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Abstract 

The tumour antigen ROR1 plays a critical role in tumorigenesis and is 

overexpressed in several haematological and solid malignancies including triple 

negative breast cancer (TNBC) and non-small cell lung cancer (NSCLC). Its 

absence on most of healthy tissues makes it an attractive target for cancer 

immunotherapy.  

Cancer immunotherapy has opened a new era of cancer treatments. Successful 

examples include therapeutic antibodies (e.g. Rituximab, and immune 

checkpoint inhibitors) and adoptive cell therapy with engineered T cells 

expressing a Chimeric Antigen Receptor (CAR), particularly against 

haematological malignancies.   

CAR-T cells have so far had limited success against solid tumours. 

Overexpression of inhibitory receptor ligands such as PD-L1 by tumour cells is 

one of the main mechanisms that makes the anti-tumour immune response 

ineffective. 

We developed a second generation ROR1-41BB-CD3ζ CAR targeting ROR1. These 

CAR-T cells rapidly acquired a phenotype associated with increased expression 

of programmed death receptor 1 (PD-1) following exposure to ROR1-expressing 

tumour targets. To bolsters potency, we engineered the lentiviral CAR construct 

to enable IL-2 mediated, NFAT-induced secretion of anti-PD-1 single-chain 

variable fragments (scFv) within the tumour environment following CAR T-cell 

activation. Local secretion of anti-PD1 scFv led to increased anti-tumour activity 

against TNBC and NSCLC tumour cell lines in in vitro co-culture studies. In a 

murine xenograft model of TNBC, tumour growth was significantly decreased and 

associated with a significant survival benefit compared to parental ROR1 CAR-T 

cells and to combination therapy with ROR1 CAR-T cells and anti-PD1 

monoclonal antibody. Thus, second-generation CAR T cells engineered to secrete 

anti-PD-1 scFv shows promise and represents a clinically relevant approach to 

improving potency of CAR-T cells against solid tumours whilst limiting toxicities 

associated with systemic administration of monoclonal antibody-mediated 

checkpoint inhibition. 
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Impact Statement  

Adoptive cell therapy with engineered T cells expressing a Chimeric Antigen 

Receptor (CAR) have shown unparalleled therapeutic results, particularly 

against haematological malignancies in patients that were relapsed or refractory 

to conventional treatments.  

However, CAR-T cell therapy is still struggling to achieve the same results in the 

context of solid tumours. Overexpression of inhibitory receptor ligands (PD-L1) 

by tumour cells is one of the key mechanisms that hampers anti-tumour immune 

responses. 

Breast cancer is the most common malignant disease in women in developed 

countries. The triple-negative breast cancer (TNBC) subtype is characterised 

by a highly aggressive and metastatic phenotype; this, combined with the 

lack of effective treatment, makes the prognosis dismal. The tumour antigen 

ROR1 plays a critical role in tumour growth and metastasis. Despite being 

expressed at low level on some healthy tissues, its overexpression on an array 

of tumours (including TNBC) make it a promising therapeutic target. 

We developed a monotherapy approach where our second-generation ROR1-

targeted CAR-T cells secrete checkpoint blockade molecules within the tumour 

environment following activation by ROR1-expressing tumours. The efficacy of 

these CAR T cells was better than that achieved by parental format and by 

combination therapy with ROR1 CAR-T cells and anti-PD1 monoclonal antibody.  

