents, all of which had radiologically 

evidence of PD prior to treatment, and most paƟents showed stabilisaƟon of circulaƟng 

tumour markers (CEA and CA 19.9). However, ORR was 0%. In another randomised crossover 

trial, 24 paƟents with inoperable low-grade AA were randomised to receive fluoropyrimidine-

based chemotherapy before or aŌer 6 months of observaƟon alone (303). Safety outcomes 

and tumour growth were similar between treatment and observaƟon. No survival differences 

were observed between the treatment-first and observaƟon-first groups. Of the 18 paƟents 

who received chemotherapy treatment, 78% SD (14/18) was achieved, although ORR 

remained 0%.  

The limited responses from systemic chemotherapies highlight the need to invesƟgate novel 

therapeuƟc approaches in appendiceal cancer. Common mutaƟons idenƟfied in appendiceal 

cancer provide avenues for targeted therapies. A retrospecƟve study reported an ORR of 11% 

(1/9) in AA paƟents with BRAFV600E mutaƟon treated with targeted BRAFV600E inhibiƟon (304). 

Among the 9 evaluated paƟents, the best radiographic responses comprised 1 PR and 6 SD 

cases; however, the sample size was limited. In a trial including 16 paƟents with GNAS-mutant 

peritoneal mucinous carcinomatosis, 13 of which originated from primary appendiceal 

tumours, the cyclin-dependent kinase (CDK) 4/6 inhibitor palbociclib was evaluated (305). 50% 

(8/16) SD was observed 12 months aŌer treatment, and median PFS, at a follow-up of 17.6 

months, was not reached, although no objecƟve response was observed. Desired clinical 

outcomes have also not been achieved from trials assessing immunotherapies. A Phase II trial 
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assessed autologous tumour-loaded type-1 polarised dendriƟc cell (αDC1) vaccine with 

cytokine modulaƟon treatment in paƟents undergoing CRS/HIPEC for peritoneal metastases 

(306). A total of 46 paƟents were recruited, with 24 originaƟng from appendiceal primaries. 

Treatment was well-tolerated, but did not demonstrate sufficient improvement in PFS, and 

the trial was terminated early. Similarly, another trial (NCT03693846) assessing immune 

checkpoint blockade (ipilimumab and nivolumab) in paƟents with mucinous colorectal and 

appendiceal tumours was terminated early due to slow enrolment and lack of efficacy. Clinical 

outcomes of the study, however, have not been reported. Further clinical evaluaƟon of novel 

therapies in appendiceal cancer remains necessary.  

To improve the current clinical outcomes, paƟent-derived organoid models have been 

established in appendiceal cancer to recapitulate paƟent-specific disease biology and allow 

for evaluaƟon of personalised therapeuƟc regimens. Organoids harbour paƟent-specific 

geneƟc heterogeneity and anƟgen expressions from the parental tumour samples (307, 308). 

This highlights them as parƟcularly useful in vitro models in appendiceal cancer, given that no 

commercially available cell lines exist for this rare disease. The growth of organoids is 

supported by maintenance of cancer stem cells in a 3-dimensional hydrogel rich in ECM 

proteins, along with the enrichment of growth factors in culture media. In appendiceal cancer, 

organoids were usually generated from resected specimens from CRS procedures, with high 

success rate reported from one study (75%; 9/12 samples) (308). Expressions of cancer-

associated markers (CK20, CDX-2, and SATB2) and mutaƟonal profiles were consistent 

between the original tumours and the established organoids (309). In addiƟon, organoids 

show high expression of CD44, a cancer stem cell marker (310). SensiƟvity of organoids to 

chemotherapeuƟc reagents and targeted therapies (tyrosine kinase inhibitors) have been 

shown to correlate with paƟent responses (308, 309).  

Current organoid plaƞorms lack stromal components, due to their lack of self-renewal capacity. 

In one study, to examine responses of immune checkpoint inhibitors (pembrolizumab, 

ipilimumab and nivolumab), organoids were enriched with paƟent-matched immune cells 

derived from blood, spleen, or lymph nodes (307). Following immunotherapy treatment, 

cytotoxic responses from CD8 T cells and tumour cell viability were examined. PosiƟve 

responses were seen with both pembrolizumab and nivolumab, but not the ipilimumab 

treatment. Available clinical responses from 2 paƟents mirrored their sensiƟvity to 
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pembrolizumab from organoids. Overall, the organoid plaƞorm enables screening and 

assessing the responses of personalised therapies, providing a powerful tool for pioneering 

the development of adopƟve T cell therapies. 

1.5 Aims and hypotheses  
The current project aims to improve the translaƟon of T cell-based therapies in two solid 

tumours of unmet need: pancreaƟc and appendiceal cancers. In pancreaƟc cancer, CAR T cell 

therapy targeƟng the tumour anƟgen MSLN has been assessed but efficacy remains limited, 

parƟally due to a lack of comprehensive understanding of the biology of MSLN in the disease. 

In appendiceal cancer, effecƟve treatments are needed but adopƟve T cell therapies, such as 

CAR T cell therapy and TIL therapy, have not been studied to date. The specific aims of the 

project that will be explored are: 

Aim 1: To invesƟgate the clinicopathological and biological significance of MSLN in PDAC to 

improve response to MSLN-directed immunotherapy 

Aim 2: To explore and evaluate the efficacy of CAR T cell and TIL therapies as a potenƟal 

treatment in appendiceal cancer 

In aim 1, we hypothesize that MSLN is associated with clinicopathological features (including 

prognosis) in PDAC. MSLN is a widely invesƟgated immunotherapy target but its prevalence in 

Australian PDAC populaƟons has not yet been studied. We will perform immunohistochemical 

analysis on an Australian PDAC cohort to examine MSLN expression and its clinicopathological 

associaƟons, with the goal of informing paƟent selecƟon strategies to achieve opƟmal clinical 

outcomes. We also hypothesise that paƟents with high MSLN expression will exhibit altered 

TMEs compared with those with low MSLN expression. Transcriptomic profiles of human and 

murine PDAC with high and low MSLN expressions will be compared to idenƟfy key biological 

differences that could guide the future development of personalised MSLN-directed 

immunotherapies.  

In aim 2, we hypothesise that CAR T cells targeƟng tumour-associated anƟgens will elicit 

anƟgen-dependent funcƟonal responses against paƟent-derived appendiceal cancer 

organoids. Specifically, we will examine the expression of MSLN and assess the responses of 

anƟ-MSLN CAR T cells, given their extensive applicaƟon in solid tumours. Due to the 
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upregulated mucin producƟon, we will also examine the expression of MUC1 in appendiceal 

cancer as a potenƟal target for CAR T cell therapy. We hypothesise that tumour-specific 

isoforms of MUC1 is expressed on appendiceal cancer organoids. Finally, as a proof-of-concept, 

we will generate TILs and evaluate their funcƟons in vitro. We hypothesise that TILs from 

paƟent tumours can be successfully expanded and will exhibit anƟ-tumour acƟviƟes against 

matched appendiceal organoids. Assessments of CAR T cell and TIL therapies will inform the 

potenƟal of adopƟve T cell therapies in in this rare disease, where there is a significant gap in 

immunotherapy development. 

Overall, findings from this project will provide crucial insights to advance future 

immunotherapies in PDAC and pave the way for the adopƟon of CAR T cell and TIL therapy in 

appendiceal cancer, both of which urgently require novel treatments to improve clinical 

outcomes.  
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2.1 List of materials  
Table 2.1 List of essenƟal reagents 

Reagent Catalog # Supplier  

 4′,6-diamidino-2-phenylindole (DAPI) D1306 ThermoFisher ScienƟfic 

Amphotericin B A242-20ML Sigma-Aldrich 

AnƟbody Diluent S0809 Dako 

BD CompBead AnƟ-Mouse Ig, κ/NegaƟve 

Control ParƟcles Set 

552843 BD Biosciences 

Bluing Buffer CS702 Dako 

CHIR99021 (GSK inhibitor) SML1046-5MG Sigma-Aldrich 

Cultrex Organoid HarvesƟng SoluƟon   3700-100-01 R&D Systems 

Dynabeads Human T-cell Expander 

CD3/CD28 

11141D ThermoFisher ScienƟfic 

ELISA MAXTM Deluxe Set Human IFN-γ 430115 BioLegend 

ELISA MAXTM Deluxe Set Human 

Mesothelin 

438604 BioLegend 

EnVision+ System-HRP Labelled Polymer, 

AnƟ-mouse 

K4001 Dako 

FcR Blocking Reagent, Human 130-059-901 Miltenyi Biotec 

Fetal bovine serum (FBS) F42306 Cell Sera 
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GolgiPlugTM Protein Transport Inhibitor 55029 BD Biosciences 

GolgiSTOPTM Protein Transport Inhibitor 

(containing Monensin) 

554724 BD Biosciences 

Human IL-2 Recombinant Protein  200-02 ThermoFisher ScienƟfic 

Liquid DAB + Substrate Chromogen System  K3468 Dako 

Matrigel® Basement Membrane Matrix, 

Phenol Red-free 

356231 Corning 

Normocin ant-nr-05 InvivoGen 

NystaƟn N9150-20ML Sigma-Aldrich 

Protein Block (serum-free) X0909 Dako 

RBC Lysis Buffer 786-1701 Astral ScienƟfic 

RetronecƟn (r-FibronecƟn, CH-296) T100B Takara Bio Inc 

SPHEROTM AccuCount Blank ParƟcles, ~1E6 

ParƟcles/mL, 7.5 um 

ACBP-70-10 Spherotech 

Staphylococcal enterotoxin B (SEB) S4881 Sigma-Aldrich 

Target Retrieval SoluƟon, pH 9 (10X)  S2367 Dako 

TrypLETM Express  12605-028 Thermo Fisher ScienƟfic 

Tumor DissociaƟon Kit, human 130-095-929 Miltenyi Biotec 
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Y-27632 (ROCK inhibitor) Y0503-5MG Sigma-Aldrich 

 

Table 2.2 Buffer and media composiƟons 

Name ComposiƟon Used for 

Sample 

processing media 

Advanced Dulbecco's Modified Eagle 

Medium (DMEM) media/F12  

Tissue processing  

AnƟmicrobial-

enriched sample 

processing media  

Sample processing media supplemented 

with Normocin (0.2%), amphotericin B (1%), 

and nystaƟn (0.625%)  

AnƟbioƟcs and anƟfungal 

treatment 

Organoid media Advanced DMEM supplemented with 

growth factors – A83-01 (5 µM), B-27 (1x), 

EGF (50 ng/mL), FGF 10 (100 ng/mL), N 

acetylcysteine (1 mM), N2 supplement (1x), 

nicoƟnamide (100 mM), Noggin (25 ng/mL), 

prostaglandin E2 (3 µM), Rspo1 (500 

ng/mL), and Wnt3a (100 ng/mL) 

Organoid culturing 

ROCK/GSK 

inhibitor-enriched 

organoid media 

Organoid media supplemented with ROCK 

inhibitor Y-27632 (10 µM) and GSK inhibitor 

CHIR99021 (5 µM) 

PromoƟng organoid 

survival and proliferaƟon 

during early 

establishment phase 

T cell media Roswell Park Memorial InsƟtute (RPMI) 

1640 supplemented with β-

mercaptoethanol (54 µM), FBS (10%), 

glutaMAXTM supplement (1X), Penicillin & 

Streptomycin (1%), and HEPES (25 mM)  

TIL and CAR T cell 

culturing 

CryopreservaƟon 

media  

Sample processing media (for tumour 

samples) or T cell media (for T cells) with 

FBS (10%) and DMSO (10%) 

Cryopreserving tumour 

samples or T cells 

FACS buffer Phosphate-buffered saline (PBS) with FBS 

(2%) and EDTA (2 mM) 

Flow cytometry  
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Table 2.3 AnƟbodies for flow cytometry 

Target Clone Fluorophore Supplier Catalog # 

Primary anƟbodies     

CD3 UCHT1 AF647 BioLegend 300416 

CD3 UCHT1 FITC Beckman coulter A07746 

CD4 RPA-T4 APC BD Biosciences 555349 

CD8 RPA-T8 BV786 BD Biosciences 563823 

CD107a (LAMP-1) REA792 PE Miltenyi Biotec 130-111-621 

CD134 (OX40) ACT35 PE-Cy7 BD Biosciences 563663 

CD137 (4-1BB) 4B4-1 PE BD Biosciences 555956 

CD227 (MUC-1) REA448 PE Miltenyi Biotec 130-120-056 

CD227 Tn/STn 

glycoforms 

5E5 Unconjugated AnƟbody System FHD14210 

CD326 (EpCAM) 9C4 PE BioLegend 324206 

MSLN SS1 APC 

(conjugated in 

the laboratory) 

Unconjugated SS1: 

CreaƟve Biolab 

APC ConjugaƟon 

kit: Abcam 

Unconjugated 

SS1: TAB-201 

APC ConjugaƟon 

kit: ab201807 

Isotype controls     

Isotype human IgG1, 

REAfinityTM 

QA16A12 APC BioLegend 403505 

Isotype human IgG1, 

Recombinant 

REA293 PE Miltenyi Biotec 130-113-462 

Secondary anƟbody     

Goat-anƟ-human IgG 

(Fc Cross-Adsorbed) 

Polyclonal  Dylight650 ThermoFisher 

ScienƟfic 

SA5-10137 
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2.2 Ethics  
Ethics for obtaining human pancreaƟc cancer Ɵssue microarrays (TMAs) were approved by the 

University of Sydney Human Research Ethics CommiƩee (2018/730). Ethics for obtaining 

formalin-fixed paraffin-embedded (FFPE) secƟons of PDAC paƟents, and the use of healthy 

donor PBMC for CAR T cell generaƟon were approved by the Sydney Local Health District 

Human Ethics CommiƩee (2020/ETH02321 and 2019/ETH07394 respecƟvely). Ethics for the 

collecƟon of resected appendiceal cancer samples for organoid and TIL generaƟon were 

approved by the St Vincent’s Hospital Human Research Ethics CommiƩee (2020/ETH00687). 

Approval for accessing the human PDAC bulk RNA-seq data and associated clinical data from 

the European Genome-phenome Archive (EGA) database was granted by the InternaƟonal 

Cancer Genome ConsorƟum (ICGC) (DACO-7197). 

2.3 Transcriptomic analysis 
Transcriptomic (bulk and single cell RNA-seq) analyses were performed using R StaƟsƟcal 

SoŌware (ver. 4.4.2, Vienna, Austria). Data visualisaƟon were conducted in both R StaƟsƟcal 

SoŌware and GraphPad Prism (ver 10.4.1, San Diego, California, USA). A summary of the 

essenƟal R packages used is provided in Table 2.4. Transcriptomic and survival analysis scripts 

used can be found on Github (hƩps://github.com/Oliver-Liang-1999/PDAC_MSLN). 

Table 2.4 R packages used for transcriptomic data analysis 

Package Version Purpose Reference 

clusterProfiler 4.7.1 Gene Ontology analysis of 

differenƟally expressed genes from 

RNA-seq data 

Yu et al., 2012 (311) 

DESeq2 1.38.2 NormalisaƟon and differenƟal 

expression analysis of RNA-seq data 

Love et al., 2014 

(312) 

enrichplot 1.18.4 Treeplot visualisaƟon of GO results 

from RNA-seq data  

Bioconductor 

package 

ggplot2 3.5.1 Data visualisaƟon CRAN package 
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ggpubr 0.6.0 Data visualisaƟon (specifically for 

balloon plots) 

CRAN package 

GSVA 1.46.0 Gene set variaƟon analysis for RNA-

seq data 

Hanzelmann et al., 

2013 (313) 

ProjecTILs 3.5.1 AnnotaƟon of scRNA-seq data by 

projecƟon to a TIL atlas 

AndreaƩa et al, 

2021 (314) 

scaper 0.2.0 Cytokine signalling pathway analysis 

for scRNA-seq data 

Jiang et al., 2021 

(315) 

SCINA 1.2.0 Cell type annotaƟon of scRNA-seq 

data using reference markers  

Zhang et al., 2019 

(316) 

Seurat 4.3.0 Processing, clustering, annotaƟon, 

and visualisaƟon of scRNA-seq data 

Hao et al., 2021 

(317) 

  

survival 3.8.3 Univariate and mulƟvariate survival 

analysis tool  

CRAN package 

survminer 0.5.0 OpƟmal cutpoint idenƟficaƟon for 

survival analysis    

CRAN package 

UCell 2.10.1 Gene signature scoring for scRNA-seq 

data 

AndreaƩa, & 

Carmona, 2021 

(318) 

RNA-seq, RNA-sequencing; scRNA-seq, single cell RNA-sequencing; TIL, tumour infiltraƟng 

lymphocyte 

 

2.3.1 Bulk RNA-seq analysis 

2.3.1.1 PDAC 

Two human PDAC bulk RNA-seq datasets were accessed from the EGA database containing a 

total of 316 samples: 97 samples from ICGC PACA-AU (EGAD00001003298) and 219 samples 

from ICGC PACA-CA (EGAD00001003945). PaƟents with missing clinical informaƟon were 

excluded as well as those with a diagnosis not classified as PDAC. To standardise read 

alignments across datasets, samples were converted from BAM to FASTQ format using 
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bedtools (ver.2.30.0)(319) and then realigned to the human genome assembly (GENCODE, 

release 35, GRCh38.p13) using STAR aligner (ver. 2.7.1a) (320). Raw gene counts were 

enumerated via featureCounts (ver.2.4.2) (321). Batch effects were corrected using the 

Combat_seq funcƟon from sva (ver. 3.50.0) and only counts from protein-coding genes 

defined by the Human Genome OrganisaƟon Gene Nomenclature CommiƩee (HGNC) were 

retained for analysis (322).  

Publicly available, previously published (323), mouse PDAC bulk RNA-seq data (n=37 samples) 

were obtained from the Gene Expression Omnibus (GEO) database (GSE109933). Seven 

samples with unknown T cell infiltraƟon status were excluded from downstream analysis. Raw 

read count data was filtered to remove non-protein coding genes. 

NormalisaƟon of raw gene counts and differenƟal expression analysis were conducted via 

DESeq2 (ver. 1.38.2) (312). For the human PDAC dataset, samples in the top and boƩom 

terƟles of MSLN expression were compared. Due to small sample size (n = 30), the mouse 

PDAC dataset was split based on median Msln expression and compared. Upregulated and 

downregulated genes were idenƟfied based on significance (adjusted P-value < 0.05) and 

expression changes (absolute log2 fold change > 0.58). Over-representaƟon analysis of 

upregulated and downregulated genes was conducted separately via Gene Ontology (GO) 

enrichment analysis in clusterProfiler (ver 4.7.1.003) (311). Results were visualized using the 

treeplot funcƟon via enrichplot (ver 1.18.4).  

Tumour reacƟvity was evaluated for human and mouse PDAC datasets using the tumour 

reacƟve gene signatures (TRS) (324), which has been validated in melanoma and several other 

solid tumours including hepatocellular carcinoma, non-small cell lung cancer, melanoma, and 

colorectal cancer. For the mouse PDAC dataset, TRS genes were converted to mouse Ensembl 

IDs and TRS scores calculated using GSVA (ver 1.46.0) with default parameters as previously 

described (313).  

To esƟmate cell type proporƟons, gene expressions from the human PDAC dataset were 

converted into Transcripts Per Million (TPM) values and analysed using the “Immune 

EsƟmaƟon” algorithm from TIMER2.0 (325).  
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2.3.1.2 Appendiceal cancer 

RNA-seq data of appendiceal cancer organoids (n= 4 samples) were provided in FASTQ format 

in-house. Reads were aligned to the human genome assembly (GENCODE, release 48, 

GRCh38.p14) using STAR aligner. Raw gene counts were obtained via featureCounts and 

normalised in DESeq2.   

2.3.2  scRNA-seq analysis  

2.3.2.1 PDAC 

Human PDAC single-cell RNA-seq (scRNA-seq) data were sourced from a published study (326). 

Data from 24 samples were collected as normalised gene expression matrices (Cancer Single-

Cell Expression Map (CancerSCEM): hƩps://ngdc.cncb.ac.cn/cancerscem/downloads), on the 

Genome Sequence Archive (CNCB-NGDC; PRJCA001063). Filtering was performed to retain 

only high-quality cells, as defined by cells with ≥ 500 detectable genes, ≥1500 unique 

molecular idenƟfiers (UMI), > 0.8 cell complexity (log10 genes per UMI), and <10% of 

transcripts from mitochondrial genes.  

IntegraƟon, clustering, and dimensionality reducƟon of PDAC scRNA-seq samples were 

performed via Seurat (ver 4.3.0) (317). Elbow plots were used to determine the opƟmal 

number of principal components (PCs), and PCs 1 to 30 were used for clustering at resoluƟon 

= 0.5. AnnotaƟon was performed at single cell level via SCINA (ver 1.2.0) (316), using cell type 

idenƟficaƟon markers in the original study from which the data was derived (326).  Marker 

expression in each cell type was verified aŌer cell annotaƟon. Samples were assigned to high 

and low MSLN expression groups based on median cutoff of MSLN normalized counts per cell. 

For analysis of specific subtypes within annotated cell types, cell populaƟons were isolated 

from the integrated dataset and re-clustered at opƟmal resoluƟon determined from a range 

of 0.5, 0.1, and 0.05. Manual annotaƟon was performed for each cluster based on the 

expression of representaƟve markers, which were idenƟfied using the FindAllMarkers funcƟon. 