We believe this strategy has great potential and can be tailored with the desired 

secreted molecule, including but not limited to other checkpoint inhibitors, to 

act directly on tumours or on bystander immune cells. Overall, we believe this 

strategy has the potential to improve the potency and specificity of the immune 

response against solid tumours with high unmet therapeutic need such as TNBC, 

making a meaningful impact on patient survival and quality of life. 
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ACT Adoptive cell therapy 
APC Antigen presenting cell 
BiTE Bispecific T Cell Engager  
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CAR Chimeric Antigen Receptor  
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SPR Surface plasmon resonance  
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TK Tyrosine kinase 
TNBC Triple negative breast cancer 
TNF Tumour necrosis factor 
Treg Regulatory T cell 
TSA Tumour specific antigen 
VEGF Vascular endothelial growth factor  
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Figure 4-4 αPD-1 scFv binding assessment. The newly generated αPD-1 scFv 

linked to a mouse Fc stalk was generated via transient transfection of 
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HEK-293T cells. Supernatant was then concentrated and tested as 

follow: A) flow cytometry binding assay against the same PD-1+ cell line 

using a A647-conjugated anti-mouse IgG to confirm no changes in 

binding to the target; B) concentrated supernatants from 3 independent 

productions were tested via Western Blot under reducing conditions to 

confirm presence of the correct product (expected band size: 55kDa) and 

similar amounts between batches. Positive control: purified mouse IgG1κ 

antibody, negative control: non-transfected concentrated media. ..... 102 

Figure 4-5 Representative SPR sensogram. (1 of three independent runs) 

showing binding to increasing concentrations of PD-1 protein (from 

0µg/ml to 2.5µg/ml) in Response Units (=RU, y axis) with 

association/dissociation cycles over time (x axis). Baseline (blue line): No 

cross-linking of the aPD1scFv-Fc was expected and therefore no binding 

from the sensogram was detected. Experimental setup and downstream 

analyses were kindly performed by Dr Vincent Muczynski. ka = 

association rate constant, kd = dissociation rate constant and KD = 

equilibrium dissociation constant. ................................................. 103 

Figure 4-6 GFP expression is induced in the presence of the targeted antigen. 

Fresh human T cells from 2 donors were co-transduced with two 

lentiviruses to express a CAR (either GD2, nonspecific, or ROR1) and the 

inducible system (either NFAT-IL-2min or full-length IL-2 promoter). Co-

cultures were set up with Jeko-1 (ROR1+) and SupT1 (ROR1-) cell lines 

and GFP expression was measured via flow cytometry over time (24h, 

48h, and 72h). Top panel: flow cytometry gating strategy to obtain the 

%GFP from co-transduced CAR-T cells (gated on respective reporter 

genes mCherry and BFP); bottom graph: summary of GFP expression: 

background GFP is the average %GFP (5%) from co-transduced cells 

expressing the irrelevant CAR or co-transduced cells cultured without 

target (labelled ‘only’). Results are mean+SD of 2 donors plated in 

triplicate. ...................................................................................... 105 

Figure 4-7 Second co-culture for i-GFP expression. A second co-culture was 

set up, this time with more ROR1+ cell lines and only using co-

transduced T cells expressing ROR1 CAR and the NFAT inducible 
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system; A) representative flow cytometry histograms showing ROR1 

surface expression on target cell lines (green shift versus isotype control 

peak, in grey); B) %GFP+CAR-T cells: as control, T cells were transduced 

to express the CAR only, without the inducible GFP system. As before, 

cells were harvested at different time points and analysed via flow 

cytometry for GFP expression. Background line is the average signal from 

double transduced CAR-T cells alone in the absence of stimulus. .... 107 

Figure 4-8: Representative plots for scFv binding to PD-1+ cell line upon CAR 

T cell activation. Co-cultures of ROR1 i-CAR-T cells with ROR1+ and 

ROR1- targets were set up to assess constitutive and inducible secretion 

of αPD-1 scFv at 1:10 E:T ratio. After 24h, supernatant was collected and 

assessed via flow cytometry for binding to the PD-1+ cell line. Binding 

was detected using an APC-conjugated anti-His-Tag antibody. 

Representative flow cytometry histograms show binding from either 

constitutive secretion or i-CAR-T cells with ROR1+ target (green and dark 

blue peaks, respectively, as opposed to grey baseline), whereas no shift 

of the histogram (no binding) were detected with either ROR1 CAR only 

(control, light blue histogram) or with ROR1 i-CAR-T cells without the 

targeted antigen (yellow histogram). ............................................... 108 

Figure 4-9 Representative viral titres (IU/ml) of virus and flow cytometry plots 

of transduced cells (mCherry+). Infectious assays were performed on 4 

viruses: ROR1 CAR (positive control), ROR1 CAR+inducible system 

(+NFAT-IL2) and ROR1 i-CAR; a) representative viral titres expressed in 

IU/mL; b) flow cytometry plots show transduction efficiency of SupT1 

(top right) and of freshly isolated T cells (bottom three) based on mCherry 

expression. ................................................................................... 110 

Figure 4-10 Functional comparison between PL284 and PL315 for 

transduction efficiency, ROR1 binding and scFv secretion. Binding to 

soluble ROR1eFc was assessed for SupT1-268 (+ve ctrl), T cells 

expressing ROR1 CAR+ c system (284) and smaller version plasmid 

(315). NT = NT T cells + ROR1eFc+ A647-anti-mouseFc antibody (for 

background signal). Second plot shows same cells tested with FITC-anti-

human Fab antibody which binds to the ROR1 CAR extracellular 
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domain; b) Flow cytometry of secreted scFv binding to the PD-1+ cells

 .................................................................................................... 112 

Figure 4-11 Flow cytometry plots to check co-transduced CAR-T cells. Top 

panel: transduction efficiency based on reporter gene expression 

(mCherry, y axis) and binding to ROR1eFc (x axis). Double positive 

population indicate CAR T cells binding to soluble ROR1eFc. Bottom 

panel: induction of BFP (x axis) gated on mCherry (y axis) via co-culture 

with SupT1 (first), Kasumi2 (middle) and Raji (last plot) cell lines. ... 114 

Figure 4-12 Viral IU and corresponding transduction efficiencies of freshly 

isolated T cells. Infectious assays as well as transduction efficiency of 

fresh T cells were performed independently several times to evaluate the 

quality and transduction efficiency of the new SIN-lentiviral plasmid 

(named New ROR1 i-CAR) versus the canonical ROR1 CAR (positive 

control) and the same transgene in the former lentiviral backbone, 

named old ROR1 i-CAR. ................................................................ 116 

Figure 5-1 scFv purification: a) UV chromatography (blue line) of the elution 

phase of purification with two peaks; the green line corresponds to the 

Imidazole concentration and dashed red lines at the bottom the fractions 

collected; b) Western blot using an anti-His-HRP secondary shows band 

at the correct size for both peaks, with second peak fractions (B15-B12) 

having higher concentration of  protein; despite the presence of a 

possible dimer, there is significant purity. ...................................... 121 

Figure 5-2 scFv quantification and ELISA assessment. a) Following dialysis 

overnight, the purified scFv was quantified via western Blot using a 

purified His-tagged scFv serially diluted for the standard curve and 

ImageJ software was used to generate a standard curve and exact 

quantification; b) once concentration was determined, an in-house 

ELISA was set up: serial 1in2 dilutions of the purified scFv were tested 

for binding to recombinant PD-1 (coated on the plate) and detected using 

the same HRP anti-His antibody used for western blot. Signal from OPD 

substrate was detected using a plate reader. .................................. 122 
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Figure 5-3 Quantification of secreted scFv via PD-1 ELISA. In-house PD-1 

ELISA was set up coating plates with recombinant PD-1 protein. Co-

culture supernatants (1:1 T:E ratio used) were incubated, washed and 

bound αPD-1 scFv was detected with an HRP conjugated anti-His 

antibody. Standard curve was made of serially diluted purified scFv, 

which also served as positive control. Negative controls were supernatant 

harvested pre-coculture (time point 0h). Results shown are mean+SD of 

3 donors in triplicate against each target cell line. .......................... 123 