UMAP (Uniform Manifold ApproximaƟon and ProjecƟon) plots were generated to illustrate 

cell clusters and specific marker expression across clusters using the DimPlot and FeaturePlot 

funcƟons, respecƟvely. A balloon plot of MSLN expression in annotated cell types across 

samples was generated using the ggballoonplot funcƟon in ggpubr (ver 0.6.0). For the 
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macrophage populaƟon, M1 and M2 polarizaƟon scores were evaluated for each sample via 

UCell (ver 2.10.1), based on previously established M1 and M2 gene signatures (318, 327).  

DifferenƟal gene expressions of CD8 T cell clusters from the MSLN-high and MSLN-low groups 

were assessed using the FindMarkers funcƟon based on default thresholds (adjusted P-value 

< 0.05 and absolute log2 fold change > 0.25). Upregulated and downregulated genes were 

used in downstream GO enrichment analysis and visualised. Phenotypic profiling was 

performed using ProjecTILs (ver 3.5.1), with phenotypes inferred by projecƟng CD8 T cells 

onto the reference atlas of tumor-infiltraƟng CD8 T cells provided within the package (314). 

Cytokine signaling acƟviƟes in CD8 T cells from each sample were evaluated using the CytoSig 

database via scaper (ver 0.2.0) (315). Expression levels of memory and exhausƟon markers, as 

well as all chemokine and chemokine receptors, were averaged for CD8 T cells from each 

sample and compared between the MSLN-high and MSLN-low groups.   

2.3.2.2 Appendiceal cancer 

Annotated scRNA-seq data of appendiceal cancer (processed in Seurat) was kindly provided 

by Dr. Madeleine Strach, Chris O’Brien Lifehouse, Sydney, Australia. Expression of specific 

markers were visualised using the FeaturePlot funcƟon. Comparisons of marker expressions 

across cell types were visualised as box plots in ggplot2.  

2.4 Immunohistochemical staining  

2.4.1 Sample acquisiƟon 
Immunohistochemical (IHC) staining was performed on formalin-fixed paraffin-embedded 

(FFPE) slides of human pancreaƟc cancer TMAs, and whole-Ɵssue secƟons of human PDAC 

and appendiceal cancer. The human pancreaƟc cancer TMAs were obtained through the 

Australian PancreaƟc Cancer Genome IniƟaƟve (APGI) Bioresource and contain 74 PDAC 

paƟents as well as 14 paƟents with precursor lesion (13 PanIN and 1 IPMN). Whole-Ɵssue 

secƟons were obtained from paƟents treated at the Royal Prince Alfred Hospital (RPA), 

consisƟng of 10 PDAC cases and 2 appendiceal cancer cases.  

2.4.2 Immunohistochemistry (IHC)  
TMA and whole-Ɵssue FFPE slides were deparaffinised in histolene and rehydrated through 

sequenƟal rounds of decreasing ethanol gradient (100%, 100%, 95%, 70%). Slides were 
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incubated in anƟgen retrieval soluƟon (pH 9.0) at 95 °C for 20 minutes. Slides were then 

treated with 3% hydrogen peroxide for 5 minutes to block endogenous peroxidase acƟvity, 

followed by protein block for 15 minutes to prevent non-specific binding. MSLN staining was 

performed using an anƟ-MSLN mouse anƟbody (clone MN-1, Rockland Immunochemicals, 

PoƩstown, PA, USA, Cat#200-301-A88) at 13.3 ug/mL at 4 °C overnight. AddiƟonally, CD3 

(clone LN10, Novocastra, Leica Microsystems, Deer Park, IL, USA), CD8 (clone C8144B, Dako, 

Santa Clara, CA, USA), and CD68 (clone KP1, Dako, Santa Clara, CA, USA) staining were 

undertaken on the whole-Ɵssue PDAC secƟons. AnƟ-mouse horseradish peroxidase (HRP)- 

conjugated secondary was added for 1 hour at room temperature. For visualisaƟon, 

diaminobenzidine (DAB) and chromagen were added for 6 minutes, and slides were 

counterstained using haematoxylin soluƟon and bluing buffer, prior to dehydraƟon in ethanol, 

cleared using histolene, and cover slipped. 

2.4.3 VisualisaƟon and scoring  
IHC staining was scored independently by two pathologists: Dr. Timony Fiedlder and Dr. Joo-

Shik Shin, NSW Health Pathology, and final scores were calculated as the average score for 

each core and the average score of the paƟent’s cores from the two pathologists. MSLN 

staining on PDAC TMA and whole-Ɵssue slides were assessed using the H-score system, which 

evaluated scores based on staining intensity and percentage of posiƟve tumour cells (328). 

CD3, CD8, and CD68 scores were evaluated as percentage of stained cells within the tumour 

stromal area, as previously described (329). RepresentaƟve bright-field images of IHC staining 

were acquired using a digital microscope (Olympus DP73, Olympus, Shinjuku City, Japan) at 

20 x magnificaƟon, with white balance background correcƟon.  

2.5 Cell culture  
Culturing of paƟent-derived organoids (from tumour specimens) as well as immune cells 

(isolated from healthy donor PBMCs) were undertaken. General reagents and media used for 

cell culture are listed in Table 2.1 and Table 2.2.  

2.5.1 Establishment and culturing of paƟent-derived organoids  
For the establishment of paƟent-derived organoids, tumour specimens were harvested from 

surgical resecƟons and subjected to Ɵssue processing, as described under secƟon 2.5.3.1. The 
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resulƟng cell suspension was incubated in anƟmicrobial-enriched sample processing media 

for 15 minutes at 37 oC to provide anƟbioƟc and anƟfungal treatment. AŌer washing with 

sample processing media, cells were embedded in a commercial basement membrane matrix, 

Matrigel, and seeded onto low-aƩachment 24-well plates in domes supplemented with 

ROCK/GSK inhibitor-enriched organoid media to promote organoid growth and survival. Plates 

were monitored 2-3 Ɵmes per week under the light microscope for evidence of successful 

organoid establishment, characterised by tumour cell aggregaƟon and the formaƟon and 

progressive enlargement of spheroid structures.  Regular media exchange was performed 

every 3 to 4 days and organoids were reseeded if morphological disrupƟon, blebbing, or 

substanƟal accumulaƟon of dead cells was observed.  

For rouƟne culturing of established organoids, organoids were passaged or harvested for 

experimental use prior to confluency (indicated by disrupted morphology or blebbing). During 

passaging, domes were dislodged mechanically and incubated in TrypLETM Express Enzyme 

soluƟon for 5 – 15 minutes for Matrigel dissoluƟon and cell dissociaƟon. Cell suspension was 

resuspended in fresh Matrigel and incubated at 37 oC for 10 minutes to allow for solidificaƟon. 

Organoid media was added thereaŌer, and plates were incubated at 37 oC and 5% CO2 with 

regular media exchange every 3 to 4 days.  

2.5.2 CAR T cell generaƟon 
SchemaƟc of the CAR constructs is summarised in Figure 2.1. Two mesothelin-targeƟng CAR 

constructs with the SS1 and P4 anƟgen-binding domains (hereaŌer referred to as SS1 and P4) 

and a prostate-specific membrane anƟgen (PSMA)-targeƟng CAR construct with the J591 

anƟgen binding domain (hereaŌer referred to as J591) were used. All three CAR constructs 

are second-generaƟon, each containing a human CD3 hinge domain, CD8 transmembrane 

domain, CD28 co-sƟmulatory domain, and CD3 intracellular signalling domain, as well as an 

mCherry tag, which is separated from the CAR sequence by a P2A self-cleaving pepƟde.  

CAR T cells were generated from the PBMCs of three independent healthy donors. Each donor 

PBMC was transduced with each of the three CAR constructs. Data on CAR T cell expansion, 

mCherry expression, and in vitro funcƟonal validaƟon can be found in the Appendix 

(Supplementary Figure 1).  
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Figure 2.1 Chimeric anƟgen receptor (CAR) constructs used in the current study. All three 
CAR constructs are second-generaƟon and co-express a fluorescent tag (mCherry) as a 
surrogate measure of CAR expression. The top two CAR constructs (with SS1 and P4 scFvs, 
respecƟvely) target the tumour anƟgen mesothelin (MSLN) while the boƩom CAR construct 
(with J591 scFv) target the tumour anƟgen prostate-specific membrane anƟgen (PSMA). scFv, 
single chain variable fragment; TM, transmembrane; ICD, intracellular domain.  

 

2.5.2.1 T cell acƟvaƟon 

Cryopreserved PBMCs were defrosted and cell counƟng was performed using the automated 

cell counter Nucleocounter® NC-202 (Chemometec, Allerod, Denmark) on day 1. PBMCs were 

seeded in 6-well plates at a density of 1 million cells per mL in T cell media supplemented with 

100 IU/mL of human IL-2. Percentage of T cells was determined by flow cytometry by staining 

with an FITC-conjugated anƟ-CD3 anƟbody (clone UCHT1) (see secƟon 2.6.2). For T cell 

acƟvaƟon, DynabeadsTM Human T-Expander CD3/CD28 was added to the culture at a raƟo of 

1:1 bead to T cells. Seeded plates were incubated at 37 oC and 5% CO2 and observed daily 

under the light microscope for the first two days for signs of T cell acƟvaƟon (cell clustering).  

2.5.2.2 CAR transducƟon 

TransducƟon was performed two days aŌer T cell acƟvaƟon using high-Ɵtre CAR-containing 

retroviral supernatant derived from gibbon ape leukemia virus (Galv) producer cells, 

generated by transducƟon with replicaƟon-defecƟve vesicular stomaƟƟs virus (VSV)-

pseudotyped CAR constructs in the SFG retroviral backbone (142). For virus collecƟon, Galv 

producer cells were seeded in 15 cm plates for 72 hours, aŌer which the culturing medium 

(DMEM + 10% FBS) was exchanged. Viral supernatant was harvested 24 hours later, passed 

through a 0.45 µM PVDF filter, and snap-frozen for preservaƟon.  
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T cells were seeded at 1 million per mL on retronecƟn-coated 6-well plates, which were 

prepared via overnight incubaƟon with 15 ug/mL of RetroNecƟn® at 4 oC. Retroviral 

supernatant from Galv producer cells were diluted using fresh T cell media and added to T 

cells at 1:1 v/v raƟo and a mulƟplicity of infecƟon (MOI) of 3. Plates were spinoculated at 524 

x g for 90 mins and subsequently incubated at 37 oC and 5% CO2. AŌer 72 hours, cells were 

reseeded in fresh media at a density of 0.5 million to 1 million T cells per mL with 100 IU/mL 

IL-2 and cultured for another 2 days.  

2.5.2.3 Post-transducƟon expansion 

Cells were transferred to G-Rex®6M culture plates (Wilson Wolf Manufacturing, Saint Paul, 

Minnesota, USA, Cat#80660M) for conƟnued expansion. A minimum of 5 million cells was 

seeded in each well. Media was topped up to a final volume of 100 mL using fresh T cell media 

with 100 IU/mL IL-2. Cultures were incubated at 37 oC and 5% CO2 for 7 days, with an 

addiƟonal 100 IU/mL IL-2 supplementaƟon on the fiŌh day. On the final day, cells were 

harvested, de-beaded, and cryopreserved for future experiments.  

2.5.3 TIL generaƟon 
The overall workflow for TIL generaƟon was established as in Figure 2.2.  An example of 

sample processing and TIL expansion from one appendiceal cancer sample (PB316, AMN) is 

also shown in Figure 2.3. In this workflow, tumour Ɵssues were processed and phenotyped by 

flow cytometry on day 1, followed by one week of culturing with T cell acƟvaƟon induced by 

DynabeadsTM Human T-Expander CD3/CD28. Media exchange or culture spliƫng was 

performed every 2-3 days to maintain a cell density of 0.25 – 1 million cells/mL, with IL-2 re-

supplementaƟon (3000 IU/mL in the first week and 1000 IU/mL thereaŌer). Beads were 

removed on day 7 and cells were further expanded unƟl harvest between days 15 to 30, once 

a minimum of 15 million cells was obtained, then phenotyped prior to cryopreservaƟon.  
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Figure 2.2 Workflow for in vitro expansion of tumour-infiltraƟng lymphocytes from surgical 
resecƟon specimens of appendiceal cancer. IL-2, interleukin-2.   
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Figure 2.3 TIL establishment from an appendiceal cancer surgical specimen (PB316, 
appendiceal mucinous neoplasm). (A) Fresh tumour obtained from surgical resecƟon (leŌ) 
and when secƟoned into smaller equal-sized pieces (right). AllocaƟon of tumour pieces was 
annotated and the piece labelled “TIL” was used for immediate processing. (B) Microscopic 
image of TIL cultures on day 1, aŌer the addiƟon of anƟ-CD3/CD28 superparamagneƟc beads 
for T cell acƟvaƟon. Uniformly distributed beads and tumour residuals from processing can be 
observed. A small populaƟon of T cells (CD3+%) was observed from flow cytometry. (C) On 
day 7 aŌer bead removal, necroƟc tumour cells and lymphocyte aggregates were detected. T 
cell populaƟon has become significantly enriched (22.8% to 91.9%). (D) On the day of harvest 
(day 15), lymphocytes have expanded into a dense carpet covering the boƩom surface of the 
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plate. T cells consƟtute the majority (96.9%) of live cell populaƟon. For (B), (C), (D), scale bar 
was indicated. Dot plot of CD3 expression was gated on live cell populaƟon from flow 
cytometry. TIL, tumour infiltraƟng lymphocyte; FSC-A, Area of forward scaƩer; FITC, 
fluorescein isothiocyanate.    

 

2.5.3.1 Tissue processing 

Surgical resecƟon specimens of appendiceal cancer were collected from the Royal Prince 

Alfred Hospital (RPA), Sydney, Australia. NecroƟc and faƩy Ɵssues were removed, and the 

remaining specimens were secƟoned into smaller equal-sized pieces (approximately 1 cm in 

diameter).  For cryopreservaƟon, pieces of Ɵssue were washed with sample processing media 

and suspended in cryopreservaƟon media in a cryovial for cryostorage in liquid nitrogen. 

Processing was performed immediately or on defrosted tumour pieces aŌer cryopreservaƟon. 

The tumour piece was mechanically minced into 1 mm3 fragments in approximately 500 µL – 

1 mL of sample processing media (RPMI). Tissue dissociaƟon was undertaken as per 

manufacturer’s instrucƟons using the Human Tumour DissocaƟon Kit (Miltenyi Biotec). 

Samples were incubated in gentleMACSTM C Tubes (Miltenyi Biotec, Cat#130-093-237) on the 

gentleMACSTM Octo Dissociator (Miltenyi Biotec, Cat#130-134-029) at 37 oC for 1 hour using 

the in-built program “37C_h_TDK_3”. Dissociated Ɵssue was filtered through a 70 µM 

pluriStrainer® (pluriSelect, Leipzig, Germany, Cat#43-50070-51). Red blood cell (RBC) lysis was 

performed using the RBC Lysis Buffer, according to the manufacturer’s instrucƟons. 

2.5.3.2 Culture maintenance and expansion  

Following RBC lysis, cell suspensions were supplemented with 3000 IU/mL of human IL-2, and 

seeded in Ɵssue-culture-treated 24-well plates at a density of 0.5 million cells/mL. T cell 

acƟvaƟon was performed using DynabeadsTM Human T-Expander CD3/CD28, at 1:1 bead to 

live cell raƟo, immediately aŌer seeding. Cultures were observed daily for signs of TIL 

outgrowth and maintained as described under secƟon 2.5.3.  

2.6 Flow cytometry  
Flow cytometry analysis on organoids, T cells, and co-cultures of organoids and T cells were 

undertaken. AnƟbodies used for flow cytometry analysis are listed in Table 2.3. All anƟbody 

staining, unless otherwise specified, were performed for 45 minutes at 4 oC in the dark, 

followed by viability staining, flow cytometry acquisiƟon, and analysis.  
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2.6.1 DetecƟon of tumour anƟgen expression on organoids 
Flow cytometry was performed on organoids to examine surface expression of tumour 

anƟgens, MSLN and MUC1. Organoids were seeded in Matrigel for 24 hours, aŌer which 

media was removed and Matrigel domes were mechanically dislodged in 400 µL of Cultrex 

Organoid HarvesƟng SoluƟon and incubated at 4 oC for 45 minutes.  

For detecƟon of MSLN, cells were stained with 0.2 µg/mL APC-conjugated SS1 (generated in-

house using MORAb-009 and APC ConjugaƟon Kit – Lightning-Link) or 0.2 µg/mL of APC-

conjugated anƟ-human IgG1 isotype control anƟbody (clone QA16A12) as negaƟve control. 

For detecƟon of MUC1, samples were stained with 20 µL/mL PE-conjugated anƟ-MUC1 

anƟbody (clone REA448) or 20 µL/mL PE-conjugated human IgG1 isotype control anƟbody 

(clone REA293) as negaƟve control. For the detecƟon of tumour-specific MUC1 glycoforms 

(Tn/sTn), cells were stained with 10 µg/mL of a humanised anƟ-MUC1 anƟbody (clone 5E5) or 

an equivalent volume of FACS buffer as negaƟve control. Samples were then washed and 

stained with 2.5 µg/mL of Dylight650-conjugated anƟ-human IgG secondary anƟbody before 

proceeding to viability staining.  

2.6.2 T cell phenotyping 
Abundance of T cell subsets (CD3+, CD4+, and CD8+) were phenotyped via flow cytometry to 

characterise CAR T cell and TIL products. For T cells cultured with magneƟc beads, de-beading 

was performed using the DynaMag™-2 Magnet (Thermo Fisher ScienƟfic, Cat#12321D). For 

TIL samples, FcR blocking was undertaken to prevent non-specific staining of tumour and 

stromal components using FcR Blocking Reagent for 10 minutes at 4 oC.  

Staining was performed using a mixture of 50 µL/mL FITC-conjugated anƟ-CD3 (clone UCHT1), 

0.65 µg/mL APC-conjugated anƟ-CD4 (clone RPA-T4), and 0.5 µg/mL BV786-conjugated anƟ-

CD8 (clone RPA-T8) anƟbodies.  

2.6.3 Assessment of TIL reacƟvity  
Expressions of reacƟvity markers, CD134 (OX40) and CD137 (4-1BB), were evaluated on TILs 

aŌer SEB sƟmulaƟon or co-cultures with paƟent-matched organoids. TILs were seeded in T 

cell media at 0.1 million cells per well on non-Ɵssue-culture-treated 96-well plates. For wells 

with SEB sƟmulaƟon, SEB was added at 1 µg/mL.  For co-cultures with paƟent-matched 

organoids, organoids were dissociated as per secƟon 2.5.1 and added to TILs at an effector-
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to-target raƟo of (E:T) raƟo of 20:1 (equivalent to 5000 organoid cells per 0.1 million TILs), in 

an equal volume of organoid culturing media. 

AŌer 24 hours, cells were washed with FACS buffer and stained with a 5-marker flow 

cytometry panel. Staining was performed using a mixture of 10 µg/mL PE-Cy7-conjugated 

anƟ-CD134 (clone ACT35), 5 µg/mL PE-conjugated anƟ-CD137 (clone 4B4-1), 50 µL/mL FITC-

conjugated anƟ-CD3 (clone UCHT1), 0.65 µg/mL APC-conjugated anƟ-CD4 (clone RPA-T4), and 

0.5 µg/mL BV786-conjugated anƟ-CD8 (clone RPA-T8) anƟbodies.  

2.6.4 Assessment of SEB-induced TIL degranulaƟon  
Expression of TIL degranulaƟon marker CD107a was evaluated by flow cytometry aŌer SEB 

sƟmulaƟon. 

TILs were seeded and sƟmulated with SEB for 24 hours as per secƟon 2.6.3. 20 µL/mL PE-

conjugated anƟ-CD107a anƟbody (clone REA792) or 20 µL/mL PE-conjugated human IgG1 

isotype control anƟbody (clone REA293) was then added, and cultures were incubated for 1 

hour at 37 oC and 5% CO2. To block cytokine release, cultures were incubated with 0.67 µL/mL 

GolgiSTOPTM (BD Biosciences, Cat#554724) and 1 µL/mL GolgiPlugTM (BD Biosciences, 

Cat#55029) for another 4 hours at 37 oC and 5% CO2.  

Cells were washed with FACS buffer and stained further with 50 µL/mL FITC-conjugated anƟ-

CD3 (clone UCHT1), 0.65 µg/mL APC-conjugated anƟ-CD4 (clone RPA-T4), and 0.5 µg/mL 

BV786-conjugated anƟ-CD8 (clone RPA-T8) anƟbodies. 

2.6.5 QuanƟficaƟon of TIL-mediated cytotoxicity against dissociated 
tumour organoid cells 
To evaluate TIL cytotoxicity, TILs were co-cultured with paƟent-matched organoids and alive 

tumour cell populaƟons were quanƟfied in a bead-based flow cytometry assay.  

TILs were co-cultured with paƟent-matched organoids as per secƟon 2.6.3, for 72 hours. Cells 

were harvested and added with 15 µL of SPHEROTM AccuCount Blank ParƟcles. AŌer washing 

with FACS buffer, cells were stained with 0.67 µg/mL AF647-conjugated anƟ-CD3 (clone 

UCHT1) and 2.5 µg/mL PE-conjugated anƟ-EpCAM (clone 9C4) anƟbodies. 
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2.6.6 Viability staining  
Viability staining was performed using 1 µg/mL DAPI on all samples aŌer anƟbody-staining. 