Figure 5-4 Detection of produced scFv via plate reader. The same co-cultures 

were set up using CAR-T cells secreting the αPD-1 scFv tagged with a 

Gaussia Luciferase (gLuc). Supernatants were harvested at the indicated 

time points and coelenterazine, the gLuc substrate, was added prior 

bioluminescence reading via plate reader. Negative control: supernatants 

from CAR-T cells alone (time point 0h); positive control (not showed): 

CAR-T cells constitutively expressing gLuc. Results show mean+SD of 3 

donor-derived CAR-T cells plated in triplicate against each target cell 

line. .............................................................................................. 124 

Figure 5-5 Pro-inflammatory cytokine production. A preliminary co-culture 

assay was set up to assess and IFNγ IL-2 release by our CAR-T cells 

against the target cell lines MDA-MB-231 and SKOV-3, either alone or 

in the presence of PD-1 blockade in the form of the αPD-1 scFv (dark 

green bars)or a commercial antibody (red bars). Results show mean+SD 

of two donor-derived CAR-T cells against both target cell lines. 2way 

ANOVA was performed using ROR1 CAR alone as comparator arm. . 126 

Figure 5-6 Co-culture test to find best condition. Co-cultures were set up 

using freshly transduced T cells to express ROR1 CAR or ROR1 i-CAR. 

Target cell line used was AML Kasumi2. Cells were plated at various T:E 

ratios with a further condition: ROR1 CAR+mAb, a commercial anti-PD-

1 antibody. Killing was assessed after 72h. 2way ANOVA was performed 

using ROR1 CAR as comparator arm, p<0.05. ................................ 127 

Figure 5-7 Antigen-specific activation of CAR-T cells in vitro. Representative 

photographs of co-cultures with ROR1+ target cell line MDA-MB-231 
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(top, 10x objective) and H1975 (bottom, 4x objective) show specific 

clustering and expansion of activated CAR-T cells with loss of target cells 

in the background, compared to irrelevant CD19 CAR (1st column on the 

left). .............................................................................................. 128 

Figure 5-8 Extended co-cultures to assess cytotoxicity. Several co-cultures 

were set up using multiple donor-derived CAR-T cells against several 

targets at three T:E ratios. Cytotoxicity was assessed via flow cytometry 

after 72h of co-culture, results show mean+SD of at least 3 donor-

derived CAR-T cells, assessed at least in two independent experiments. 

A) Non-targeted cytotoxicity by ROR1 CAR-T cells was assessed against 

the ROR1- target cell lines SupT1 and MCF-7. % target survival was 

compared to control: 100% target survival from co-culture with the 

irrelevant CD19-targeted CAR, black bars; for targeted cytotoxicity, % of 

B) H1975, MDA-MB-231, C) Kasumi2 and A649 survival compared to 

control (irrelevant CAR, not included) is shown for parental CAR (red 

bars) and ROR1 i-CAR (dark green bars). 2way ANOVA was performed 

using ROR1 CAR as comparator arm, p<0.005 – p<0.0001. ............. 129 

Figure 5-9 PD-1 blockade mediated cytotoxicity and pro-inflammatory 

cytokine secretion. Further co-cultures were set up including the control 

of combination therapy to confirm that the increased cytotoxicity was a 

result of PD-1 blockade. From the same co-culture, supernatants were 

also assessed for pro-inflammatory cytokine production via ELISA: A) % 

live H1975 and MDA-MB-231 left normalised to control (100% live 

targets left with irrelevant CD19 CAR); B) pro-inflammatory cytokine 

secretion was measured. Results are mean+SD of at least 3donor-derived 

CAR-T cells assessed at two different times; 2way ANOVA was performed 

with ROR1 CAR as comparator arm: p<0.05 - <0.001. .................... 130 

Figure 5-10 PD-L1 blockade effect. Co-cultures were set up to address the 

effect of pre-PD-L1 blockade on CAR-T cell mediated effector functions. 

Target cells were seeded with or without anti-PD-L1 antibody before 

adding the effector functions. The next day, cytotoxicity was 

assessed.One way ANOVA was performed to compare, for each effector, 
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the presence or absence of PD-L1 blockade (- and +aPDL1, respectively). 