Cells were then incubated on ice and immediately proceeded to flow cytometry acquisiƟon. 

2.6.7 Flow cytometry acquisiƟon and analysis 
Samples were acquired on a LSRFortessa (BD Biosciences) or a LSRFortessa X-20 flow 

cytometer (BD Biosciences), Sydney Cytometry. To account for spectral spillover for flow 

cytometry panel in secƟon 2.6.3, fluorescence seƫngs were compensated using BDTM 

CompBeads prior to acquisiƟon, according to the manufacturers’ instrucƟons.   

Analysis was performed using the FlowJoTM soŌware (ver 11, BD Biosciences). QuanƟficaƟon 

of viable tumour cell populaƟons in secƟon 2.6.5 was performed using the following formula, 

which has been adapted and modified based on a previous study (330): 

𝑉𝑖𝑎𝑏𝑙𝑒 𝑡𝑢𝑚𝑜𝑢𝑟 𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑏𝑒𝑎𝑑 =
𝐴𝑐𝑞𝑢𝑖𝑟𝑒𝑑 𝑐𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝐷𝐴𝑃𝐼 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒, 𝐸𝑝𝐶𝐴𝑀 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 

𝐴𝑐𝑞𝑢𝑖𝑟𝑒𝑑 𝑐𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑏𝑒𝑎𝑑𝑠
  

 

2.7 Impedance-based cytotoxicity assay  
CAR T cell cytotoxicity against appendiceal cancer organoids was assessed using the 

xCELLigence Real-Time Cell Analysis (RTCA) plaƞorm (Agilent Technologies, Santa Clara, 

California, USA), Cell and Molecular Therapies, RPA Hospital, where electric impedance is used 

to measure adherent target cell viability (Figure 2.4).  

Organoids were dissociated using TrypLETM Express Enzyme as per secƟon 2.5.1. Dissociated 

organoids were seeded in organoid culture media at an opƟmised density of 10,000 cells per 

well to allow for cell aƩachment and proliferaƟon. Before CAR T cell addiƟon, the adherence 

of cancer organoids was microscopically confirmed, as shown in the Appendix 

(Supplementary Figure 2). AŌer 96 hours, CAR T cells were added at an E:T raƟo of 3:1, in an 

equal volume of fresh T cell media. Control wells were added with T cell media alone. Co-

culture was run for 72 hours and cell index was recorded every 15 minutes in the RTCA 

SoŌware Pro (ver 2.8.1, Agilent Technologies). Cell index was normalised to the Ɵme of CAR T 

cell addiƟon and cancer cell viability at each Ɵmepoint was calculated based on the following 

formula, adapted from previous studies (142, 331): 



 
 

95 
 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑋 =
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑒𝑙𝑙 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑐𝑜𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑋 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑒𝑙𝑙 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑐𝑎𝑛𝑐𝑒𝑟 𝑐𝑒𝑙𝑙𝑠 𝑎𝑙𝑜𝑛𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑋
 ×  100% 

 

Figure 2.4 Assessing chimeric anƟgen receptor (CAR) T cell cytotoxicity against appendiceal 
cancer organoids via the xCELLigence Real-Time Cell Analysis (RTCA) plaƞorm. (A) On the 
RCTA plaƞorm, adherent cells (yellow) aƩach to the plate surface and proliferate. The degree 
of cell coverage is monitored in real Ɵme via electric impedance and reported as the cell index. 
Image was adapted from Limame et al., 2012 (332). (B) In the CAR T cell cytotoxicity assay, 
organoid cells were seeded to aƩach and proliferate. Upon CAR T cell-mediated killing, target 
cells undergo apoptosis, reducing cell aƩachment and thereby decreasing the cell index. 
Analysis of cell index values shows the changes in cancer cell viability over Ɵme, with higher 
cell index indicaƟng greater viability.   

 

2.8 ELISA 
SMRP concentraƟons in organoid culture supernatant and IFN-γ concentraƟons from CAR T 

cell cytotoxicity and TIL reacƟvity assay supernatant were evaluated via ELISA.  

For SMRP analysis, culture media, from organoids that were maintained for 1 week and 

reached 70% – 80% confluency, were taken. Samples were spun at 500 x g for 5 minutes to 

remove debris, and cryopreserved at -80 oC. QuanƟficaƟon of SMRP from defrosted culture 

supernatant was performed using a commercial ELISA kit – ELISA MAXTM Deluxe Set Human 

Mesothelin, according to the manufacturers’ instrucƟons.  
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For IFN-γ analysis, cell suspensions were spun at 500 x g for 5 minutes and the supernatant 

was cryopreserved at – 80 oC. Defrosted samples were analysed via the ELISA MAXTM Deluxe 

Set Human IFN-γ kit, according to the manufacturers’ instrucƟons. 

Absorbance measurements were analysed at 450 nm and 570 nm (as background) on a 

FLUOstar Omega plate reader (BMG Labtech, Ortenberg, Baden-WürƩemberg, Germany). 

Standard curves were generated using serially diluted standard controls from the ELISA kits, 

and background-corrected values (450 nm – 570 nm readings) were fiƩed with a four-

parameter logisƟc model to determine analyte concentraƟons.  

2.9 StaƟsƟcal methods   
All staƟsƟcal tesƟng were performed using GraphPad Prism (ver 10.4.1) and R StaƟsƟcal 

SoŌware (ver. 4.4.2).  

AssociaƟons of clinicopathological characterisƟcs were evaluated using the Mann-Whitney U 

test for conƟnuous variables, and the chi-squared test for categorical variables. Survival data 

was analysed using Kaplan-Meier curves with the log-rank test. OpƟmal H-score cutoff for 

survival using the exact distribuƟon of maximally selected rank staƟsƟc was used, as 

previously described (333), using the surv_cutpoint funcƟon from survminer (ver 0.5.0). 

Univariate and mulƟvariate analyses were performed using Cox proporƟonal hazards 

regression models for esƟmaƟng hazard raƟos (HR) with 95% confidence intervals (CIs). For 

mulƟvariate analysis, effects of covariates (age, sex, and tumor stage) were accounted for 

when evaluaƟng survival differences.  

Student’s t-tests were used to compare condiƟons in transcriptomic analyses. Pearson 

correlaƟon analysis was used to assess relaƟonships between IHC staining for CD3, CD8, CD68, 

and MSLN on PDAC whole-Ɵssue secƟons. For other in vitro assays, data was analysed from 

at least three independent experiments. Where appropriate, staƟsƟcal comparisons were 

performed using Student’s t-tests for two condiƟons, or one-way analysis of variance (ANOVA) 

with Turkey’s mulƟple comparison tests for three or more condiƟons, as indicated in each 

experiment.  

In all cases, two-tailed tests were used. StaƟsƟcal significance was assigned at α = 0.05 (not 

significant (ns), p > 0.05;  *p < 0.05; ** p < 0.01; *** p < 0.001). 
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3.1 IntroducƟon 
MSLN is a prominent therapeuƟc target for CAR T cell therapy and other immunotherapeuƟc 

strategies in PDAC. The clinical relevance of MSLN expression has been examined in PDAC and 

across various other malignancies, including colorectal cancer (334, 335), ovarian cancer (336, 

337), breast cancer (338, 339), gastric cancer (340, 341), lung cancer (342, 343), and 

mesothelioma (328, 344). However, there are conflicƟng results on the prognosƟc potenƟal 

of MSLN due in part to differences in cohorts and methodologies used. Cohorts from the 

United States and Japan have reported an unfavourable associaƟon with tumour pathology 

and/or survival outcomes based on MSLN transcript (345, 346) and protein (347, 348) levels. 

Although no survival analysis was undertaken, no associaƟon was found between MSLN 

expression in PDAC Ɵssues and clinicopathological factors (age, sex, disease stage, and tumour 

differenƟaƟon) in one cohort from China (349). No studies, to date, have performed 

immunohistochemical evaluaƟon of MSLN in an Australian PDAC cohort.  

Beyond its clinical associaƟons, the biological role of MSLN has not been fully understood. 

Aside from a lack of physiological funcƟon and promoƟon of tumourigenesis, recent 

transcriptomic studies found MSLN was associated with anƟ-tumour immunity. Studies in 

ovarian cancer and colorectal cancer demonstrated an associaƟon between high MSLN 

expression and an immunosuppressive tumour TME (350, 351). In PDAC, high MSLN 

expression was associated with an increased stromal CD274 (PD-L1) expression in classical B 

and basal-like subtypes, which could play a role in immune evasion (352, 353). Another study 

found that PDAC tumours with high MSLN expression had decreased infiltraƟon scores of 

immune cell subsets (CD4 T cells, CD8 T cells, B cells, and dendriƟc cells) (346). These findings 

warrant further characterisaƟon of the PDAC tumour landscape to understand the role that 

MSLN plays in immune regulaƟon.  

In this study, we evaluated novel associaƟons between MSLN expression paƩerns (at both 

transcript and protein levels) with clinical outcomes and the composiƟon of the immune 

microenvironment in PDAC paƟents, to understand the clinicopathological and biological 

significance of MSLN in PDAC. These findings will provide important insights to guide paƟent 

selecƟon and support the development of adopƟve T cell therapies for future PDAC paƟents.    
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3.2 Methods 
Methodologies used in this chapter have been addressed in the Materials & Methods chapter 

(specifically under secƟons 2.3.1.1, 2.3.2.1, 2.4, and 2.9). 

3.3 Results 

3.3.1 High MSLN expression in the PDAC TMA cohort is associated with 

increased prognosis  

MSLN expression was examined in an Australian TMA cohort via IHC. The clinical 

characterisƟcs of the 74 PDAC paƟents from the cohort are summarised in Table 3.1. Twelve 

of the paƟents (16.2%) received chemotherapy, as adjuvant (n = 7), neoadjuvant (n = 2), 

and/or palliaƟve (n = 3) treatment. Our dataset also included 14 paƟents with precursor 

lesions (PanINs and IPMNs) and no difference in MSLN H-score was observed between the 

PDAC and the precursor lesion cohorts (Figure 3.1A).  

To invesƟgate the relaƟonship between MSLN expression and survival outcomes, the PDAC 

cohort was straƟfied into two groups based on an opƟmal MSLN H-score cutoff of 62, 

determined from the exact distribuƟon of maximally selected rank staƟsƟcs (Figure 3.1B). 32% 

(n = 24) of paƟents were classified as MSLN-low and 68% (n = 50) were classified as MSLN-

high (Figure 3.2A). The MSLN-high group demonstrated significantly higher relapse-free 

survival (RFS) with a median of 14.5 months (95% CI: 10.0 – 21.6 months), compared to a 

median RFS survival of 8.5 months (95% CI: 6.9 – 13.9 months) in the MSLN-low group (p = 

0.021) (Figure 3.2B). Univariate Cox regression analysis revealed a significantly reduced hazard 

raƟo (HR) for RFS in the MSLN-high group, compared to the MSLN-low group (HR = 0.571; 95% 

CI: 0.343 – 0.951; p = 0.031). Although a similar trend in HR reducƟon was observed from 

mulƟvariate analysis adjusted for age, sex, and tumour stage, the result was not staƟsƟcally 

significant (HR = 0.618, 95% CI: 0.332 – 1.147, p = 0.127). 

Clinicopathological associaƟons with MSLN expression found that the MSLN-high group 

exhibited a posiƟve associaƟon with increased age (p = 0.036) (Table 3.2). No significant 

differences in MSLN expression were observed with respect to other clinicopathological 
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parameters including sex, tumour characterisƟcs (stage, size, locaƟon, differenƟaƟon, and 

residual tumour), invasion (in peritoneum, and vasculature) and lymph node involvements.  

In contrast to the PDAC TMA data, no significant difference in survival outcomes (overall and 

relapse-free survival) was observed in relaƟon to MSLN expression levels in an RNA-seq 

dataset of PDAC (Figure 3.3). The MSLN-high group also did not correlate with any of the 

clinicopathological parameters examined, including age, sex, tumour characterisƟcs (stage, 

locaƟon, and differenƟaƟon), treatment type, response, and relapse status (Table 3.3).  

Table 3.1 Demographic and clinicopathological characterisƟcs of PDAC paƟents in the 
Ɵssue microarray cohort 

Parameter PaƟents, n (%) 

Total  74 (100.0) 

Age (years) 74 (100.0) 

  < 65 36 (48.6) 

  ≥ 65 38 (51.4) 

Sex   74 (100.0) 

  Male 39 (52.7) 

Female 35 (47.3) 

Tumour stage   72 (97.3) 

  IA 3 (4.2) 

IB  8 (11.1) 

IIA 20 (27.8) 

 IIB 38 (52.8) 

 IV 3 (4.2) 

PDAC, pancreaƟc ductal adenocarcinoma.  

Table 3.2 AssociaƟons between clinicopathological features and MSLN expression in PDAC 
paƟents from the Ɵssue microarray cohort 

Parameter 
 

Total (n=74) MSLN-high 
(n=50) 

MSLN-low 
(n=24) 

p-value 

Age (years), 
median (range) 

 
65 (40-83) 66.5 (44-79) 60.5 (40-83) 0.036 
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Sex, n (%) 
74 (100.0) 

Male 39 (52.7) 29 (58.0) 10 (41.7) 0.188 
 Female 35 (47.3) 21 (42.0) 14 (58.3) 

Tumour stage*, n 
(%) 
72 (97.3) 

IA-IB  11 (15.3) 9 (18.4) 2 (8.7) 0.567 

IIA 20 (27.8) 13 (26.5) 7 (30.4) 

IIB - IV  41 (56.9) 27 (55.1) 14 (60.9) 

Tumour size, n (%) 
64 (86.5) 

≤ 3.5 cm 42 (65.6) 31 (68.9) 11 (57.9) 0.398 

> 3.5 cm 22 (34.4) 14 (31.1) 8 (42.1) 

Tumour locaƟon, n 
(%) 
55 (74.3) 

Head 42 (76.4) 28 (73.7) 14 (82.4) 0.779 

Body 4 (7.3) 3 (7.9) 1 (5.9) 

Tail 9 (16.4) 7 (18.4) 2 (11.8) 

Tumour 
differenƟaƟon, n 
(%) 
72 (97.3) 

Well 
differenƟated 

8 (11.1) 6 (12.5) 2 (8.3) 0.868 

Moderately 
differenƟated 

41 (56.9) 27 (56.3) 14 (58.3) 

Poorly 
differenƟated 

23 (31.9) 15 (31.3) 8 (33.3) 

Residual tumour, n 
(%) 
57 (77.0) 

No residual 
tumour  

32 (56.1) 18 (52.9) 14 (60.9) 0.554 

Residual 
microscopic 
tumour  

25 (43.9) 16 (47.1) 9 (39.1) 

Peritoneal 
invasion, n (%) 
54 (73.0)  

Absent 9 (16.7) 8 (20.0) 1 (7.1) 0.267 

Present 45 (83.3) 32 (80.0) 13 (92.9) 

Vascular invasion, 
n (%) 
35 (47.3) 

Absent 14 (40.0)  11 (42.3) 3 (33.3) 0.636 
 Present 21 (60.0) 15 (57.7) 6 (66.7) 

Lymph nodes 
involved, n (%) 
59 (79.7) 

0 26 (44.1) 19 (47.5) 7 (36.8) 0.618 
 1-3 24 (40.7) 16 (40.0) 8 (42.1) 

4-7 9 (15.3) 5 (12.5) 4 (21.1) 

*Stages IA and IB were combined, as were stages IIB and IV, due to the small sample sizes in 
stages IB (n = 3) and IV (n = 3), respecƟvely.  MSLN, mesothelin; PDAC, pancreaƟc ductal 
adenocarcinoma; ns, not significant. 
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Table 3.3 AssociaƟons between clinicopathological features and MSLN expression in PDAC 
patents from the RNA-sequencing dataset 

Parameter  Total 
(n=126) 

MSLN-
high 
(n=63) 

MSLN-low 
(n=63) 

P-value 

Cohort, n (%) 
126 (100)  

Australian 55 (43.7) 26 (41.3) 29 (46.0) 0.590 

Canadian 71 (56.3) 37 (58.7) 34 (54.0) 

Age, n (%) 
125 (99.2) 

< 70 75 (60.0) 39 (61.9) 36 (58.1) 0.661 

≥ 70 50 (40.0) 24 (38.1) 26 (41.9) 

Sex, n (%) 
124 (98.4)  

Male 68 (54.0) 39 (61.9) 29 (46.0) 0.058 

Female 57 (45.2) 23 (36.5) 34 (54.0) 

Tumour stage, 
n (%) 
66 (52.4) 
  
  

I 37 (36.3) 25 (37.9) 12 (33.3) 0.304 

II 56 (54.9) 34 (51.5) 22 (61.1) 

III 5 (4.9) 5 (7.6) 0 (0.0) 

IV 4 (3.9) 2 (3.0) 2 (5.6) 

Tumour 
locaƟon, n (%) 
68 (54.0) 

Head 51 (75.0) 23 (79.3) 28 (71.8) 0.625 

Body 8 (11.8) 2 (6.9) 6 (15.4) 

Tail 5 (7.4) 3 (10.3) 2 (5.1) 

Duct* 1 (1.5) 0 (0) 1 (2.6) 

Other parts 3 (4.4) 1 (3.4) 2 (5.1) 

Tumour 
differenƟaƟon, 
n (%) 
123 (97.6) 

Well differenƟated 15 (12.2) 7 (11.1) 8 (13.3) 0.638 

Moderately 
differenƟated 

68 (55.3) 33 (52.4) 35 (58.3) 

Poorly differenƟated 39 (31.7) 22 (34.9) 17 (28.3) 

UndifferenƟated*  1 (0.8) 1 (1.6) 0 (0) 

Treatment, n 
(%) 
110 (87.3) 

Surgery 28 (25.5) 14 (24.6) 14 (26.4) 0.676 

Chemotherapy 35 (31.8) 21 (36.8) 14 (26.4) 

Chemotherapy + 
radiaƟon therapy 

14 (12.7) 7 (12.3) 7 (13.2) 

No treatment 33 (30.0) 15 (26.3) 18 (34.0) 

Response, n 
(%) 
117 (92.9) 
  

Complete 
remission/NED 

22 (18.8) 10 (17.5) 12 (20.0) 0.657 

Stable disease 17 (14.5) 10 (17.5) 7 (11.7) 

Progressive 
disease/relapses 

78 (66.7) 37 (64.9) 41 (68.3) 
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Relapse type, 
n (%) 
73 (57.9)  

Local recurrence 14 (19.2) 9 (25.7) 5 (13.2) 0.140 

Distant 
recurrence/metastasis 

48 (65.8) 19 (54.3) 29 (76.3) 

Local recurrence & 
distant metastasis 

11 (15.1) 7 (20.0) 4 (10.5) 

*Group was excluded from chi-squared analysis due to small sample size (n = 1). MSLN, 
mesothelin; PDAC, pancreaƟc ductal adenocarcinoma; NED, no evidence of disease; ns, not 
significant. 

 

 

Figure 3.1 Mesothelin (MSLN) expression distribuƟon and determinaƟon of opƟmal H-score 
cutoff from the Ɵssue microarray cohort. (A) MSLN expression, evaluated as H-scores, across 
pancreaƟc cancer subtypes – pancreaƟc ductal adenocarcinoma (PDAC) and precursors. 
Precursor group includes pancreaƟc intraepithelial neoplasms (PanINs) and intraductal 
papillary mucinous neoplasms (IPMNs). StaƟsƟcal tesƟng was performed using unpaired 
student’s t-test and non-significance (p > 0.05) is not shown. Data is presented as mean ± SEM. 
(B) In the PDAC group, the opƟmal H-score cutoff providing the highest standardized log-rank 
staƟsƟcs was evaluated based on maximally selected rank staƟsƟcs and indicated.  
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Figure 3.2 High mesothelin (MSLN) level is associated with increased relapse-free survival 
(RFS) in the pancreaƟc ductal adenocarcinoma (PDAC) Ɵssue microarray cohort. (A) 
DistribuƟon of MSLN expression across the cohort based on H-score cutoff of 62 (doƩed line) 
(leŌ). Data is shown as mean ± SEM. RepresentaƟve images of Ɵssue microarray samples from 
the MSLN-high and MSLN-low groups (right). Scale bar = 500 µm. (B) Kaplan Meier curves of 
RFS of MSLN-high and MSLN-low groups. Censored events were indicated. StaƟsƟcal tesƟng 
was performed by log-rank test and p-value was indicated. 

 

 

Figure 3.3 Survival outcomes are not associated with mesothelin (MSLN) level in the human 
pancreaƟc ductal adenocarcinoma (PDAC) RNA-sequencing dataset. Top and boƩom terƟles 
of MSLN expression were used to establish the MSLN-high and MSLN-low groups. Kaplan-
Meier curves of relapse-free survival (RFS) (A) and overall survival (OS) (B) were shown. 
Censored events were indicated, along with median survival and 90% confidence interval (CI). 
StaƟsƟcal tesƟng was performed by log-rank tests and p-values were indicated. 
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3.3.2 High MSLN expression in human and mouse PDAC tumours is 

associated with reduced immune acƟvity  

To invesƟgate the biological significance of MSLN, transcriptomic analysis was conducted on 

human and mouse PDAC RNA-seq datasets to compare samples with high and low MSLN 

expressions (Figure 3.4A-B). In both datasets, the MSLN-high group exhibited consistent 

downregulaƟon of genes associated with immune-related pathways, including those involved 

in the regulaƟon of leukocyte adhesion, proliferaƟon, and migraƟon/chemotaxis (Figure 3.4C-

D). In addiƟon, pathways related to T cell acƟvaƟon and broader adapƟve immune response 

were suppressed in the MSLN-high group. Among the top 30 downregulated pathways, the 

human RNA-seq dataset also included two clusters of pathways parƟcipaƟng in bone 

development and pepƟde secreƟons, although these were not observed in the mouse RNA-

seq dataset, which was comprised only of immune-associated clusters.  

To assess anƟ-tumour responses, tumour reacƟvity was esƟmated using tumour reacƟve CD8 

T cell signature (TRS) scores from a previous study (324), which has been validated using 

hepatocellular carcinoma, non-small-cell lung cancer, melanoma, and colorectal cancer 

datasets. In both human and mouse datasets, the MSLN-high group showed significantly 

lower TRS scores, indicaƟng high MSLN expression is potenƟally associated with reduced anƟ-

tumour immune acƟvity (Figure 3.4E-F).  

To invesƟgate if immune cell infiltraƟon into tumours also decreased, the relaƟve proporƟons 

of key immune cell infiltrates (CD8 T cells and macrophages) were esƟmated via cell type 

predicƟon algorithms and compared between the MSLN-high and MSLN-low groups in the 

human RNA-seq dataset. However, considerable discordance was observed across the 

different algorithms used (Figure 3.5). For the mouse RNA-seq dataset, T cell infiltraƟon status 

of the implanted tumour clones, described in the study from which the mouse data was 

derived (323), was not associated with Msln expression. Specifically, Msln expression did not 

differ significantly between “T cell high” and “T cell low” clones, nor did tumours in the MSLN-

high group have higher proporƟons of “T cell high” clones (Figure 3.6).     
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Figure 3.4 High mesothelin (human: MSLN; mouse: Msln) expression is associated with 
suppressed transcriptomic signatures of immune funcƟons and tumour reacƟvity. (A) 
Workflow for transcriptomic analysis of human (top) and mouse (boƩom) pancreaƟc ductal 
adenocarcinoma (PDAC) RNA-sequencing datasets. (B) Human (top) and mouse (boƩom) 
datasets were separated into MSLN-high and MSLN-low groups based on log10-transformed 
normalized read counts of MSLN/Msln, quanƟfied via DESeq2. Expression thresholds for 
straƟficaƟon are indicated (dashed lines). Top 30 biological processes from gene ontology 
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enrichment analysis of downregulated genes in MSLN-high vs MSLN-low groups from the 
human (C) and mouse (D) datasets. Predicted tumour-reacƟve T cell signatures (TRS) scores 
for MSLN-high and MSLN-low groups from the human (E) and mouse (F) datasets. Data are 
presented as mean ± SEM. StaƟsƟcal tesƟng was performed via unpaired student’s t-tests, 
with significance indicated (*p < 0.05; ***p < 0.001). 
 

 

Figure 3.5 Immune cell infiltraƟon predicƟons on the human pancreaƟc ductal 
adenocarcinoma (PDAC) RNA-sequencing dataset are highly inconsistent. RelaƟve 
proporƟons of CD8 T cells (A) and macrophage populaƟons (B) in the MSLN-high and MSLN-
low groups of the human pancreaƟc ductal adenocarcinoma RNA-sequencing dataset were 
esƟmated via different cell type predicƟon algorithms. Data are shown as mean ± SEM. 
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StaƟsƟcal tesƟng was performed by unpaired student’s t-tests, with significance indicated 
(***p < 0.001). 

 

 

Figure 3.6 Mesothelin (Msln) expression was not associated with the T cell infiltraƟon status 
in the mouse pancreaƟc ductal adenocarcinoma RNA-sequencing dataset. (A) RelaƟonship 
between predefined T cell infiltraƟon status of implanted tumour clones and Msln expression 
in harvested tumour samples. Msln expression was shown as log10-transformed DESeq2-
normalized counts. Data was presented as mean ± SEM. StaƟsƟcal tesƟng was performed 
using one-way ANOVA followed by Turkey’s post hoc test for mulƟple comparisons and non-
significance (p > 0.05) is not shown. (B) Breakdown of samples with different T cell infiltraƟon 
status in MSLN-high and MSLN-low groups, straƟfied based on median Msln expression. 
StaƟsƟcal tesƟng was performed using chi-squared test, with p-value indicated. 

 

3.3.3 scRNA-seq profiling reveals elevated MSLN expression in PDAC 

to be associated with reduced CD8 T cell abundance   

To further invesƟgate the associaƟons of MSLN with the cellular composiƟon of PDAC, a 

publicly available human PDAC scRNA-seq dataset was profiled and analysed (326). MSLN 

expression was primarily localised in the ductal cell 2 compartment, which was shown to be a 

malignant populaƟon based on the original study from which the dataset was obtained 

(Figures 3.7A-B) (326). From individual samples, the ductal cell 2 populaƟon also consistently 

exhibited the highest MSLN expression, both in terms of expression intensity and percentage 

(of total cells) (Figure 3.7C).  
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To assess changes in cellular composiƟons associated with MSLN expression, samples were 

straƟfied into MSLN-high and MSLN-low groups based on median MSLN expression. The 

MSLN-high group exhibited a significantly higher percentage of ductal cell 2 populaƟon (mean 

± SEM: 31.2% ± 5.5% vs 7.6% ± 2.2%) and lower percentage of endothelial cells (mean ± SEM: 

7.0% ± 2.2% vs 16.0% ± 2.1%), compared to the MSLN-low group (Figure 3.8A). Further 

characterizaƟon revealed a MUC1-posiƟve cluster to be the predominant subset of ductal cell 

2; however, both the MUC1-posiƟve cluster and one of the MUC1-negaƟve clusters showed 

increased percentages in the MSLN-high group (Figure 3.8B). The endothelial cells were 

comprised of three clusters represenƟng an arterial populaƟon and two (PLVAP+/POSTN+) 

venous populaƟons (Figure 3.8C). ReducƟons in percentage were observed only in the PLVAP+ 

venous subset, which comprised the majority (65%) of endothelial cells in MSLN-high versus 

MSLN-low groups.  

To beƩer examine the relaƟonship between MSLN expression and immune cell infiltraƟon, we 

performed subclustering analysis on T cells, B cells, and macrophages compartments in the 

PDAC immune microenvironment. Although no differences were observed in the overall 

abundance of T cell infiltrates, the CD8 T cell subset showed significantly reduced percentage 

in the MSLN-high group compared to the MSLN-low group (mean ± SEM: 5.5% ± 1.0% vs 9.5% 

± 0.8%), represenƟng more than 40% reducƟon in total CD8 T cell populaƟons (Figure 3.7D). 

Other T cell, B cell, and macrophage subsets did not show any significant difference in 

percentage between MSLN-high and MSLN-low groups (Figure 3.9C-D). However, within the 

macrophage populaƟon, the MSLN-high group demonstrated a shiŌ towards an M2-polarised 

phenotype (Figure 3.10).  

Within the CD8 T cell subset, gene ontology analysis revealed downregulaƟons of differenƟally 

expressed genes involved in immune-associated acƟvity pathways, in the MSLN-high group 

compared to the MSLN-low group (Figure 3.11). These pathways parƟcipate in adapƟve 

immune responses, immune acƟvaƟon, and chemotaxis, consistent with the results from bulk 

RNA-seq analysis. The memory and exhausƟon phenotypes, as well as cytokine and 

chemokine profiles, of CD8 T cells were further characterized. No significant differences were 

observed in the memory or exhausƟon phenotypes between MSLN-high and MSLN-low 

groups (Figure 3.12). When compared to the MSLN-low group, CD8 T cells from MSLN-high 

group showed enrichment of GMCSF, HGF, IL-1, IL-2, and TNFSF12 signalling pathways (Figure 
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3.13). These cells also showed downregulated expressions of chemokines CCL2, CCL4, XCL1, 

and XCL2, as well as the chemokine receptor CXCR6 (Figures 3.14). However, expression of 

CXCL5, a neutrophil chemoaƩractant known to impair CD8 T cell-mediated anƟ-tumour 

immunity, was upregulated (354). These findings suggest that high MSLN expression is 

associated with reduced abundance and an altered transcriptomic profile of CD8 T cell 

infiltrates in PDAC. 
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Figure 3.7 Ductal cell 2 populaƟon exhibits the highest mesothelin (MSLN) expression in the 
human pancreaƟc adenocarcinoma (PDAC) single-cell RNA-sequencing dataset. (A) UMAP 
plot showing clustering of integrated single-cell transcriptomes across all paƟent samples, 
annotated by cell type. (B) Feature plot visualising MSLN expression across annotated cell 
types. Colour intensity corresponds to the magnitude of expression. (C) Balloon plot 
illustraƟng the average MSLN expression (colour gradient) and relaƟve abundance (dot size) 
of each annotated cell type across individual samples. Samples were ordered by ascending 
mean MSLN expression across all cell types. 
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Figure 3.8 High mesothelin (MSLN) expression is associated with increased ductal cell 2 and 
reduced endothelial populaƟons in human pancreaƟc adenocarcinoma (PDAC). (A) UMAP 
visualisaƟon of annotated cell types across MSLN-high and MSLN-low groups in the human 
PDAC single-cell RNA-sequencing dataset, straƟfied by median MSLN expression. Bar graph 
(right) quanƟfies the percentage abundance of each cell type relaƟve to total cells. (B) 
Subclustering of the ductal cell 2 compartment (leŌ) and percentage abundance of each 
subset (right) (C) Subclustering of the endothelial cell compartment (leŌ) and subset 
percentage abundance (right). Data in bar graphs are presented as mean ± SEM. StaƟsƟcal 
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tesƟng was performed via unpaired student’s t-tests, with significance indicated (*p < 0.05; 
***p < 0.001). 

 

 

Figure 3.9 Subtype analysis of the immune microenvironment idenƟfies reduced CD8 T cell 
abundance in human pancreaƟc ductal adenocarcinoma (PDAC) samples with high 
mesothelin (MSLN) expression. Cells in T cell (A), B cell (B), and macrophage (C) 
compartments were isolated from the human PDAC single-cell RNA-sequencing dataset, re-
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clustered, and annotated manually into disƟnct subsets. Data were visualized as comparisons 
of UMAP plots between MSLN-high and MSLN-low groups (leŌ) and differences in subset 
abundances were quanƟfied in bar graphs (right). Data in bar graphs are presented as mean 
± SEM. StaƟsƟcal tesƟng was performed via unpaired student’s t-tests, with significance 
indicated (*p < 0.05). 

 

 

Figure 3.10 High mesothelin (MSLN) expression was associated with increased M2 
polarisaƟon score of macrophages from the human pancreaƟc ductal adenocarcinoma 
(PDAC) single cell RNA-sequencing dataset. M1 (leŌ) and M2 (right) polarisaƟon scores of the 
macrophage populaƟon were evaluated for each sample via UCell using M1 and M2 gene 
signatures, respecƟvely. Scores were compared between MSLN-high and MSLN-low groups. 
StaƟsƟcal tesƟng was performed via unpaired student’s t-tests, with significance indicated 
(**p < 0.01). 

 



 
 

115 
 

 

Figure 3.11 CD8 T cells exhibit suppressed transcriptomic signatures of immune acƟvity in 
human pancreaƟc ductal adenocarcinoma (PDAC) with high mesothelin (MSLN) expression. 
CD8 T cell subset was isolated from the human PDAC single-cell RNA-sequencing dataset, and 
gene ontology analysis was performed between cells in the MSLN-high versus the MSLN-low 
group. The top 10 downregulated biological processes were visualised in the bar plot, ranked 
based on adjusted p-value (colour gradient). 
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Figure 3.12 ExhausƟon and memory phenotypes of CD8 T cells from the human pancreaƟc 
ductal adenocarcinoma (PDAC) single-cell RNA sequencing dataset. (A) UMAP comparison 
of CD8 T cells from MSLN-high (leŌ) and MSLN-low (right) groups, when projected onto a 
reference CD8 T cell atlas. (B) Differences in the relaƟve proporƟon of projected CD8 T cell 
subsets between the MSLN-high and MSLN-low groups. Expression of phenotypic markers for 
exhausƟon (C) and memory (D) between MSLN-high and MSLN-low groups. Expression was 
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quanƟfied as normalised counts per cell via Seurat. Data in bar graphs are presented as mean 
± SEM. StaƟsƟcal tesƟng was performed via unpaired student’s t-tests and non-significance (p 
> 0.05) is not shown. 

 

 

Figure 3.13 Cytokine signalling profiles of CD8 T cells from the human pancreaƟc ductal 
adenocarcinoma (PDAC) single-cell RNA sequencing dataset. Predicted acƟviƟes of 41 
cytokine signalling pathways were inferred for each sample using the CytoSig plaƞorm, and 
compared between CD8 T cells from the MSLN-high and MSLN-low groups. StaƟsƟcal tesƟng 
was performed via unpaired student’s t-tests, with significance indicated (*p < 0.05; **p < 
0.01). 
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Figure 3.14 Chemokine profiles of CD8 T cells from the human pancreaƟc ductal 
adenocarcinoma (PDAC) single-cell RNA sequencing dataset. Expression of all human 
chemokines (A) and chemokine receptors (B) were examined for each sample. Expression was 
quanƟfied as normalised counts per cell via Seurat. Differences were compared between 
samples in the MSLN-high and MSLN-low groups. StaƟsƟcal tesƟng was performed via 
unpaired student’s t-tests, with significance indicated (*p < 0.05; **p < 0.01).  
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3.3.4 Immunohistochemical evaluaƟon shows a trend towards 

reduced CD8 T cell stromal infiltraƟon in PDAC with high MSLN 

expression  

To validate the transcriptomic relaƟonship between MSLN expression and T cell infiltraƟon, 

IHC staining was undertaken on whole-Ɵssue FFPE secƟons of 10 surgically resected PDAC 

tumours. MSLN expression was evaluated by H-scoring and showed a range from 0.5 to 210 

(Figure 3.15A).  

Stromal immune cell infiltraƟon was also examined via IHC staining and independently scored 

as the percentage of posiƟvely stained cells. When straƟfied based on the H-score cutoff of 

62 – established in secƟon 3.3.1 from the PDAC TMA cohort – the MSLN-high group (n=3) 

exhibited less intense, albeit not significant, staining of CD8 (mean ± SEM: 3.2 ± 0.8 vs 5.4 ± 

1.2, p = 0.272) and CD3 (mean ± SEM: 5.3 ± 1.5 vs 7.6 ± 1.6, p = 0.409) in the tumour stroma 

(Figure 3.15B-C). CD68, a macrophage and monocyte marker used as a negaƟve control (355), 

showed comparable staining between MSLN-high and MSLN-low groups (mean ± SEM: 6.000 

± 2.000 vs 7.143 ± 1.366, p = 0.656). 

Across all samples, CD8, CD3, and CD68 scores showed a negaƟve trend with increasing MSLN 

H-score (Figure 3.15D). However, no significance was reported from correlaƟonal analysis 

(CD8: p = 0.174; CD3: p = 0.266; CD68: p = 0.432), likely due to low sample numbers (n = 10). 

In summary, a decreased trend in CD8 T cell infiltraƟon was observed in MSLN-high tumours, 

although further confirmaƟon in larger independent cohorts is required. 
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Figure 3.15 AssociaƟons of mesothelin (MSLN) expression with T cell infiltraƟon in the 
stroma of pancreaƟc ductal adenocarcinoma (PDAC). (A) H-score distribuƟon of MSLN 
staining on whole-Ɵssue secƟons from surgical specimens. Samples were straƟfied into MSLN-
high and MSLN-low groups based on the H-score cutoff of 62. (B) Immunohistochemical (IHC) 
staining of representaƟve serial secƟons in the MSLN-high and MSLN-low groups. Scale bar = 
500 µm. (C) Differences in CD8, CD3, and CD68 scores between the MSLN-high and MSLN-low 
groups. Scores were assessed independently by pathologists based on IHC staining of 
corresponding serial secƟons. Data is presented as mean ± SEM. StaƟsƟcal tesƟng was 
performed via unpaired student’s t-tests. Non-significance (p > 0.05) is not shown. (D) 
CorrelaƟonal analysis of MSLN H-score with CD8, CD3, and CD68 scores. Linear regression 
model was fiƩed (solid line), with dashed boundaries represenƟng the 95% confidence 
interval (CI). Samples classified as MSLN-high (red) and MSLN-low (blue) groups were 
highlighted. CorrelaƟon coefficient (r) and its 95% CI were indicated for each pair-wise 
analysis. 
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3.4 Discussion 

This study idenƟfied high MSLN expression (H-score ≥ 62 from IHC staining) in PDAC to be 

associated with improved RFS and age. Transcriptomic analysis found a link between MSLN 

expression and an immunosuppressive tumour landscape. Specifically, CD8 T cells had 

reduced immune reacƟvity and reduced percentage abundance in PDAC tumours with high 

MSLN expression. In subsequent IHC validaƟon, PDAC tumours with high MSLN expression 

demonstrated a trend towards reduced infiltraƟon of CD8 T cells in the stroma, although 

confirmaƟons in larger independent cohorts are necessary. 

3.4.1 MSLN as a prognosƟc biomarker in Australian PDAC paƟents 
In our analysed TMA paƟent samples, MSLN expression was associated with improved 

prognosis. Previous studies have found high MSLN expression to be correlated with worse 

survival outcome in PDAC (123, 347, 348). This discrepancy could be due to the different 

methodological classificaƟon and scoring used. Only one other study in PDAC used the H-score 

system for straƟficaƟon. Using a median MSLN H-score cutoff of 180, they found poor survival 

in paƟents with high co-expression of MSLN and MUC16 (123). Other studies established 

cutoffs either based on the percentage of MSLN-posiƟve cells alone (348) or the percentage 

of posiƟve cells with the staining intensity analysed separately (347). AnƟbody clones for 

MSLN staining also varied in studies. Two studies used anƟ-MSLN anƟbody clone 5B2 (123, 

347), in contrast to the MN-1 clone used in the current study. The 5B2 clone has been found 

to have lower affinity and staining posiƟvity in PDAC compared to the MN-1 clone (356). 

Staining paƩerns also differ between MN-1 and 5B2 clones, likely due to differenƟal 

expression of epitopes for MSLN recogniƟon, where the exact binding site for 5B2 has not 

been characterized (328).  

Underlying paƟent-specific differences can potenƟally contribute to the observed findings as 

well. Our TMA cohort is relaƟvely small (n = 74), with only a limited number of individuals 

receiving adjuvant chemotherapy (n = 7) and having resecƟon margin data available (n = 56). 

Consequently, the effects of surgical resecƟon and adjuvant chemotherapy on RFS could not 

be robustly examined in this cohort and were therefore excluded from the mulƟvariate 

analysis. It is unknown if such treatment intervenƟons will affect the posiƟve associaƟon 

between MSLN expression and RFS observed in this study. Further invesƟgaƟon using biopsy 
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specimens and in cohorts with more balanced distribuƟons of adjuvant chemotherapy and 

other treatment regimens is warranted. 

Our study is the first study to examine MSLN expression in an Australian PDAC populaƟon via 

IHC. InteresƟngly, high MSLN expression, in tumours of an Australian mesothelioma paƟent 

cohort, was also associated with improved paƟent outcomes, marking MSLN as a good 

prognosƟc biomarker in mesothelioma (328). In mesothelioma, the epithelioid subtype shows 

higher MSLN expression and a more favourable prognosis than the less differenƟated 

sarcomatoid and biphasic subtypes (357). Although MSLN was not associated with the 

histological grade (Table 3.2), relaƟonship of MSLN expression with molecular subtypes of 

PDAC have not been examined in this Australian cohort and requires further invesƟgaƟon. 

AddiƟonally, mulƟple proteases in the ADAM, MMP, and BACE families have been known to 

shed MSLN from cancer cells (128). Tumours with high MSLN expression could potenƟally be 

more resistant to anƟgen shedding, thus enabling greater surface anƟgen availability for 

immune surveillance, as MSLN-specific CD4 and CD8 T cells have been detected in the 

peripheral circulaƟon of PDAC paƟents (358). Conversely, tumours with low cell-surface MSLN 

expression and high shedding acƟvity may release elevated levels of soluble MSLN into the 

circulaƟon, where sustained exposure could contribute to T cell anergy over Ɵme (359), 

potenƟally leading to poorer prognosis. Notably, MSLN shedding and other post-translaƟonal 

processing such as anƟgen maturaƟon may result in discrepancies of MSLN expression at the 

RNA and protein levels, hence explaining the different prognosƟc outcomes from the IHC and 

bulk RNA-seq data. Furthermore, the differences in prognosis may also be aƩributed to the 

separate cohorts used. Further validaƟon using an independent Australian cohort is needed 

to determine whether the posiƟve prognosƟc value of MSLN is reproducible and reflects a 

generalizable biological phenomenon or is influenced by populaƟon-specific geneƟc and/or 

environmental factors. The Australian populaƟon is racially and ethnically diverse and a 

comparison with other populaƟons could be of interest. 