Results are mean+SD of 3 donor-derived CAR-T cells. ..................... 132 

Figure 5-11: IS formation and actin RRI from CAR-T cells. Co-cultures of 

CAR-T cells (3 donors) were co-cultured with labelled MDA-MB-231 

target cells for 24 h then fixed. Cells were stained with CD3-AF647 and 

phalloidin-AF488 before mounting and imaging by confocal microscopy 

(Zeiss LSM880, 960 oil objective; Zeiss, Oberkochen, Germany). Example 

CAR-T cells (blue and arrows) show actin accumulation at the IS site 

(green), scale bar = 10 mm. Cell conjugates were identified manually and 

phalloidin recruitment quantified using mean fluorescence intensity in 

an area of cell contact and normalized against phalloidin signal in a non-

contact area of the T cell plasma membrane. ImageJ was used for 

phalloidin recruitment quantification, with a total of 28 

quantifications/CAR used. Student t test (Welch correction) was 

performed, p=0.043. ...................................................................... 133 

Figure 5-12 Cytotoxic markers. Co-cultures were set up to measure cytotoxic 

markers from CAR+ and CAR- T cells. After 24h of co-culture with MDA-

MB-231 and H1975, cells were stained for granzyme B (GZB) and a 

degranulation assay was performed for CD107a. Results are mean+SD 

of 3 donors against both target cell lines. No significant differences were 

found. ........................................................................................... 134 

Figure 5-13 T cell markers. CAR-T cells were co-cultured as before, followed 

by staining for CD4/8 and phenotype markers prior flow cytometry 

analysis. Results shown are % positive cells for a given marker compared 

to parental population (CD3+ T cell or CAR-T cell) and are mean+SD of 

three donors against both target cell lines. 2way ANOVA performed with 

ROR1 CAR as comparator arm: p<0.05-0.001. ................................ 135 

Figure 5-14: Exhaustion markers on T cells. Transduced (CAR expressing) 

and untransduced (UT) T cells were assessed, after co-culture, for 

common exhaustion markers via flow cytometry. Results are mean+SD 

of 3 donor-derived CAR-T cells co-cultured with both target cell lines.

 .................................................................................................... 136 
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Figure 5-15 Proliferation assay. Co-culture with labelled CAR-T cells was set 

up to measure ROR1-mediated CAR-T cell proliferation. Control was 

irrelevant CD19 CAR-T cells. Results show mean+SD of 3 donors plated 

in triplicate at 1:1 E:T ratio. One-way ANOVA with multiple comparison 

was performed. ............................................................................. 137 

Figure 6-1 Flow cytometry assessment of tumour cells and CAR-T cells. Prior 

injections into mice, tumour cells were assessed for BFP expression 

(%transduced cells expressing Luciferase) and for ROR1 and PD-L1 

expression via flow cytometry. Similarly, CAR-T cells were checked for 

transduction efficiency to calculate how many T cells to administer. 141 

Figure 6-2 Pilot TNBC xenograft in NSG mice. 6-8weeks old NSG mice were 

implanted with 2x106 MDA-MB-231Ffluc cells in 100µl of PBS in the 

mammary fat pad, with one injection/mouse. 6 days later, mice were 

imaged to confirm engraftment (left panel). The following day, mice were 

treated with a single i.v. injection of 4x106 CAR-T cells. Mice were imaged 

for additional 3 weeks post treatment. Data showed are normalised using 

the IVIS software. Top panel: ROR1 CAR-T cell treated mouse. Bottom 

panel: ROR1 i-CAR-T cell treated mouse. Average radiance calculated 

using the IVIS Living Image software. ............................................. 142 