3.4.2 AssociaƟons of MSLN expression with an immunosuppressive 
PDAC TME  
Our finding that MSLN expression is associated with an immunosuppressive 

microenvironment is consistent with previous RNA-seq analyses (346, 352). In one study, a 

posiƟve correlaƟon between tumour MSLN expression and stromal CD274 (PD-L1) expression 
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was found using the deconvoluted ICGC RNA-seq data and validated in vitro (352). PD-L1, upon 

binding to the PD-1 receptor, is known to suppress T cell acƟvaƟng signals and inhibit anƟ-

tumour responses (360). Although our study did not directly examine PD-1/PD-L1 signalling 

pathways, transcriptomic analyses of both mouse and human RNA-seq datasets revealed that 

MSLN-high tumours exhibited decreased T cell acƟvaƟon signatures and suppressed tumour 

reacƟvity scores. However, in scRNA-seq, even though the MSLN-high group showed an 

overall decrease of memory phenotypes (CM, EM, and TEMRA) and increase of exhausƟon 

phenotypes (TPEX and EX), the differences were not staƟsƟcally significant across samples. In 

addiƟon, no differences were observed in expressions of memory and exhausƟon markers on 

CD8 T cells across the MSLN-high group and MSLN-low groups. One limitaƟon is the variability 

of CD8 T cell abundances across samples, which could confound the associaƟon with MSLN 

expression, especially since only a small sample size (n=12 per MSLN-high and MSLN-low 

groups) was examined in the scRNA-seq dataset.  As such, these observaƟons remain to be 

cross-validated from other independent scRNA-seq cohorts, or from RNA-seq data of bulk-

sorted CD8 T cell infiltrates from PDAC tumours, where larger sample sizes can be more 

conveniently obtained. DownregulaƟon of other immune-related pathways (such as leukocyte 

adhesion, proliferaƟon and chemotaxis) was also observed in this study and suggests that 

addiƟonal immunosuppressive mechanisms could exist in MSLN-high tumours. In parƟcular, 

we confirmed that expressions of chemokines and chemokine receptors that promote T cell 

migraƟon and anƟ-tumour acƟviƟes were suppressed in CD8 T cells from MSLN-high tumours, 

whereas expression of the immunosuppressive cytokine, CXCL5, was elevated. Furthermore, 

a reduced proporƟon of endothelial cells in the PLVAP+ venous subtype was observed in the 

scRNA-seq dataset. PLVAP is known to regulate vascular permeability and facilitates leukocyte 

trafficking (361-363). Thus, decreased abundance of PLVAP+ endothelial cells could be linked 

to reducƟons in CD8 T cell infiltraƟon as well.  

In ovarian cancer, MSLN acƟvates Wnt/β-catenin signalling to induce protumorigenic 

macrophage polarizaƟon via CD24 upregulaƟon (364). While CD24 upregulaƟon has not been 

observed in our bulk RNA-seq and scRNA-seq data, we did detect the macrophage populaƟon 

of MSLN-high tumours to exhibit an increased polarisaƟon towards the tumorigenic M2 

phenotype. MSLN overexpression has been shown to promote autocrine IL-6 signalling in 

PDAC cells (121); however, its associaƟon with cytokine signalling in T cells has not been 
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specifically invesƟgated. In our scRNA-seq analysis, we observed increased acƟviƟes of pro-

inflammatory cytokine signalling in CD8 T cells from MSLN-high tumours. Notably, this 

associaƟon was not revealed from bulk RNA-seq datasets, where such upregulated cytokine 

signalling acƟviƟes may potenƟally be obscured by reduced infiltraƟon of CD8 T cells.  These 

suggest that high MSLN expression may be linked to broader immunomodulaƟon within the 

PDAC TME, while the exact biological pathways underlying the observed funcƟonal changes 

in these immune infiltrates remain to be fully characterised. 

High MSLN expression has been associated with reduced CD8 T cell infiltraƟon in PDAC 

tumours in two independent human RNA-seq cohorts (TCGA and GSE62452) (346). Cell type 

composiƟons and immune acƟviƟes were inferred based on the xCell algorithm (365). 

Although cohort-specific variaƟons in mulƟple immune cell types, such as dendriƟc cells, were 

also observed, only CD8 T cells showed a consistent decrease in both RNA-seq cohorts. 

Suppressed immune responses (in lymphocyte infiltraƟon, T-cell receptor richness, and 

cytolyƟc acƟvity scores) were also associated with high MSLN expression. Nevertheless, cell 

type esƟmates and immune response predicƟons remain limited from bulk RNA-seq, as bona 

fide immune cell populaƟons cannot be isolated for independent characterizaƟon. In the 

current study, esƟmates of cell type composiƟons from human RNA-seq samples 

demonstrated large discrepancies across the predicƟon tools used. Consequently, we 

confirmed CD8 T cell infiltraƟon by scRNA-seq analysis as well as by IHC staining. Convincingly, 

as determined by scRNA-seq, CD8 T cells were the only immune subset that exhibited a 

significant reducƟon in abundance (~4% of total cells per sample) when comparing MSLN-high 

to MSLN-low tumours. The IHC validaƟon also found a trend toward reduced CD8 T cell 

stromal infiltraƟon. However, significance was not reached through correlaƟonal analysis (p = 

0.272), likely reflecƟng the small sample size of this exploratory cohort (n = 10). Similarly, 

assessment of CD8 T cells using the MSLN cutoff defined in secƟon 3.3.1 (H-score = 62) 

showed an overall reducƟon in the MSLN-high group, but did not reach significance, likely due 

to the very limited number of cases remaining in this group aŌer straƟficaƟon (n = 3). The 

consistent inverse relaƟonship between MSLN expression and CD8 T cell infiltraƟon observed 

across mulƟple datasets warrants histopathological validaƟon in larger independent cohorts 

in future studies. 
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It remains to be addressed whether there is a causaƟve effect between MSLN expression and 

immunosuppression in PDAC. Our analysis on mouse RNA-seq data suggested that there was 

a lack of associaƟon between T cell infiltraƟon status of the implanted tumour clones and 

tumour Msln levels. This suggests that immunosuppressive tumours did not cause 

upregulaƟons of Msln expression. These findings, and whether high MSLN expression induces 

immunosuppression, remain to be tested in human-based experimental models. MSLN 

expression and CD8 T cell infiltraƟon may also be specific to PDAC. Analyses in other MSLN-

expressing tumours, such as mesothelioma, have interesƟngly indicated an opposite 

relaƟonship where high MSLN expression was associated with high CD8 T cell density in TMAs 

(366). Transcriptomic analysis in ovarian and colorectal cancer also found higher CD8 T cell 

infiltraƟon and higher T cell inflamed score, respecƟvely, despite an overall posiƟve 

associaƟon with an immunosuppressive tumour landscape (350, 367). Further studies to 

elucidate the mechanisms for MSLN and immuno-modulaƟon are required, and to confirm 

whether this is a direct causaƟve effect.  

3.4.3 Significance to adopƟve T cell therapies  
To date, anƟ-MSLN CAR T cell therapies have failed to achieve favourable clinical efficacy in 

PDAC. In this study, we uncovered an associaƟon between MSLN overexpression and an 

immunosuppressive TME in PDAC, which may present a currently underappreciated barrier to 

effecƟve anƟ-MSLN CAR T cell treatments.  

Based on the current findings, the immunosuppressive associaƟon of MSLN was mainly linked 

to a pronounced reducƟon of CD8 T cell infiltraƟon, which may contribute to poor CAR T cell 

trafficking into PDAC tumours. To improve CAR T cell trafficking and enhance long-term 

efficacy, various methods have been assessed. Locoregional delivery (via intrapleural infusion) 

has enabled efficient trafficking of anƟ-MSLN CAR T cells in both mesothelioma preclinical 

models and paƟents (368, 369). In PDAC, however, locoregional delivery (via intraperitoneal 

and intra-hepaƟc artery infusions) resulted in limited intratumoral infiltraƟon of anƟ-MSLN 

CAR T cells and did not improve clinical efficacy in a Phase I study (146). Although anƟ-MSLN 

CAR T cell trafficking was confirmed aŌer intrahepaƟc artery infusion, levels of tumour 

infiltraƟon were lower than reports from other solid tumour clinical trials. The same study 

also observed low endogenous T cell infiltraƟon and an immunologically cold TME at baseline. 

These findings were consistent with the associaƟons of MSLN-high PDAC tumours with 
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immunosuppression and CD8 T cell exclusion described in the current study. We speculate 

that the lack of improved CAR T cell trafficking in PDAC could be due to underlying biological 

mechanisms (such as chemokine signalling) that restrict effecƟve tumour homing and 

infiltraƟon, even when CAR T cells were delivered in close proximity through locoregional 

injecƟon. In contrast, the posiƟve associaƟon between CD8 T cell density and MSLN 

expression in mesothelioma may foster a TME more conducive to CAR T cell infiltraƟon (366), 

thereby enabling substanƟal benefit from intrapleural injecƟon. Direct intratumoural injecƟon 

can circumvent the need for tumour homing and infiltraƟon. The feasibility of this approach 

has been demonstrated through endoscopic ultrasound-guided injecƟons of 

immunotherapies such as allogeneic mixed lymphocyte cultures (MLCs) (370, 371). In one 

case study, one PDAC paƟent received 2 doses of intratumoural injecƟons of mRNA-

engineered anƟ-MSLN CAR T cells following 8 doses of intravenous injecƟons (372). Although 

safety was demonstrated, disease relapsed in this paƟent aŌer the intratumoural delivery 

regimens, and a decreased level in CAR T cell infiltraƟon was observed from CAR transcripts 

detected in tumour biopsy. Whether intratumoural injecƟon can improve therapeuƟc efficacy 

by overcoming T cell exclusion and supporƟng retenƟon of anƟ-MSLN CAR T cells in PDAC 

tumours remains to be determined in larger independent cohorts. The feasibility of 

ultrasound-guided injecƟon of anƟ-MSLN CAR T cells as a neoadjuvant treatment in PDAC is 

currently being invesƟgated in an ongoing clinical trial (NCT06054308). 

Our transcriptomic analyses also revealed wide suppressions of chemokine and chemokine 

receptor expressions on CD8 T cells, in addiƟon to overall downregulaƟons in acƟviƟes 

associated with leukocyte migraƟon and chemotaxis pathways, from MSLN-high tumours. 

Enhancing the chemotaxis of CAR T cells represents another approach to improve CAR T cell 

trafficking. For instance, CXCR6, which was downregulated on CD8 T cells from MSLN-high 

tumours in the present study, has been co-expressed in anƟ-MSLN CAR T cells to enhance 

tumour infiltraƟon in PDAC (373). These CXCR6-transduced CAR T cells efficiently penetrated 

pancreaƟc cancer organoids. In subcutaneous and orthotopic PDAC xenograŌ models, CXCR6-

transduced CAR T cells achieved over 90% long-term remission, compared to the 20% and 53% 

remission rates from control (CXCR6-unmodified) CAR T cells, respecƟvely. In a syngeneic 

mouse model, increased efficacy of CAR T cells co-expressing CXCR6 was associated with an 

increased intratumoral accumulaƟon of T cells. The safety and efficacy of CXCR6 co-expression 
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remains to be clinically examined for future anƟ-MSLN CAR T cell therapies in PDAC. Co-

expression of XCL1, along with IL-7, has also improved anƟ-tumour efficacy of CAR T cells 

targeƟng carcinoembryonic anƟgen (CEA) in colorectal cancer models (374). The underlying 

mechanism was found to be XCL1-induced recruitment of highly potent convenƟonal type-I 

dendriƟc cells (cDC1s), which subsequently promoted the generaƟon of endogenous tumour-

reacƟve CD8 T cells. This highlights XCL1 co-expression as a potenƟal strategy for enhancing 

the efficacy of anƟ-MSLN CAR T cells in PDAC. It is also worth invesƟgaƟng if the same XCL1-

based chemokine signalling is responsible for the reduced CD8 T cell infiltraƟon and the 

downregulated anƟ-tumour reacƟvity seen in MSLN-high PDAC tumours.  

From scRNA-seq analyses, macrophages in the MSLN-high tumours were polarised towards 

an immunosuppressive M2 phenotype. The exact relaƟonship between this and the reduced 

infiltraƟon of CD8 T cells has not been determined from this study, and cross-validaƟons in 

addiƟonal datasets are sƟll needed. Nevertheless, M2-polarised macrophages were known to 

suppress CAR T cell cytotoxicity (375). Reprogramming macrophages thus represents a 

potenƟal strategy to enhance the efficacy of anƟ-MSLN CAR T cells in PDAC. CombinaƟon 

treatment with PD-L1 blockade has been shown to induce a shiŌ in macrophages from M2 to 

M1 phenotypes and restore CAR T cell cytotoxicity in vitro. Similarly, pharmacological 

inhibiƟon of CSF1R modulated macrophages towards an immunosƟmulatory phenotype, 

subsequently enhancing endogenous tumour-reacƟvity T cell responses and their sensiƟvity 

to immune checkpoint inhibitors (376). AddiƟonally, macrophage reprogramming can be 

targeted through CAR T cell engineering. Co-expression of an inducible IL-12 (iIL-12) in anƟ-

CEA CAR T cells increased infiltraƟon of macrophages that exhibited an acƟvated phenotype, 

which was responsible for the eliminaƟon of anƟgen-negaƟve tumour cells in a murine model 

of colon cancer (377). In glioblastoma, TGF-β signalling responsible for M2 macrophage 

polarisaƟon was inhibited using dual-targeƟng IL-13Rα2/TGF-β CAR T cells, resulƟng in 

reduced infiltraƟon of immunosuppressive macrophages and increased abundance of M1-like 

microglia (378). Overall, reprogramming macrophages through combinaƟon treatments and 

CAR T cell engineering offers a potenƟal avenue to overcome the immunosuppressive TME of 

MSLN-high tumours and improve CAR T cell efficacy in PDAC. 

Importantly, our TMA data revealed that PDAC paƟents with low MSLN expression by IHC had 

poorer prognosis, underscoring the need to opƟmise treatment strategies for this paƟent 
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subset. In contrast to the immunosuppressive TME shown in MSLN-high tumours, MSLN-low 

tumours were characterised by increased CD8 T cell infiltraƟon and tumour reacƟvity scores 

from transcriptomic analyses. These features may favour the successful generaƟon and 

effecƟveness of TIL therapy. In metastaƟc melanoma, tumours with extensive lymphocyte 

infiltraƟon (“brisk TILs”) had 100% TIL expansion success, whereas tumours with an absence 

of TILs showed a success rate of 0% (379). In head and neck cancer, percentage of stromal TILs 

assessed via histological evaluaƟon was significantly associated with successful TIL expansion, 

as well as the number of expanded TILs per tumour fragment (380). In breast cancer, the 

number of cultured TILs was also correlated with increased percentage of TILs and TLS 

formaƟons from histological evaluaƟons (381). Notably, over 85% of tumour samples with at 

least 10% TILs from iniƟal tumour fragments achieved sufficient yields during pre-REP 

expansion (≥ 1.0 × 10⁵ TILs per fragment within 2 weeks) for proceeding to REP. In our analysis, 

none of the MSLN-high tumours showed over 10% stromal T cell infiltraƟon (CD3 score ≥ 10) 

based on histological evaluaƟon, although sample size was limited (n = 3). This may suggest 

poorer TIL expansion from MSLN-high, as compared to MSLN-low, PDAC tumours. However, 

the exact associaƟon between T cell infiltraƟon and TIL expansion outcomes have not been 

specifically examined in PDAC. Moreover, current studies have not examined associaƟons of 

TIL expansion with infiltraƟon of CD8 T cells in parƟcular. It remains to be tested whether the 

selecƟve enrichment of CD8 T cells in MSLN-low PDAC tumours posiƟons these cases as beƩer 

candidates for successful TIL expansions.  

In PDAC, the percentage of tumour-reacƟve T cells from expanded TIL cultures has been 

shown to be as low as less than 1% (382). This highlights the importance of improving tumour 

reacƟvity, which is a key determinant of effecƟve TIL therapy (383). In both human and mouse 

RNA-seq datasets, the MSLN-low tumours showed enriched tumour-reacƟve CD8 T cell 

signatures, suggesƟng potenƟals for generaƟng TIL products with higher levels of tumour 

reacƟvity. A high CD8:CD4 raƟo has also been correlated with improved clinical efficacy of TIL 

therapy (214). In PDAC, CD8 TILs have demonstrated tumour-specific IFN-γ release against 

HLA-matched tumour cell lines (384). As such, TIL expansion from MSLN-low PDAC tumours 

might benefit from increased anƟ-tumour efficacy due to the selecƟve enrichment of tumour 

infiltraƟng CD8 T cells. Nevertheless, it should be noted that the TIL composiƟon can shiŌ 

dramaƟcally during ex vivo expansion. Significant reducƟons in TCR repertoire diversity have 
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been observed during TIL expansion from PDAC, characterised by the loss of tumour-

dominant clones and outgrowth of newly emerged clones from in vitro culturing (382). 

Therefore, the TIL manufacturing process is also crucial in shaping the composiƟon and 

funcƟonal reacƟvity of the final infusion product, aside from tumour-intrinsic characterisƟcs. 

Our finding that MSLN-low PDAC tumours possess high CD8 T cell infiltraƟon provides valuable 

insights for guiding the design and opƟmisaƟon of TIL manufacturing. CombinaƟon with PD-1 

blockade and 4-1BB agonist sƟmulaƟon have substanƟally improved the expansion of CD8 TILs 

from PDAC tumours (384). In the case of PD-1 blockade, IFN-γ release against HLA-matched 

pancreaƟc tumours was also enhanced. These strategies may be applied to further improve 

TIL expansion and efficacy for paƟents with MSLN-low tumours. AddiƟonally, they could be 

used to determine whether the low abundance and reacƟvity of CD8 T cells from MSLN-high 

paƟents could be rescued. 

In summary, this study invesƟgated the clinicopathological and prognosƟc significance of 

MSLN expression at the protein level in an Australian PDAC cohort. High MSLN expression, 

assessed by immunohistochemical evaluaƟon, was associated with improved RFS. A 

significant associaƟon between high MSLN expression and an immunosuppressive landscape 

was also idenƟfied in PDAC based on transcriptomic analyses. This immunosuppression was 

characterised by reduced anƟ-tumour reacƟvity, M2-polarisaƟon in tumour-infiltraƟng 

macrophages, and a reducƟon in tumour-infiltraƟng CD8 T cells. Immunohistochemical 

validaƟon also indicated a trend towards reduced stromal infiltraƟon of CD8 T cells in MSLN-

high tumours, but requires further confirmaƟon in larger independent cohorts. By elucidaƟng 

the relaƟonship between MSLN expression and the immune contexture in PDAC, our work 

provides a foundaƟonal understanding of MSLN biology that could inform the development 

of personalised treatment strategies, such as adopƟve T cell therapies, to improve paƟent 

outcomes in the future. 
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CHAPTER 4 Exploring adopƟve T cell therapies in appendiceal cancer 
 

 

 

 

 

 

 

 

CHAPTER 4 

 
Exploring adopƟve T cell 
therapies in appendiceal 

cancer 
 

 

  



 
 

131 
 

4.1 IntroducƟon 
Appendiceal cancer is a rare disease with limited therapeuƟc opƟons. Immunotherapies in 

appendiceal cancer have been underexplored. In parƟcular, adopƟve T cell therapies, such as 

CAR T cell and TIL therapies, have not, to our knowledge, been examined in appendiceal cancer. 

Recent evidence supports the raƟonale for invesƟgaƟng these adopƟve T cell therapies in 

appendiceal cancer. A previous study detected the tumour-associated anƟgen, MSLN, was 

highly expressed in peritoneal metastases of appendiceal cancer (294). Although this was in a 

small cohort (n = 8), MSLN expression was detected on both the AMN and AA subtypes, with 

staining intensity and paƩerns comparable to those observed in peritoneal metastases of 

colorectal cancer. Appendiceal cancer is also characterised by high mucin producƟon. In a 

study profiling mucin expression on appendiceal carcinomas, MUC1 expression was detected 

on 47.2% (51/108) cases, with predominantly membranous staining (296). Since MSLN and 

MUC1 are highly expressed in appendiceal cancer, they may serve as ideal therapeuƟc targets 

for anƟ-MSLN and anƟ-MUC1 CAR T cell therapies, which are already in clinical tesƟng for 

other solid tumours. Furthermore, scRNA-seq analyses have examined T cell populaƟons in 

appendiceal cancer, with higher abundance of infiltraƟng T cells observed in the AMN subtype 

compared to AA (6-8). This provides a basis for the development of TIL therapy, which relies 

on the successful expansion of infiltraƟng T cells from tumour specimens.  

In this study, we invesƟgated the applicaƟon of adopƟve T cell therapies in appendiceal cancer. 

We examined the expression of CAR anƟgens, MSLN and MUC1, in our paƟent samples and 

evaluated the efficacy of anƟ-MSLN CAR T cells on organoids derived from paƟents with 

appendiceal cancer. We also demonstrated the feasibility of TIL expansion from paƟent 

samples and assessed their reacƟvity responses induced by superanƟgen sƟmulaƟon and 

against paƟent-matched organoids. Findings have the potenƟal of laying the groundwork for 

further development of adopƟve T cell therapies as a novel treatment opƟon in this rare 

disease, where current treatment opƟons are limited.  

4.2 Methods 
Methodologies used in this chapter have been addressed in the Materials & Methods chapter 

(secƟons 2.3.1.2, 2.3.2.2, 2.4, 2.5, 2.6, 2.7, 2.8 and 2.9). 
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4.3 Results 

4.3.1 MSLN is expressed in appendiceal cancer Ɵssue and tumour-
derived organoids 
To confirm previous studies, we stained for MSLN via IHC in both AMN and AA samples of 

appendiceal cancer and detected posiƟve expression in both subtypes (Figure 4.1A-B) (294). 

Cytoplasmic and membranous staining paƩerns were observed in MSLN staining in both 

subtypes, whereas acellular spaces, likely represenƟng mucin deposiƟon, remained unstained.   

At the transcriptomic level, MSLN was expressed in both AMN and AA samples based on 

scRNA-seq (Figure 4.1C-D). For both subtypes, MSLN-posiƟve cells were present in the tumour 

cell populaƟons. Apart from tumour cells, MSLN was also detected in mesothelial cells and 

fibroblasts (CAFs) in AMN, and mainly in mesothelial cells in AA.   

The expression of MSLN was further confirmed using appendiceal cancer organoids. Our 

group has established four organoids from surgically resected samples of appendiceal cancer 

peritoneal metastases (Table 4.1). Of the four organoids, one was derived from an AMN 

paƟent (PB252), while the remaining three were from AA paƟents (PB245, PB280, and PB295). 

MSLN expression at the transcriptomic and protein (cell surface) levels were found in the AMN 

organoid (PB252) and two of the three AA organoids (PB245 and PB280), whereas expression 

from the remaining AA organoid (PB295) was negligible (Figure 4.2A-B). Soluble MSLN (SMRP) 

levels from organoid culture media found significantly higher SMRP concentraƟons in cultures 

of the MSLN-posiƟve organoids (PB245, PB252, and PB280), compared to the MSLN-negaƟve 

organoid (PB295) (Figure 4.2C).    
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Figure 4.1 Mesothelin (MSLN) is present in appendiceal tumour Ɵssues. 
Immunohistochemical staining revealed MSLN expression in Ɵssue secƟons of surgically 
resected appendiceal tumours of appendiceal mucinous neoplasm (AMN) (A) and 
appendiceal adenocarcinoma (AA) (B) subtypes. PosiƟve MSLN expression was indicated by 
the black arrows. Scale bars were as indicated. Single-cell RNA-sequencing analysis showed 
MSLN expression in both AMN (C) and AA (D) subtypes of appendiceal tumours. Cells were 
pooled from three paƟent samples for each subtype.  

 

Table 4.1 Clinicopathological features of paƟent-derived organoids 

IdenƟfier PaƟent sex PaƟent age Tumour 

stage 

Disease subtype 

PB245 Female 27 T4N0 AA (goblet cell adenocarcinoma) 

PB252 Male 44 TisN0 AMN (low-grade appendiceal mucinous 

neoplasm) 

PB280 Female 70 T4N0 AA (signet ring cell adenocarcinoma) 

PB295 Male 67 T4N1 AA (mucinous adenocarcinoma) 

Tis, tumour in situ; AA, appendiceal adenocarcinoma; AMN, appendiceal mucinous neoplasm. 
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Figure 4.2 Mesothelin (MSLN) was found on three of the four appendiceal cancer organoids 
tested. (A) MSLN expression from RNA-sequencing analysis of appendiceal cancer organoids. 
Normalised counts were quanƟfied via DESeq2. (B)  Percentage of organoid cells with posiƟve 
MSLN expression, evaluated by flow cytometry. (C) Soluble mesothelin-related pepƟde (SMRP) 
concentraƟon (on log10-scale) from supernatant of organoid cultures, analysed using ELISA. 
Data from (B, C) are presented as mean ± SEM from at least three independent experiments.  
StaƟsƟcal tesƟng was performed by one-way ANOVA followed by Turkey’s post hoc test for 
mulƟple comparisons, with significance indicated (*p < 0.05; **p < 0.01; ***p < 0.001). 

 

4.3.2 AnƟ-MSLN CAR T cells show cytotoxicity and cytokine secreƟon 
against MSLN-posiƟve organoid-derived monolayer cells 
EffecƟveness of CAR T cell therapy was evaluated on the three MSLN-posiƟve organoids 

(PB245, PB252, and PB280), which were seeded as monolayer cells, using the xCELLigence 

RTCA assay and IFN-γ ELISA analysis. 

For all three organoids, both anƟ-MSLN (SS1 and P4) CAR T cells significantly reduced cancer 

cell viability compared to anƟ-PSMA (J591) CAR T cells, which were used as the negaƟve 

control since all appendiceal cancer organoids in the current study lacked PSMA expression 

(Figure 4.3A-C; Supplementary Figure 3A). Notably, both SS1 and P4 CAR T cells demonstrated 

complete cell killing of PB252 and PB280 organoids. For the PB245 organoid, cancer cell 

viability increased again from 48 hours to 72 hours in co-cultures with P4 CAR T cells, indicaƟng 

organoid regrowth, but not in co-cultures with SS1 CAR T cells. However, difference in viability 

did not reach staƟsƟcal significance at the 72-hour endpoint (mean ± SEM: 36.7% ± 9.2% vs 

75.2% ± 13.0%, p = 0.150). No other staƟsƟcally significant differences in cancer cell viability 

were observed in SS1 and P4 CAR T cell treatments at 24-hour, 48-hour, and 72-hour 

Ɵmepoints during each organoid co-culture.   
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ELISA analysis at the endpoint of cytotoxicity assays showed substanƟally higher IFN-γ 

concentraƟons from co-cultures of organoid-derived monolayers with SS1 and P4 CAR T cells, 

compared with J591 CAR T cells (Figure 4.4). Between P4 and SS1 CAR T cells, IFN-γ secreƟon 

was comparable in response to PB280 organoid (mean ± SEM: 2461.0 ± 14.0 pg/mL vs 1859.0 

± 294.4 pg/mL, p = 0.319), but significantly higher for P4 CAR T cells against PB245 (mean ± 

SEM: 7877.0 ± 241.6 pg/mL vs 899.1 ± 517.6 pg/mL, p = 0.003) and PB252 (mean ± SEM: 

7754.0 ± 196.1 pg/mL vs 4542 ± 489.4 pg/mL, p = 0.032) organoids.  

To our knowledge, this is the first evidence to show the efficacy of CAR T cells in appendiceal 

cancer. Responses of anƟ-MSLN CAR T cells on the MSLN-negaƟve organoid (PB295) have not 

yet been evaluated and remain to be examined in future experiments.   
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Figure 4.3 SS1 and P4 chimeric anƟgen receptor (CAR) T cells elicit effecƟve killing responses 
against mesothelin (MSLN)-posiƟve appendiceal cancer organoid-derived monolayer cells. 
Cancer cell viability was evaluated from CAR T cell co-cultures with (A) PB245, (B) PB252, and 
(C) PB280 organoid cells seeded as monolayers, using the xCELLigence real-Ɵme cell analysis 
(RTCA) plaƞorm. For each co-culture, viability throughout the Ɵme course (leŌ) and at 24, 48, 
and 72-hour Ɵmepoints (right) were shown. Data are presented as mean ± SEM using CAR T 
cells derived from three independent donors. StaƟsƟcal tesƟng was performed via repeated 
measures one-way ANOVA (matched based on CAR T cell donors) followed by Turkey’s post 
hoc test for mulƟple comparisons, with significance indicated (*p < 0.05; **p < 0.01; ***p < 
0.001). 
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Figure 4.4 SS1 and P4 chimeric anƟgen receptor (CAR) T cells exhibit high interferon-γ (IFN-
γ) release in co-culture with mesothelin (MSLN)-posiƟve appendiceal cancer organoid-
derived monolayer cells. IFN-γ concentraƟon (on log10-scale) was measured via ELISA from 
supernatant of CAR T cell co-cultures with (A) PB245, (B) PB252, and (C) PB280 organoids 
seeded as monolayers, at the 72-hour endpoint of the xCELLigence cytotoxicity assay. Data 
are present as mean ± SEM using CAR T cells derived from three independent donors. 
StaƟsƟcal tesƟng was performed via repeated measures one-way ANOVA (matched based on 
CAR T cell donors) followed by Turkey’s post hoc test for mulƟple comparisons, with 
significance indicated (*p < 0.05; **p < 0.01; ***p < 0.001). 

 

4.3.3 MUC1 is highly expressed in appendiceal cancer  
MUC1 expression was assessed due to its potenƟal as a CAR T cell target. scRNA-seq analysis 

revealed MUC1 expression in both AMN and AA Ɵssues (Figure 4.5A-B). ComparaƟve analysis 

was conducted between tumour anƟgens MSLN and MUC1 to evaluate the specificity and 

level of RNA expression. In both AMN and AA, MUC1 expression was significantly higher than 

MSLN in the tumour cell populaƟons (Figure 4.5C-D). AddiƟonally, MUC1 showed lower 

expression than MSLN in mesothelial cells, which accounted for 8.3% and 6.8% of total cells 

in AMN and AA, respecƟvely. In AA, high MUC1 expression was also detected in a small 

populaƟon of neurons, represenƟng 0.1% of the total cell populaƟon. 

MUC1 expression was further evaluated on the four appendiceal cancer organoids previously 

established. PB245, PB252, and PB280 organoids showed posiƟve MUC1 expression at the 

transcriptomic and cell surface protein level, whereas expression in the PB295 organoid was 

negligible (Figure 4.6A-B). InteresƟngly, these MUC1-posiƟve organoids also showed posiƟve 
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MSLN expression, as indicated previously in secƟon 4.3.1. Among the MUC1-posiƟve 

organoids, MUC1 expression was significantly lower on the PB245 organoid compared to 

PB252 and PB280 organoids.  

As clinically tested anƟ-MUC1 CAR T cell therapies recognise the aberrant glycoforms of MUC1 

during tumour development, we assessed the expression of tumour-specific MUC1 

glycoforms (Tn/sTn) using an anƟbody with the 5E5 anƟgen binding domain. In all three 

MUC1-posiƟve organoids, Tn/sTn glycoforms were detected but at lower levels than their 

overall MUC1 expression (mean ± SEM; PB245: 4.5% ± 0.9% vs 4.7% ± 1.5%; PB252: 37.9% ± 

6.6% vs 69.3% ± 12.2%; PB280: 21.9 ± 1.8 vs 79.4% ± 9.5%) (Figure 4.6B-C). PB252 and PB280 

organoids again showed significantly higher expression than the PB245 organoid. Expression 

of the Tn/sTn glycoforms remained non-detectable on the MUC1-negaƟve PB295 organoid.   
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Figure 4.5 Mucin-1 (MUC1) shows high tumour cell expression in appendiceal tumour 
Ɵssues as determined by single-cell RNA-sequencing. DistribuƟon of MUC1 expression in 
both subtypes of appendiceal cancer – appendiceal mucinous neoplasm (AMN) (A) and 
appendiceal adenocarcinoma (AA) (B) was shown. Data for each subtype were derived from 
cells pooled across three paƟent samples. Tumour anƟgen specificity analysis was performed 
for AMN (C) and AA (D). MUC1 expression across each cell type was compared with another 
tumour anƟgen, mesothelin (MSLN). Outliers and cell types with no expression of MUC1 and 
MSLN based on interquarƟle range (IQR) were excluded from the visualisaƟons. Normalised 
expressions were quanƟfied via Seurat. StaƟsƟcal tesƟng was performed via paired t-test 
(matched based on paƟent sample) for each cell type, with significance indicated (*p < 0.05; 
**p < 0.01; ***p < 0.001). 

 

 

Figure 4.6 Mucin-1 (MUC1) and its tumour-specific (Tn/sTn) glycoforms are present on 
appendiceal cancer organoids. (A) MUC1 expression in appendiceal cancer organoids, 
quanƟfied as DESeq2 normalised counts from RNA-sequencing analysis. (B) Percentage of 
MUC1+ organoid cells evaluated via flow cytometry. (C) Percentage of organoid cells posiƟve 
for tumour-specific MUC1 glycoforms, evaluated by the anƟ-Tn/sTn anƟbody (clone: 5E5), via 
flow cytometry. Data from (B, C) are presented as mean ± SEM from three or more 
independent experiments. StaƟsƟcal tesƟng was performed by one-way ANOVA followed by 
Turkey’s post hoc test for mulƟple comparisons, with significance indicated (*p < 0.05; **p < 
0.01; ***p < 0.001). 

 

4.3.4 Expanded TILs from appendiceal tumours had high CD3 purity 
The feasibility of TIL therapy has not been explored in appendiceal cancer. To address this, we 

established a pipeline for TIL expansion from appendiceal tumours (Figure 2.2), based on the 

pre-REP process used in clinical TIL manufacturing. Samples were obtained from surgical 

resecƟon of peritoneal metastaƟc samples, and TIL expansion was performed either on fresh 

or cryopreserved specimens. A summary of all 11 TIL expansions from appendiceal tumour 

specimens is shown in Table 4.2.  
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Out of the 11 tumour samples, 8 had successful TIL expansion (achieving a threshold of 15 

million cells within 15 – 30 days of culturing) (Figure 4.7). There was no difference in the 

success rate of TIL expansion between AMN and AA subtypes (Table 4.3). 100% (3/3) of the 

samples that failed TIL expansion were from cryopreserved samples. The possible reasons for 

failed TIL expansion include: addiƟonal freeze-thawing aŌer tumour processing (PB249); low 

cell viability aŌer tumour processing (PB295); and small tumour sample resulƟng in low 

cellular yield (PB317) (Table 4.2). The median yield and duraƟon of successful TIL expansions 

were 23 million cells and 18.5 days, respecƟvely (Table 4.3). Notably, 80 million TILs were 

harvested from one AMN sample (PB315) within 15 days of culture.  

Compared to cryopreserved tumour samples, fresh Ɵssue samples yielded faster expansion of 

TILs (Figure 4.8A). All TILs expanded from fresh Ɵssues were harvested on day 15 of culture, 

at which Ɵme they exhibited significantly higher fold expansion than TILs expanded from 

cryopreserved Ɵssues (mean ± SEM: 40.3 ± 11.4 vs 5.3 ± 2.1, p = 0.006) (Figure 4.8B). 

AddiƟonally, TIL cultures processed from fresh Ɵssues trended to increased viability on day 1 

compared to those from cryopreserved Ɵssues, although the difference was not staƟsƟcally 

significant (mean ± SEM: 90.1% ± 2.6% vs 54.4% ± 12.0%, p = 0.057) (Figure 4.8C). 

At the Ɵme of harvest, successfully expanded TILs were phenotyped with all samples 

exhibiƟng over 95% CD3 posiƟvity, demonstraƟng high purity of T cells (Figure 4.9A). No 

difference was shown between the CD3 posiƟvity of TILs expanded from AMN and AA samples 

(mean ± SEM: 98.9% ± 0.1% vs 98.0% ± 0.6%, p = 0.309). Between day 1 and on the day of 

harvest, no difference was observed in the CD4:CD8 raƟo of expanded TILs (mean ± SEM: 2.2 

± 0.5 vs 2.3 ± 0.9, p = 0.935) (Figure 4.9B). However, when examining expanded TIL samples 

individually, noƟceable shiŌs in the CD4:CD8 raƟo were observed in some samples, with 

PB319 TIL exhibiƟng a dramaƟc increase (2.9 to 8.3) and PB245 TIL showing a substanƟal 

decrease (6.0 to 1.8). 
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Table 4.2 Appendiceal tumour samples tested for TIL expansion 

IdenƟfier Subtype PreservaƟon 

(fresh/cryo- 

preserved)  

Successful 

expansion? 

Comments 

PB245 AA  Cryopreserved Yes 36 million cells harvested on day 22 

PB249 AMN Cryopreserved No AddiƟonal cryopreservaƟon aŌer 
tumour processing  

PB252 AMN Cryopreserved Yes 25 million cells harvested on day 25 

PB270 AA  Cryopreserved Yes  15 million cells harvested on day 22 

PB280 AA  Cryopreserved Yes  21 million cells harvested on day 29 

PB295 AA  Cryopreserved No SubstanƟal amount of dead cells 
and debris aŌer tumour processing 

PB315 AMN Fresh Yes  80 million cells harvested on day 15 

PB316 AMN Fresh Yes  15 million cells harvested on day 15 

PB317 AA  Cryopreserved No Low cell number (<0.1 million) on 
day 1 

PB319 AA Fresh Yes  16 million cells harvested on day 15 

PB324 AA Fresh Yes  25 million cells harvested on day 15 

TIL, tumour infiltraƟng lymphocyte; AMN, appendiceal mucinous neoplasm; AA, appendiceal 
adenocarcinoma 

 

Table 4.3 Summary of TIL expansion parameters 

Parameter Total  
(n=11) 

AMN  
(n=4) 

AA  
(n=7) 

P-value 

PreservaƟon, n (%)  

Fresh 4 (36.4) 2 (50.0) 2 (28.6) 0.576 

Cryopreserved 7 (63.6) 2 (50.0) 5 (71.4)  

Expansion outcome, n (%) 

Successful 8 (72.7) 3 (75.0) 5 (71.4) 0.999 
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Unsuccessful 3 (27.3) 1 (25.0) 2 (28.6)  

DuraƟon of successful expansion (days), median (range)  

  18.5 (15 - 29) 15 (15-25) 22 (15 – 29) 0.821 

Yield of successful expansion (days), median (range)  
 

  23 (15-80) 25 (15-80) 21 (15 – 36)  0.714 

TIL, tumour infiltraƟng lymphocyte; AMN, appendiceal mucinous neoplasm; AA, appendiceal 
adenocarcinoma 

 

 

Figure 4.7 Tumour infiltraƟng lymphocytes (TILs) can be expanded from surgically resected 
appendiceal peritoneal metastases. Live cell count was monitored during TIL expansion and 
shown for each tested tumour sample. Samples were derived from the appendiceal mucinous 
neoplasm (AMN; blue) or appendiceal adenocarcinoma (AA; red) subtypes, as indicated. 
Successful expansion was defined as achieving at least 15 million live cells (dashed line) within 
15 – 30 days of expansion. 
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Figure 4.8 Fresh Ɵssues show faster tumour-infiltraƟng lymphocyte (TIL) expansion and 
increased viability compared to cryopreserved Ɵssues. (A) Live cell count of TIL expansion 
from fresh (leŌ) and cryopreserved (right) tumour samples. Threshold for harvesƟng (dashed 
line) was indicated. Individual TIL samples were represented by different coloured symbols, as 
indicated. (B) Fold expansion of TIL samples on day 15 relaƟve to day 1, based on raƟo of live 
cell count. (C) Viability of TIL cultures on day 1 following tumour processing. Data in (B, C) are 
presented as mean ± SEM. StaƟsƟcal analysis was performed using unpaired t-tests in (B, C), 
with significance indicated (**p< 0.01). 
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Figure 4.9 Expanded tumour infiltraƟng lymphocytes (TILs) show high CD3 purity and no 
consistent changes in CD4:CD8 raƟos. (A) Percentage of T cells (CD3+) in TILs expanded from 
appendiceal mucinous neoplasm (AMN) and appendiceal adenocarcinoma (AA), assessed by 
flow cytometry. (B) CD4:CD8 raƟos (CD3+ CD4+ CD8-/CD3+ CD4- CD8+) of expanded TILs, 
evaluated by flow cytometry on day 1 and at the Ɵme of harvest (post-expansion). Data in (A) 
are shown as mean ± SEM. StaƟsƟcal tesƟng was performed via unpaired t-tests in (A) and 
paired t-tests in (B). Non-significance (p > 0.05) is not shown.  

 

4.3.5 SuperanƟgen sƟmulaƟon induces upregulated funcƟonal 
responses from TILs 
To assess funcƟonal responsiveness, a selecƟon of the expanded TILs (PB245 TIL, PB252 TIL, 

and PB280 TIL) with matched (autologous) tumour organoids available were sƟmulated by 

SEB, a superanƟgen that acƟvates T cells irrespecƟve of anƟgen specificity (385). SEB 

sƟmulaƟon induced significant upregulaƟons of reacƟvity markers (4-1BB and OX40) and the 

degranulaƟon marker CD107a in T cell subsets from PB245 and PB280 TIL samples (Figure 

4.10A, C). For PB252 TIL, expression of reacƟvity and degranulaƟon markers showed an 

increased trend upon SEB sƟmulaƟon, although the difference was not shown to be 

staƟsƟcally significant, likely due to inconsistencies across experimental repeats.  

To study responses of cytokine secreƟon, IFN-γ release from the three expanded TILs was 

detected via ELISA aŌer SEB sƟmulaƟon. IFN-γ secreƟon was significantly increased aŌer SEB 

sƟmulaƟon in PB252 TIL (mean ± SEM: 2615.0 ± 426.5 pg/mL vs 229.5 ± 63.6 pg/mL, p = 0.036) 

(Figure 4.11). Upregulated producƟon of IFN-γ was also observed from SEB-sƟmulated PB245 

(mean ± SEM: 2838.0 ± 978.1 pg/mL vs 360.2 ± 122.0 pg/mL, p = 0.105) and PB280 (mean ± 
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SEM: 1738.0 ± 327.8 pg/mL vs 104.7 ± 101.8 pg/mL, p = 0.088) TIL samples, although the 

differences did not reach staƟsƟcal significance.   

The overall increase in 4-1BB, OX40, and CD107a expression, as well as IFN-γ release upon 

sƟmulaƟon indicates that expanded TILs tested were funcƟonally responsive.  