Figure 6-3 Tumour measurements via BLI and digital calliper. Tumours were 

monitored via BLI imaging once a week for 4 weeks total. Data were 

normalised and the average radiance is showed for all mice (mean+SD of 

n=6/treatment). 2way ANOVA was performed using ROR1 CAR as 

comparator arm, p<0.005 for both treatment groups. Bottom graph is 

showing parallel measurements using a digital calliper. 2way ANOVA 

performed with multiple comparisons, p<0.0001. ........................... 144 

Figure 6-4 Plasma concentration of the αPD-1 antibody. One mouse was 

injected i.p 3x with 250µl of anti-PD1 mAb (clone EH12.2H7) on days 0, 

3 and 7. Blood samples were collected at the time points showed in the 

graph. Plasma was analysed via in-house PD-1 ELISA with the standard 

curve made of the same purified mAb used for the treatment. ......... 145 
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Figure 6-5 Survival of treated mice. Survival was assessed using GraphPad 

Prism, where survival tables were generated with Log-rank (Mantel-Cox) 

test used to compare survival curves. ............................................. 146 

Figure 6-6 Mouse weight over time. Mice were weighted before and after 

treatment (arrow for CAR-T cell injection) to assess eventual treatment-

derived toxicity resulting in weight loss higher than 10%. ............... 147 

Figure 6-7 BLI of tumour bearing mice over time. BLI imaging up to 4weeks 

post treatment and overall normalisation were performed. Top row is 

showing pre-treatment images of 3-4 representative mice/treatment 

group. Second and third rows are showing 2week and 4week time points, 

respectively. .................................................................................. 147 

Figure 6-8 Tumour volumes 5 weeks post treatment. 35 days post-treatment 

timepoint is showed with mean+SD of 6mice/treatment (3 for control). 

1way ANOVA was performed with multiple comparisons, p=0.0175 and 

p=0.0026 ...................................................................................... 148 

Figure 6-9 Survival of mice. Kaplan-Meyer survival curve of second study, 

n=6 mice/treatment group. ............................................................ 148 

Figure 6-10 IHC staining for human ROR1 expression on tumours. Staining 

for ROR1 was performed on paraffin-embedded tumour tissues. 

Representative sections from each treatment group are showed at 20x 

magnification with white arrows pointing at positive staining. ......... 150 

Figure 6-11 IHC staining and quantification for human CD8. Staining was 

performed on paraffin embedded tumour tissues. Representative 

snapshots from all treatment groups show positive staining (white 

arrows) for ROR1 CAR-treated mice compared to negative control 

(untreated tumour). CD19-treated tumours showed very low positivity. 

Staining was performed on 5 areas/tumour, 5-6 tumours/treatment 

group and quantified blindly by a collaborator. Results are mean+SD of 

all staining, expressed in cell number/mm2.................................... 151 
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 Introduction 

The role of the immune cells is to detect and respond to deviations and 

pathologic insults in our body, a process defined as immunological 

surveillance. When immunological surveillance fails, many complex diseases 

such as autoimmunity and cancer arise (1). 

Tumours are highly complex mixtures of normal and neoplastic cell types, 

including immune cells (2). In the context of solid tumours, the immune 

response arises in the early stages of tumorigenesis, where highly 

proliferating cells exhaust all nutrients and release chemokines such as 

vascular endothelial growth factor (VEGF) to promote angiogenesis. This 

usually attracts immature myeloid cells which start the process of tissue 

repair as if this was a wound. These myeloid cells could be either 

immunosuppressive (in the absence of immunogenic stimulus) or 

immunogenic, with the ability to phagocyte, process and present tumour 

proteins to T cells (3). 

An insight into the physiology of the canonical T cell response will be 

described in the following section to provide the underlying mechanistic 

concepts that have supported the development of T-cell based 

immunotherapies, the subject of this project. 

1.1 The T cell-mediated response 

The maximal activation of naïve T cells via recognition of their cognate 

MHC:peptide complex requires both antigen presentation (‘signal 1’ through 

the T cell receptor (TCR)-CD3 complex) and a costimulatory signal sent 

through co-receptors (‘signal 2') such as CD28 interacting with its ligands 

CD80 (B7-1) or CD86 (B7-2) on antigen presenting cells (APCs); to ensure T 

cell differentiation and survival, ‘signal 3’ is given via cytokine receptors on 

the T cell (Figure 1-1) (4). Signal 2 is essential to prevent T cell anergy (5-8). 

Given the fact that virtually every nucleated cell in the body expresses MHC 

class I (MHC-I) molecules, MHC-I-restricted T cells should theoretically be 

able to directly recognise many types of tumour cells. Alternatively, APCs 
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such as dendritic cells (DC) and macrophages can process exogenous 

peptides and present them to T cells within the lymph node via MHC class 

II molecules, or in the context of MHC-I molecules via cross-priming (9-

11).   

 

At the molecular level, signal 1 starts several signalling events that lead to 

the activation of the mitogen-activated protein kinases (MAPKs) ERK and JNK 

(12) which play a role in several cellular processes such as proliferation, 

differentiation, motility, apoptosis and survival. In parallel, the release of 

calcium ions from the endoplasmic reticulum (ER) induces translocation of 

the transcription factors NFAT and CREB, which in turn increase IL-2 

transcription to enhance proliferation and cytokine production. For signal 2, 

CD28 intracellular domain activates downstream kinases such as AKT which 

boosts proliferation and survival via mTOR pathway, and PKCθ which 

activates NF-κB and MKK7, required for IL-2 production. Activation of both 

AKT and PKCθ is essential to gain full proliferative and effector functions 

(Figure 1-2) (13).   

 

Figure 1-1 T cell activation via signal 1-3. Antigen 
presentation from a dendritic cell leads to multiple receptor-
ligand interactions: MHC:peptide with the TCR, or signal 1, 
CD80/CD86 with CD28 for signal 2 (or co-stimulation) and 
cytokine signalling (signal 3). 
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Upon antigen recognition, activated T cells undergo clonal expansion in 

secondary lymphoid tissues then migrate towards the location of the 

recognised antigen (14) to perform their effector functions (direct, or by 

helping other immune cells) to eliminate the target cell (15). When successful, 

in the context of cancer, this leads to clearance of tumour subpopulations 

and a reduction in tumour burden (16). Against tumour cells, CD8+ cytotoxic 

T cells may exert direct cytotoxic responses either via expression of apoptosis-

inducing molecules or by releasing cytotoxic granules such as perforin and 

granzyme. Mature CD8+ T cells and some CD4+ T cells produce interferon-γ 

(IFNγ) and tumour necrosis factor (TNF), which in turn enhance the anti-

tumour response via upregulation of both MHC class I and II on both cancer 

cells and tumour-resident APCs (11). Pre-clinical and clinical data 

highlighted that the differentiation stage of CD8+ T cells is inversely related 

to their proliferative capacity and persistence following adoptive transfer. This 

Figure 1-2 T cell activation signalling pathways. Schematic 
representation of key intracellular signalling molecules involved 
in canonical T cell activation. Adapted from: KN Pollizzi and JD 
Powell. Nature Reviews Immunology (2014) 
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suggests that the CD8+ T cell stage at the time of the treatment appears to 

be crucial for the success of T cell-based therapies. Following antigenic 

stimulation, the T cell progresses from naïve cell to a terminally differentiated 

memory T cell, which is capable of eliciting a quick effector response with 

increased release of cytotoxic granules, but loses the ability to produce IL-2 

(essential for T cell proliferation), to home lymph nodes and to resist apoptotic 

death (Figure1-3) (17-19). To note, the two late memory stages are reportedly 

very different for the anti-tumoral response, where central memory T cells 

(TCM) are more persistent and elicit better anti-tumour responses than 

effector memory (TEM) (20, 21). 

 

In the context of chronic diseases like chronic viral infections and cancer, 

persistent antigen and chronic TCR stimulation can occur. These chronically 

stimulated T cells can undergo exhaustion (22).  