 

 

Figure 4.10 Tumour infiltraƟng lymphocytes (TILs) upregulate reacƟvity and degranulaƟon 
markers upon superanƟgen sƟmulaƟon. Expression of reacƟvity markers 4-1BB (leŌ), OX40 
(middle), and degranulaƟon marker CD107a (right) for (A) PB245 TIL, (B) PB252 TIL, and (C) 
PB280 TIL, with or without sƟmulaƟon by Staphylococcal enterotoxin B (SEB). Expression was 
evaluated as median fluorescent intensity (MFI) in T cell subsets from flow cytometry. Data 
represents three or more independent experiments. StaƟsƟcal tesƟng was performed using 
paired t-tests, with significance indicated (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Figure 4.11 Tumour infiltraƟng lymphocytes (TILs) increase interferon-γ (IFN-γ) release upon 
superanƟgen sƟmulaƟon. IFN-γ concentraƟon (on log10-scale) was analysed via ELISA from 
supernatant of TIL culture with or without sƟmulaƟon by Staphylococcal enterotoxin B (SEB). 
Data represents two or more independent experiments. StaƟsƟcal tesƟng was performed 
using paired t-tests, with significance indicated (*p < 0.05).  

 

4.3.6 Expanded TILs do not demonstrate consistent evidence of 
responses against dissociated autologous tumour organoids 
To examine anƟ-tumour responses, the same TIL selecƟon (PB245 TIL, PB252 TIL, and PB280 

TIL) were co-cultured with dissociated, paƟent-matched tumour organoids. Cytotoxic killing 

of TILs was assessed via a flow cytometry-based quanƟficaƟon assay, where cancer cell 

viability was evaluated based on the number of live tumour cells relaƟve to the number of 

counƟng beads recorded (Figure 4.12A). Co-cultures of PB245 TILs with matched organoid led 

to a slight but significant reducƟon in cancer cell viability (mean ± SEM: 0.428 ± 0.113 cells per 

bead vs 0.466 ± 0.119 cells per bead, p = 0.040). A slight significant increase in cancer cell 

viability was observed in co-cultures of PB252 TILs with matched organoid (mean ± SEM: 0.453 

± 0.144 cells per bead vs 0.278 ± 0.133 cells per bead, p = 0.034), and no difference was 

observed in co-cultures of PB280 TILs with matched organoid (mean ± SEM: 0.336 ± 0.070 

cells per bead vs 0.366 ± 0.052 cells per bead, p = 0.293). 

To complement the cytotoxicity results, IFN-γ release was examined in TILs co-cultured with 

dissociated, paƟent-matched organoids. TILs co-cultured with matched organoids did not 

show significant changes in IFN-γ release, compared to TILs cultured alone (Figure 4.12B). 

Similarly, when reacƟvity markers were examined, no significant changes in 4-1BB and OX40 

✱
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expressions were shown from all three TILs (PB245, PB252, and PB280) co-cultured with their 

matched organoids, when compared to TILs cultured alone (Figure 4.13A-C). In conclusion, 

the expanded TILs tested did not exhibit consistent evidence of anƟ-tumour funcƟonal 

responses.   

  

 

Figure 4.12 Tumour infiltraƟng lymphocytes (TILs) did not exhibit consistent evidence of 
funcƟonal responses against dissociated matched tumour organoids. (A) TIL cytotoxicity was 
assessed using a flow cytometry-based killing quanƟficaƟon assay. Viability of dissociate 
tumour organoid cells alone or in co-culture with matched TILs was evaluated based on 
number of live tumour cells relaƟve to the number of counƟng beads recorded. (B) Interferon-
γ (IFN-γ) concentraƟon (on log10-scale) was assessed via ELISA from culture supernatant of 
TILs in the absence or presence of matched tumour organoids. Data represents one to four 
independent experiments. StaƟsƟcal tesƟng was performed using paired t-tests, with 
significance indicated (*p < 0.05). 
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Figure 4.13 Tumour infiltraƟng lymphocytes (TILs) did not upregulate reacƟvity markers 
when co-cultured with dissociated matched tumour organoids. Expression of reacƟvity 
markers 4-1BB (leŌ) and OX40 (right) for (A) PB245 TIL, (B) PB252 TIL, and (C) PB280 TIL, in 
the absence or presence of dissociated, paƟent-matched tumour organoids. Marker 
expression was evaluated via flow cytometry as median fluorescent intensity (MFI) on T cell 
subsets. Data represents three or more independent experiments. StaƟsƟcal tesƟng was 
performed using paired t-tests and non-significance (p > 0.05) is not shown. 

 

4.4 Discussion 
Due to the rarity of the disease, therapeuƟc opƟons for appendiceal cancer remain limited, 

parƟcularly for paƟents who are ineligible or failed to benefit from the current standard-of-

care treatment of CRS with HIPEC. As adopƟve T cell therapies have not been explored in 

appendiceal cancer, this chapter invesƟgated the potenƟal applicaƟons of CAR T cell and TIL 

therapies for future appendiceal cancer treatments. Our findings demonstrate that 

appendiceal cancer expresses the tumour anƟgens MSLN and MUC1, and anƟ-MSLN CAR T 

cells showed effecƟve killing responses against appendiceal tumour organoids. Successful 

expansion of TILs from appendiceal tumour specimens was also established. TIL samples post-
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expansion responded to SEB sƟmulaƟon, although there was no consistent evidence of 

responses against autologous tumour cells.  

4.4.1 TranslaƟon of CAR T cell therapy 
In our study, MSLN was detected in both AMN and AA subtypes of appendiceal cancer. PosiƟve 

MSLN staining from peritoneal metastases of AA and AMN reported from a previous study 

was concordantly observed in our samples (294). Expression of MSLN at the transcriptomic 

level from mesothelial cells, which forms the peritoneal lining, was also consistent with the 

physiological expression in this cell type (386). On-tumour MSLN expression was confirmed in 

3 out of 4 (75%) organoids, with the detecƟon of SMRP indicaƟve of an underlying shedding 

process that has been previously described in other cancer types (128). Nevertheless, due to 

the limited number of samples, direct comparisons of MSLN expression between AMN and 

AA subtypes, as well as the overall prevalence of this anƟgen in appendiceal cancer paƟents 

were unable to be examined. To address this, core biopsies can be taken from appendiceal 

cancer cohorts to construct TMAs for IHC staining. MSLN staining can be evaluated using H-

scores to inform straƟficaƟon of paƟent populaƟons and their suitability for potenƟal anƟ-

MSLN immunotherapies in the future.   

The two clinically tested anƟ-MSLN CAR T cell therapies, SS1 and P4 CAR T cells, were both 

effecƟve against MSLN-posiƟve appendiceal cancer organoids in vitro, with complete tumour 

eradicaƟon observed in 2 out of 3 organoid models seeded as monolayers. High IFN-γ 

secreƟon (> 500 pg/mL) was also observed for both SS1 and P4 CAR T cells. IFN-γ has been 

shown to enhance solid tumour lysis through alternaƟve signalling via the IFN-γ receptor 

(IFNγR) pathway (72), independent of direct CAR-mediated cytotoxicity. The substanƟal IFN-γ 

release could have contributed to the observed effecƟve killing responses, although IFNγR 

expression remains to be confirmed on these organoid models.  

FuncƟonal evaluaƟons of SS1 and P4 CAR T cells have not been compared in parallel. Both SS1 

and P4 anƟgen binding domains have similar affiniƟes (Kd: 0.72 nM vs 1-10 nM, respecƟvely) 

(126, 387). However, previous studies have shown that the funcƟonal responses of SS1, but 

not P4, CAR T cells were inhibited by MSLN shedding via binding of SMRP to the CAR construct, 

which decreases the availability of CAR for on-tumour target recogniƟon (126, 136). In the 

current study, although shed MSLN (SMRP) was detected in our organoid models, SS1 and P4 
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CAR T cells showed similar cytotoxic responses against appendiceal cancer organoids. The lack 

of substanƟal SS1 CAR T cell inhibiƟon by MSLN shedding could be because SMRP 

concentraƟons present in current organoid cultures were much lower (in the range of 1 – 10 

ng/mL based on ELISA assays) compared to the physiological concentraƟons (0.3 – 10 ug/mL) 

used to achieve 50% reducƟons in SS1 CAR T cell cytotoxicity from previous literature (136). 

AddiƟonally, P4 CAR T cells showed higher IFN-γ secreƟon, parƟcularly in co-cultures with the 

PB245 organoid, compared to SS1 CAR T cells. Previous reports suggest that cytokine secreƟon 

by P4 CAR T cells was unaffected by SMRP at both low (25 ng/mL) and physiological (5 ug/mL) 

levels (126). A higher threshold of CAR molecule engagement with anƟgen (~10 fold more) on 

tumour surface is required for cytokine release compared to cytotoxicity (388, 389). It is 

possible that IFN-γ release can be downregulated in SS1 CAR T cells if SMRP binding 

sufficiently reduced CAR availability for cytokine secreƟon but not cytotoxicity. The exact 

effect of SMRP on SS1 CAR T cell cytokine secreƟon has not been tested and remain to be 

examined in future experiments.  

In vivo models of appendiceal cancer would be essenƟal for confirming the in vitro efficacy of 

SS1 and P4 CAR T cells. Stromal components cannot be preserved in organoid models, but can 

be parƟally recapitulated using mouse xenograŌ models. Several studies have established 

xenograŌ models of AMN and AA using paƟent-derived tumour fragments or organoids (390-

394). XenograŌs were implanted either subcutaneously or intraperitoneally (via a midline 

laparotomy), with intraperitoneal implantaƟon showing higher establishment success, growth 

rate, and metastaƟc potenƟal. These models retained the histopathological and molecular 

features of parental tumours, including producƟon of mucinous ascites, oncogenic mutaƟons, 

expression of tumour markers, and therapeuƟc resistance. Previously, SS1 CAR T cells 

demonstrated poor tumour infiltraƟon and replicaƟon within tumours from xenograŌ models 

of pancreaƟc and ovarian cancers (147). Lack of tumour control was aƩributed to significant 

binding of SS1 CAR T cells to SMRP present at very high concentraƟons in the ascites fluid (in 

the ug/mL range). Given the extensive peritoneal metastases, a similar issue could be present 

in appendiceal cancer, although SMRP concentraƟons in asciƟc fluid remains to be 

characterised in vivo. AddiƟonally, T cell infiltraƟon was not inhibited by mucin pools in 

mucinous rectal cancer (395). In appendiceal cancer, it remains to be addressed whether the 
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high mucin producƟon will influence the infiltraƟon as well as the anƟ-tumour responses of 

CAR T cells administered in vivo. 

Severe on-target, off-tumour toxiciƟes have not been observed for SS1 and P4 CAR T cells 

clinically. However, possible targeƟng of mesothelial cells is a potenƟal concern due to their 

abundance, close proximity, and posiƟve MSLN expression in appendiceal cancer. Low-avidity 

CARs, such as the m912 construct, could present a safer alternaƟve by selecƟvely recognising 

MSLN levels upregulated on tumour cells but not the lower, physiological levels from 

mesothelial cells (142). Another strategy is by logic-gaƟng with a coreceptor against parƟcular 

subtypes of HLA class I, such that tumour cells with selecƟve loss of HLA class I molecules will 

be targeted for MSLN-directed killing whereas normal mesothelial cells can be spared (396). 

Finally, co-expression of a suicide switch, such as iCas9, would enable immediate in vivo 

inhibiƟon of CAR T cell acƟvity in the event of life-threatening toxiciƟes (210).    

One mucin family protein, MUC1, was shown to have high on-tumour expression in our AMN 

and AA samples. Importantly, MUC1 also had low RNA expression in mesothelial cells. It was 

known that MUC1 RNA is lowly expressed in brain Ɵssues (397), which could explain the MUC1 

posiƟvity we observed in a small populaƟon of neuronal cells from scRNA-seq. Nevertheless, 

expression of MUC1 protein and tumour-associated glycoforms have not been reported on 

healthy neuronal cells. These indicate MUC1 as a therapeuƟc target with high tumour 

specificity and low risks of on-target, off-tumour toxiciƟes. Similar to MSLN, the overall 

prevalence and expression differences between AMN and AA subtypes requires further 

confirmaƟon in larger appendiceal cancer cohorts to idenƟfy paƟent populaƟons that can best 

benefit from potenƟal anƟ-MUC1 immunotherapies.  

The effecƟveness of anƟ-MUC1 CAR T cell therapy remains to be tested in appendiceal cancer. 

AnƟgen shedding represents one limitaƟon of current anƟ-MUC1 CAR T cell therapies. MUC1 

shedding can downregulate anƟgen availability for CAR T cell recogniƟon, and shed MUC1 can 

potenƟally inhibit the funcƟons of anƟ-MUC1 CAR T cells. To determine the significance of 

MUC1 shedding in appendiceal cancer, soluble MUC1 can be detected from organoid cultures 

via ELISA. Pharmacological inhibiƟon of MUC1 sheddases, such as ADAM17 (155), might 

present an avenue for improvement if poor CAR T cell responses are observed. The issue of 

MUC1 shedding can also be circumvented by adopƟng a CAR that binds to a juxtamembrane 

region retained aŌer MUC1 cleavage, such as the huMNC2 construct (167).  
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Further characterisaƟon is needed to discover other tumour-associated anƟgens in 

appendiceal cancer that might serve as potenƟal targets for CAR T cell therapies. Aside from 

MUC1, other mucin family proteins, such as MUC16, have also been shown to be upregulated 

in appendiceal cancer, although clinical development of anƟ-MUC16 CAR T cells is not as 

advanced as anƟ-MSLN and anƟ-MUC1 CAR T cell therapies (115, 296). Aside from MUC16, 

tumour anƟgens such as CLDN18.2, HER2, EpCAM, CEA, and EGFR, have also been commonly 

tested as therapeuƟc targets by CAR T cells in gastrointesƟnal tumours, and showed posiƟve 

expressions at the transcriptomic level in at least one of the organoids established in the 

current study, as shown in the Appendix (Supplementary Figure 3B-F). Lastly, the discovery of 

novel anƟgens remains understudied in appendiceal cancer, likely due to the rarity of this 

disease. Profiling the expression of tumour-associated anƟgens is a key step towards finding 

the ideal target for the translaƟon of CAR T cell as well as other targeted immunotherapies in 

appendiceal cancer.  

4.4.2 Feasibility of TIL therapy 
The current study invesƟgated small-scale expansion of TILs from appendiceal tumours, 

establishing an overall success rate of 73%. This forms the basis for pre-REP expansion, 

although further opƟmisaƟons would be essenƟal to adapt the process for clinical 

manufacturing. First, due to sample availability, only one secƟoned tumour piece per 

specimen was used to test expansion. Consequently, a relaƟvely low cell number (15 million) 

was set as the threshold for successful expansion. In a clinical seƫng, the enƟre tumour 

specimen would be used for processing. Given that appendiceal cancer metastases are oŌen 

procured as large, bulky tumours during peritectomy, 5 – 10 tumour pieces could generally be 

obtained per tumour specimen, substanƟally mulƟplying the number of TIL microcultures for 

downstream expansion. A higher threshold for cell number (~ 60 million based on experiences 

in melanoma) would be appropriate to evaluate successful TIL expansion and ensure TIL 

number is sufficient if REP is to be iniƟated. Second, stringent criteria should be established 

for tumour procurement, including standardisaƟon of specimen size (greater than 1.5 cm in 

diameter) and avoiding areas with significant mucin producƟon, fat Ɵssues, and Ɵssue necrosis. 

In the current study, a mucinous layer is oŌen observed aŌer centrifugaƟng AMN samples 

during tumour processing. The interface between this mucinous layer with the cell pellet can 

hardly be disƟnguished, which presented difficulty in harvesƟng the cell pellet for subsequent 
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TIL expansion at specified cell densiƟes. When processing of highly mucinous samples is 

unavoidable, cells can be seeded with the mucinous fracƟon to avoid cell loss, despite lower 

culturing density. AlternaƟvely, the use of mucolyƟc agents can be considered. CombinaƟon 

of bromelain (300 - 600 μg/mL) with N-acetylcysteine (3% or 250 mM) has been used for 

mucolysis of appendiceal tumours (398, 399). However, since cytotoxic effect from bromelain 

treatment has been observed in appendiceal cancer organoids, the potenƟal effect of 

mucolyƟc treatment on TIL growth should be carefully assessed. Fat Ɵssues can be trimmed 

off and were generally removed early during tumour processing via centrifugaƟon. This has 

not caused significant challenges for TIL expansion, although high abundance of fat Ɵssue can 

potenƟally reduce the available tumour material responsible for TIL producƟon. NecroƟc 

tumour fragments would significantly reduce cell viability in the starƟng culture. This is likely 

the reason that led to failed expansion of the PB295 TILs, which showed extremely low cell 

viability (2%) and was present with abundant debris aŌer tumour processing. Importantly, the 

debris was unable to be removed via centrifugaƟon and cell viability remained low (<10%) 

throughout culturing.  

AddiƟonal consideraƟons should be given to the regimen of IL-2 supplementaƟon and 

potenƟal use of anƟbioƟc treatment to avoid bacterial contaminaƟon. The current study uses 

a gradient reducƟon of IL-2 supplementaƟon (from 3000 IU/mL to 1000 IU/mL) for TIL 

expansion. This IL-2 supplementaƟon regimen has previously been employed for TIL 

expansion with anƟ-CD3/CD28 sƟmulaƟon (87, 400), although standard protocols in clinical 

manufacturing typically use IL-2 supplementaƟon at 3000 IU/mL or 6000 IU/mL throughout 

the pre-REP expansion process (212). Different concentraƟons of IL-2 supplementaƟon (from 

1000 – 6000 IU/mL) have not been directly compared during the pre-REP process and 

warrants further invesƟgaƟon to support opƟmal TIL expansion. Appendiceal tumours have 

been known to harbour enteric bacteria (401). No bacterial contaminaƟon was observed in 

the expansions performed in the current study, likely due to anƟbioƟc supplementaƟon (1% 

penicillin/streptomycin) in the culturing media. Nevertheless, further precauƟonary measures 

should be taken in a clinical manufacturing seƫng, such as by incubaƟng tumour specimens 

in anƟbioƟc-enriched media (with hypothermosol, amphotericin B, and gentamicin) during 

transport, and adherence to high sterility standards at all Ɵmes (173).  
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Lastly, the expansion protocol in the current study was adapted based on tradiƟonal pre-REP 

culturing of TILs in plate-bound wells. Recent advances in clinical manufacturing have uƟlised 

bioreactors, such as the G-rex system, for pre-REP expansion. The use of G-rex bioreactors 

would reduce the need for frequent media exchanges, minimizing operator handling in a 

clinical seƫng (82). In the Gen 2 manufacturing process for FDA-approved lifileucel producƟon, 

iniƟaƟng TIL cultures in a single G-rex 100-CS bioreactor has accelerated the pre-REP 

expansion to within 11 days (83). Given the iniƟal success via the tradiƟonal method, TIL 

expansion in bioreactors can be tested in a Gen 2-like process to streamline pre-REP expansion 

for clinical manufacturing.  

In this study, TILs were expanded from both subtypes of appendiceal cancer (AMN and AA). 

Compared to AA, AMN was known to possess an increased number of infiltraƟng T cells, which 

is consistent with the higher percentage of T cells observed in our scRNA-seq data (AMN vs 

AA: 47.9% vs 24.1%). It remains to be established whether the proporƟons of T cells or specific 

T cell subtypes in the iniƟal tumour can predict outcomes of TIL expansion. To address this, 

flow cytometry characterisaƟon on single cell suspensions obtained aŌer tumour processing 

can be used to quanƟfy T cell abundances and correlate with subsequent TIL expansion 

performances. Slower TIL expansion was also observed from cryopreserved tumour 

specimens, compared to specimens that were processed fresh aŌer surgery. From previous 

literature, the effect of cryopreserving tumour samples on TIL producƟon has been 

inconclusive. In one study, cryopreserved colorectal tumours showed reduced leukocyte 

counts (mainly by a significant decrease in neutrophils) and induced lower IFN-γ responses 

from TILs upon polyclonal sƟmulaƟon, although TIL expansion was not evaluated (402). The 

cryopreservaƟon media (90% FBS + 10% FBS) was shown to be essenƟal for cell recovery aŌer 

thawing. Another study comparing lifileucel producƟon from four matched fresh and frozen 

melanoma Ɵssues has shown no differences in cell number, viability and T cell phenotypes 

(403). The cryopreservaƟon method, however, was proprietary and not disclosed. The choice 

of cryopreservaƟon media should be carefully evaluated to ensure opƟmal TIL expansion from 

cryopreserved appendiceal tumours. To improve post-thaw recovery, the use of controlled-

rate freezers and thawers can also be evaluated, as cooling rates during cryopreservaƟon are 

known to influence cell viability (404). Overall, improving TIL expansion from cryopreserved 

samples would be highly beneficial for clinical manufacturing, as tumour specimens can be 
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delivered from distant procurement centres, withstand long shipping, and be used for TIL 

expansion at a Ɵme opƟmal for manufacturing workflows. 

Expanded TIL products demonstrated consistently high percentage abundance of (CD3+) T 

cells, with all samples exceeding 95%. However, comprehensive phenotypic characterisaƟon 

of T cell populaƟons in expanded TIL products remain to be studied. Persistent IL-2 sƟmulaƟon 

and prolonged TIL culturing have been shown to increase T cell exhausƟon (405, 406). TILs 

with minimal culturing, such as the young TILs derived from melanoma, also exhibit higher 

levels of co-sƟmulatory molecules (CD27 and CD28) and longer telomere lengths (89). It is not 

known if the varying duraƟon of TIL culture is associated with changes in the memory and 

exhausƟon profiles of T cells. To address this, expression of memory and exhausƟon markers 

of TILs can be examined via mulƟparameter flow cytometry, or evaluated at a transcriptomic 

level via RNA-seq or scRNA-seq.  

FuncƟonal responses of expanded TIL products were upregulated upon polyclonal sƟmulaƟon 

with SEB. Polyclonal sƟmulaƟon offers a general evaluaƟon of TIL funcƟonal capacity, and is 

essenƟal when autologous tumours are not available for assessing tumour-specific responses. 

One limitaƟon with the use of SEB for sƟmulaƟon is that it only acƟvates T cells with specific 

TCR V beta (Vβ) chain subtypes (Vβ 3, 12, 14, and 17) (407). As the TCR subtypes in our 

expanded TILs have not been studied, a beƩer alternaƟve for polyclonal sƟmulaƟon would be 

via the phorbol 12-myristate 13-acetate (PMA) and ionomycin combinaƟon, which bypasses 

the TCR complex to acƟvate T cells non-specifically (408). PMA/ionomycin is commonly used 

to test the funcƟonal capacity of TIL products, and represents a more appropriate method for 

polyclonal sƟmulaƟon in future experiments.  

The anƟ-tumour responses of TIL products require further invesƟgaƟon and improvement. 

None of the TIL products currently tested demonstrated consistent reacƟvity against 

dissociated autologous tumour organoids, despite funcƟonal responses elicited from 

polyclonal sƟmulaƟon. Although immune profiling of appendiceal tumours remains limited, 

one possibility is the presence of non-tumour-reacƟve, bystander T cell clones that can 

outgrow tumour-reacƟve clones during expansion. As no selecƟon or sorƟng of tumour-

reacƟve T cells has been performed with the current expansion protocols, the resulƟng TIL 

products may instead be dominated by bystander T cell clones with no detectable anƟ-tumour 

acƟvity. From the TIL cytotoxicity results, paƟent-derived cancer cells showed increased, 
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decreased, and no difference in viability across their three matched TILs respecƟvely. Given 

the absence of 4-1BB and OX40 upregulaƟons and the lack of IFN-γ release from TILs, the 

observed changes in cancer cell viability were likely independent from responses induced by 

tumour-reacƟve T cell clones. Instead, they could potenƟally arise from currently 

uncharacterised interacƟons between tumour cells and bystander T cell clones. Bystander T 

cells can contribute to increased cancer cell viability by secreƟng pro-tumorigenic cytokines, 

such as IL-4, IL-17, and IL-35, that support tumour cell survival (409, 410). AlternaƟvely, the 

presence of TILs can indirectly lead to lower cancer cell viability by compeƟng for nutrients 

and growth factors in the media. The significance of bystander T cells can be studied through 

further characterisaƟons of TIL cytokine profiles and TIL-tumour interacƟons across individual 

TIL products.  

AddiƟonal experimental designs can assist in validaƟng the lack of anƟ-tumour reacƟvity of 

TIL products. Autologous tumour cell suspension (from iniƟal processing) might show 

increased heterogeneity in anƟgen expression than dissociated organoids, and co-cultures of 

TILs with autologous tumour cell suspension may broaden the repertoire of detectable 

tumour anƟgens for TIL recogniƟon. However, assay reproducibility might be limited by 

sample availability, and killing of stromal versus tumour cells cannot be disƟnguished. TIL 

reacƟvity can also be assessed via enzyme-linked immunospot (ELISpot) assays, where 

individual spots can be quanƟfied to represent the number of cytokine-secreƟng cells. 

Compared to ELISA, ELISpot is highly sensiƟve and capable of detecƟng reacƟve TIL clones at 

single-cell resoluƟon. As such, ELISpot (for the detecƟon of IFN-γ-secreƟng TILs) can be used 

as confirmatory assays for TIL reacƟvity.  

Several strategies to improve the reacƟvity of TIL products have been clinically evaluated and 

can be considered for opƟmisaƟon here. Due to spaƟal heterogeneity, TIL cultures derived 

from non-adjacent fragments of the same tumour were found to exhibit substanƟal 

differences in TCR repertoire (382). To increase the likelihood of detecƟng tumour-reacƟve 

TILs, the number of tumour fragments for TIL expansion can be increased, and TIL cultures 

can be screened for upregulated funcƟonal responses in co-culture with autologous tumours. 

This reacƟvity selecƟon approach is common in clinical manufacturing and the tumour-

reacƟve cultures can be selecƟvely expanded downstream (i.e. via the REP process). 

AlternaƟvely, as in the “young TIL” protocols, individual TIL cultures can be pooled to achieve 
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sufficient yield while preserving a consistent level of funcƟonal reacƟvity (177). NeoanƟgen-

specific TIL products can also be generated by co-culturing TILs with autologous or HLA-

matched APCs presenƟng paƟent-specific neoanƟgens, as demonstrated in protocols such as 

NeoExpand (105). Lastly, single tumour-reacƟve T cell clones can be isolated from TIL cultures 

by FACS sorƟng based on reacƟvity markers such as PD-1, CD39, CD103, and CD137 (92, 95, 

97), for subsequent expansion and characterisaƟon. Importantly, TCR sequencing of such 

tumour-reacƟve clones can potenƟally provide insights for the development of other novel 

therapies, such as TCR T cell therapy, where T cells are engineered to express a personalised 

TCR construct for tumour-directed cytotoxicity.  

In summary, the current study successfully expanded TILs from appendiceal cancer, although 

a small number of samples (n = 11) was assessed. Improving the reacƟvity of TIL products and 

adopƟng the expansion protocols for clinical manufacturing remain areas for ongoing 

invesƟgaƟons. In addiƟon, the REP process, uƟlising irradiated feeder cells, high dose IL-2 

(3000 IU/mL) and culturing in bioreactors, would have to be established to upscale the cell 

number of TIL products to high levels (~1010 cells) suitable for clinical infusions. In appendiceal 

cancer, the common recurrence aŌer CRS/HIPEC (~32%) allows for repeated surgical 

intervenƟons and provides ideal therapeuƟc windows for tumour procurement and TIL 

manufacturing (411). By demonstraƟng the feasibility of TIL therapy, our study lays the 

foundaƟon for a novel therapeuƟc approach aimed at improving outcomes of paƟents with 

appendiceal cancer who show limited responses to standard treatments. 

4.4.3 Clinical potenƟal to address current unmet needs 
Overall, the current study presents pioneering work on the applicaƟon of adopƟve T cell 

therapies in appendiceal cancer, a rare disease with limited treatment opƟons. Although 

alternaƟve treatment opƟons are being explored, systemic chemotherapies have not 

demonstrated adequate clinical efficacy, while immunotherapy opƟons remain scarce and are 

sƟll in the early stages of clinical tesƟng. The development of new therapies is further 

hindered by unfavourable cost-benefit consideraƟons given the rarity of the disease. In such 

a seƫng, the translaƟon of exisƟng adopƟve T cell therapies, such as CAR T cell and TIL 

therapies, presents a favourable approach to address the criƟcal unmet need for novel 

treatments in appendiceal cancer.  As described in Chapter 1, both CAR T cell and TIL therapies 
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have been widely assessed in other solid tumours, and these extensive clinical experiences 

are valuable for guiding their design and implementaƟon in appendiceal cancer.  

Comparing CAR T cell and TIL therapies, it remains to be determined which adopƟve T cell 

therapy opƟon would be the most beneficial for appendiceal cancer paƟents to be considered 

for clinical translaƟon. Current clinical trial experiences have generally indicated beƩer 

therapeuƟc outcomes of TIL therapies in solid tumours than CAR T cell therapies. From our 

preliminary in vitro findings, however, we conclude that anƟ-MSLN CAR T cell therapies are 

effecƟve against the anƟgen-posiƟve appendiceal cancer tumours tested in this study, 

whereas TIL therapy shows successful expansion but limited anƟ-tumour efficacy. However, 

we have not yet performed reacƟvity selecƟon of our TIL products. In a Phase II study including 

paƟents with gastrointesƟnal cancer, posiƟve ORRs were obtained when neoanƟgen selecƟon 

was performed (8% or 24% with or without pembrolizumab, respecƟvely), as opposed to using 

bulk, unselected “young TIL” protocol that observed no objecƟve responses (91). Although 

most paƟents in the trial had colorectal cancer, which is increasingly recognised as biologically 

disƟnct from appendiceal cancer, this highlights the importance of performing reacƟvity 

selecƟon to achieve clinical efficacy of TIL therapy in a gastrointesƟnal seƫng. Favourable 

clinical responses of unselected TILs in melanoma are parƟally aƩributable to tumour 

immunogenicity (412). Appendiceal cancer is known to have a low MSI-H prevalence (4%), 

although abundant immune cell infiltraƟon has been observed in the peritoneal metastases 

of appendiceal cancer in the present studies and from previous literature (291, 292). Evidence 

on the immunogenicity of appendiceal tumours is limited, and further characterisaƟon could 

provide important insight into the suitability of unselected TIL therapy.  

Lastly, although CAR T cell and TIL killing were performed on the same set of tumour organoids 

(PB245, PB252, and PB280), we were unable to directly compare the cytotoxic responses of 

the two approaches due to the different assays used. Following further opƟmisaƟon in TIL 

manufacturing, it would be ideal to directly compare TIL and CAR T cell killing using the same 

standardised system, such as via the xCELLigence RCTA plaƞorm, which remains the gold 

standard for CAR T cell cytotoxicity assessment. Nevertheless, one limitaƟon of the 

xCELLigence RTCA plaƞorm is the need for organoids to be seeded as a monolayer, which does 

not preserve the naƟve three-dimensional (3D) architecture of organoids. Similarly, in the TIL-

organoid co-culture assays used in the current study, the 3D structure of organoids was lost 
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due to dissociaƟon of organoids into single-cell suspensions. Further invesƟgaƟons can 

explore the use of fluorescent imaging techniques to study T cell killing responses on intact 

3D organoids (413), which can be leveraged using high-throughput 3D imaging plaƞorms such 

as the Opera Phenix High-Content Screening System (PerkinElmer) or the Incucyte® Live-Cell 

Analysis System (Sartorius) (414-416). Successful evaluaƟon would enable idenƟficaƟon of the 

adopƟve T cell therapy approach with opƟmal efficacy for further in vivo validaƟon. Our 

results establish the groundwork for adopƟve T cell therapies in appendiceal cancer and with 

ongoing advances, have the potenƟal to significantly improve future paƟent outcomes.  
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AdopƟve T cell therapies represent an emerging immunotherapy modality for solid tumours 

that currently lack effecƟve treatments. In principle, CAR T cell and TIL therapies can be 

applied across diverse malignancies, provided that targeted anƟgens are expressed or TIL 

populaƟons can be successfully expanded, respecƟvely. However, while remarkable clinical 

results have been shown by CAR T cell therapies in CD19-posiƟve B-cell malignancies, their 

translaƟon in solid tumours has been challenged by limited therapeuƟc efficacy. Similarly, 

despite encouraging clinical outcomes in metastaƟc melanoma, efficacy of TIL therapies in 

other types of solid tumours remains variable. The lack of clinical success in these seƫngs 

highlights that adopƟve T cell therapies are not truly disease-agnosƟc. Instead, each cancer 

type presents unique biological barriers, and a deeper understanding of tumour-specific 

context is essenƟal for achieving successful therapeuƟc outcomes. 

PDAC, the most common form of pancreaƟc cancer, carries a significant global burden due to 

its high incidence and extremely poor prognosis. Although high expression of the tumour 

anƟgen MSLN has prompted clinical evaluaƟon of anƟ-MSLN CAR T cell therapies, their 

efficacy remains subopƟmal. In Chapter 3, the clinicopathological and biological significance 

of MSLN in PDAC was examined. High MSLN expression was associated with poor prognosis in 

an Australian paƟent cohort and an immunosuppressive landscape characterised by reduced 

CD8 T cell reacƟvity and abundance. This may shed light on previously underappreciated 

challenges that are currently hindering the effecƟve responses of anƟ-MSLN CAR T cell 

therapies. Immunosuppression, and in parƟcular, T cell exclusion, are shown to be more 

significant barriers for paƟents with high anƟgen expression, who would otherwise be more 

likely to benefit from these therapies. AddiƟonally, in the MSLN-low populaƟon, the increased 

tumour reacƟvity and abundance of CD8 T cells are advantageous for the development of TIL 

therapies, where successful expansion of tumour-reacƟve T cell lymphocytes is essenƟal for 

this treatment approach. 

It must be noted that the current study only shows associaƟons of MSLN expression with 

immunosuppression in PDAC, and the biological mechanisms that underly the observed 

relaƟonships are unclear. Secondly, the implicaƟons of these findings for adopƟve T cell 

therapies have not been experimentally tested. In vitro and in vivo validaƟons are essenƟal 

future direcƟons for the current work. For in vitro studies, TILs could be isolated from MSLN-

high and MSLN-low tumours to confirm if there were reducƟons in the abundance and 
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reacƟvity levels of CD8 T cells. For in vivo studies, tumour cells with high and low MSLN 

expression could be implanted to examine if increased MSLN expression promotes an 

immunosuppressive TME with low CD8 T cell infiltraƟon. Given the consistent transcriptomic 

acƟviƟes observed across the human and mouse RNA-seq datasets, such invesƟgaƟons could 

be conducted in immunocompetent or humanised murine models orthotopically engraŌed 

with tumours, to ensure that a physiologically relevant TME is recapitulated and tumour 

immune infiltrates are preserved. These models could also be used to evaluate CAR T cell and 

TIL responses, as well as to determine whether strategies that promote T cell infiltraƟon and 

resistance to the immunosuppressive TME can improve therapeuƟc efficacy in PDAC. 

In addiƟon, the associaƟons of MSLN with immunosuppression highlight that alternaƟve 

tumour-associated anƟgens might be considered beƩer targets for CAR T cell therapies in 

PDAC. Our group has successful experiences establishing PDAC organoids from primary 

surgical specimens. Similar to appendiceal cancer, paƟent-derived PDAC organoids enable 

profiling of clinically relevant tumour anƟgens and evaluaƟon of adopƟve T cell therapy 

regimens. Currently, no standard cytotoxicity assay exists for co-cultures of CAR T cells with 

cancer organoids (417). Given the posiƟve results observed with anƟ-MSLN CAR T cell 

therapies on appendiceal cancer organoids, the xCELLigence cytotoxicity assay shows 

potenƟal for examining the killing responses of adopƟve T cell therapies in PDAC organoids as 

well. The peritoneum represents the second-most common site of metastasis in PDAC (418). 

However, the biology of peritoneal metastases in PDAC have not been well-characterised, and 

no studies have reported TIL generaƟon from PDAC peritoneal metastases. It remains to be 

tested whether the current TIL expansion protocols established for peritoneal metastases of 

appendiceal cancer could provide a generalisable framework to evaluate TIL expansion from 

peritoneal metastases of PDAC as well as of other solid tumour origins.  

Despite its rarity, the incidence of appendiceal cancer is increasing and prognosis remains 

poor for paƟents who fail standard CRS/HIPEC treatments. The expression of solid tumour 

anƟgens, such as MSLN and MUC1, and the presence of T cell infiltrates in appendiceal cancer 

provides a raƟonale for exploring adopƟve T cell therapies in this disease. In Chapter 4, the 

translaƟon of CAR T cell and TIL therapies in appendiceal cancer was examined for the first 

Ɵme. AnƟ-MSLN CAR T cells showed robust efficacy against paƟent-derived organoids of 

appendiceal cancer with posiƟve MSLN expression. TILs have also been successfully expanded 
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from paƟent tumours. However, expanded TILs were only responsive to superanƟgen 

sƟmulaƟon but not matched tumour organoids, suggesƟng that further opƟmisaƟon to 

improve therapeuƟc efficacy is required. Importantly, a small number of organoid models and 

tumour specimens was used in the study, parƟally owning to the rarity of the disease. Further 

validaƟon will require expanded paƟent recruitment to enable the establishment of addiƟonal 

organoid models and procurement of tumour specimens for TIL generaƟon. The preliminary 

results presented here lay the foundaƟon for larger-scale assessments of adopƟve T cell 

therapies in appendiceal cancer. 

In vivo validaƟon of anƟ-MSLN CAR T cell responses using paƟent-derived xenograŌ (PDX) or 

organoid engraŌment models will be crucial to idenƟfy the most effecƟve CAR T cell product 

for clinical translaƟon. Moreover, appendiceal cancer may express addiƟonal tumour anƟgens 

that are targetable by CAR T cell therapies from exisƟng solid tumour clinical trials. As one 

example, we demonstrated expression of tumour-specific MUC1 glycoforms (Tn/sTn), using 

the 5E5 anƟbody from which the anƟgen-binding domain of anƟ-MUC1 5E5 CAR T cells was 

derived. These organoid models can be used to discover novel anƟgens for designing CAR T 

cell therapies, although translaƟon of exisƟng CAR T cell treatments likely remains the most 

cost-effecƟve opƟon given the small size of the paƟent populaƟon. Ideally, future CAR T cell 

clinical trials would include the recruitment of advanced (unresectable or relapsed/refractory) 

appendiceal cancer paƟents, if successful results are shown from these assessments.  

While the current study demonstrated pre-REP TIL expansion from appendiceal tumours, 

further development of the TIL manufacturing pipeline is required. This would involve (1) 

adapƟon of the current expansion protocols for clinical manufacturing, (2) opƟmisaƟon and 

enrichment of the anƟ-tumour reacƟvity of TILs, and (3) establishment of the REP phase. In a 

clinical seƫng, the standard CRS procedure provides an appropriate window for procuring the 

debulked tumours for TIL manufacturing. In advanced disease, the high disease recurrence 

rate also highlights the potenƟal for mulƟple tumour procurement procedures and TIL 

manufacturing runs in paƟents undergoing repeat CRS. The feasibility of TIL expansion shown 

in the current study provides the pivotal basis for the conƟnued establishment of TIL therapy 

that may expand the currently limited therapeuƟc opƟons for appendiceal cancer paƟents. 

 



 
 

164 
 

Lastly, the immunogenicity of appendiceal tumours has not been fully characterised. Given 

that MSLN is expressed in appendiceal tumours, it is worth invesƟgaƟng if high expression of 

MSLN in appendiceal cancer is similarly associated with immunosuppression and parƟcularly 

reduced T cell infiltraƟon and acƟvity, as demonstrated in PDAC in Chapter 3. This may have 

significant implicaƟons for opƟmising the therapeuƟc efficacy of anƟ-MSLN CAR T cells and 

TIL therapies examined in the current work. However, profiling MSLN expression and 

straƟfying paƟents based on MSLN expression levels could be limited by small sample sizes 

due to the rarity of the disease and complexity of histological subtyping. Establishing cross-

insƟtuƟonal mulƟ-omics database or biobank would be crucial for comprehensive 

characterisaƟon of appendiceal cancer biology, which could provide relevant insights to 

inform future immunotherapy development.   

In conclusion, this thesis has invesƟgated the challenges of translaƟng adopƟve T cell 

therapies in two solid tumours, pancreaƟc cancer and appendiceal cancer. In pancreaƟc cancer, 

high MSLN expression was discovered to be associated with immunosuppression and reduced 

CD8 T cell infiltraƟon, highlighƟng a potenƟal barrier that limits the clinical efficacy of anƟ-

MSLN CAR T cell therapies to date. In appendiceal cancer, in vitro efficacy of anƟ-MSLN CAR T 

cell therapies and feasibility of TIL expansion have been examined and successfully 

demonstrated for the first Ɵme. These results lay the foundaƟon for advancing adopƟve T cell 

therapies in the solid tumour landscape to improve the currently dismal clinical outcomes 

faced by paƟents who desperately need more effecƟve treatments.  
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Appendix  

 

Supplementary Figure 1 Chimeric anƟgen receptor (CAR) T cell expansion and in vitro 
validaƟon. CAR T cells were generated from peripheral blood mononuclear cells from three 
healthy independent donors. (A) Live cell number at the end of each CAR T cell expansion. (B) 
TransducƟon efficiency, assessed by mCherry expression, from each CAR T cell product. (C) 
Interferon-γ (IFN-γ) release assessed by CAR T cells co-cultured with the prostate cancer cell 
line LnCaP, which expresses prostate-specific membrane anƟgen. (D) IFN-γ release assessed 
by CAR T cells co-cultured with the mesothelin-transduced pancreaƟc cancer cell line 
MiaPaCa-2. StaƟsƟcal tesƟng was performed via repeated measures one-way ANOVA 
(matched based on CAR T cell donors) followed by Turkey’s post hoc test for mulƟple 
comparisons, with significance indicated (**p < 0.01; ***p < 0.001). 
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Supplementary Figure 2 Adherence of appendiceal cancer organoid-derived monolayer on 
the xCELLigence Real-Time Cell Analysis (RTCA) E-plate. Appendiceal cancer organoids were 
seeded as single cell suspensions in organoid culture media and incubated for 96 hours to 
allow for cell adherence as a monolayer. Organoid adherence was microscopically visualised. 
Scale bars were indicated.  
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Supplementary Figure 3 Transcriptomic expression of tumour anƟgens in appendiceal 
cancer organoids.  Expression of tumour anƟgens FOLH1 (encodes PSMA) (A), EPCAM (B), 
CLDN18 (C), HER2 (D), CEACAM5 (E), and EGFR (F) were evaluated on appendiceal cancer 
PDOs via RNA-sequencing analysis. Normalised counts were quanƟfied via DESeq2. PSMA, 
prostate-specific membrane anƟgen. 

 