Exhausted cells are hypofunctional and present altered effector functions, 

such as decreased proliferative potential and cytokine production, and 

sustained high expression of multiple inhibitory receptors (22, 23). In the 

context of chronic viral infections, the loss of effector functions usually starts 

from hampered IL-2 production, proliferative capacity, and ex vivo cytolytic 

Figure 1-3 T cell differentiation stages. Upon antigen recognition, T cells 
undergo serial activation stages characterised by different features; these 
stages may be used for better design and characterisation of adoptive T cell 
therapies. TN=naïve; TSCM=T stem cell; TCM=central memory T cell; TEM=effector 
memory T cell; TEFF=effector T cell. Adapted from Nicholas P. Restifo Blood 
2014;124:476-477 
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activity; this is then followed by impaired production of tumour necrosis 

factor (TNF)-α, interferon (IFN)-γ, and degranulation (24). In cancer, similar 

changes are observed but given the different tumour types, it is still unclear 

how the hierarchy of dysfunction evolves for exhausted TILs (24). 

Importantly, these cells are not totally inert and can still mount an effector 

response against a pathogen (25). Moreover, exhausted T cells differ from 

dysfunctional primed T cells, lacking effector functions which makes them 

unable to control tumour growth, and from anergic naïve T cells (22).  

Recent studies in murine and human cancers suggest that tumour 

infiltrating T cells display a broad spectrum of (dys-)functional states which 

are influenced by a range of immunosuppressive signals which include 

inhibitory ligands, inhibitory cell subsets like regulatory T cells (Tregs) and 

myeloid-derived suppressor cells, metabolic factors and suppressive soluble 

mediators (24, 26). One example of the latter is the release of 

immunoregulatory cytokines. Sawant et al described how Treg-derived IL-10 

and IL-35 can cooperatively promote CD8+ T cell exhaustion by upregulating 

several inhibitory receptor expression (PD-1, TIM-3, LAG-3), limiting 

differentiation into a memory phenotype and downregulating effector 

functions (27). These inhibitory effects were reversed by co-targeting IL-10 or 

Treg cells with checkpoint blockade (27). 

The second major group of T cells is made of CD4-expressing T cells. Naïve 

CD4+ T cells undergo differentiation into various T cell subsets which are 

characterized by their ability to produce key cytokines to stimulate and 

regulate many aspects of innate and adaptive immune responses (28). The 

effector functions of CD4+ T helper cells crucially depend on their 

polarization which is under the control of key transcription factors (29). 

Examples of these functions include IFNγ and IL-2 production and the 

engagement and licensing of APCs which in turn can recruit additional CD8+ 

T cells to the tumour site (30-32). On the other hand, regulatory T cells 

(Tregs) have strong immunosuppressive functions and can contribute to 

T cell exhaustion and anergy in the tumour microenvironment (TME) by 

producing anti-inflammatory cytokines like IL-4 and IL-10 (33-35). There 
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is mounting evidence that considerable plasticity exists within T helper cell 

subsets in vivo, especially during responses to pathogens (36). Cytotoxic 

CD4+ T cells exert their effector functions by secreting granzyme B and 

perforin and can kill the targeted cells in an MHC class II-restricted manner. 

Great advances in genetic engineering and synthetic biology combined with 

the feasibility of isolation, editing and transfer of immune cells, give us the 

skills and tools to reprogram and enhance the function of immune cells to 

generate effective immunotherapy-based strategies (1).  

1.2 Cancer immunotherapy 

In the past few years enormous progress has been made in understanding 

tumour biology and immunological responses, creating a new and promising 

cancer treatment named immune-based cancer therapy or cancer 

immunotherapy (37, 38). It can be defined as the manipulation of immune 

cells, particularly T cells, to generate a better anti-tumour response (39). 

For the purpose of this thesis, adoptive T-cell therapy (ACT) and therapeutic 

antibodies (mainly as checkpoint inhibitors), which are two of the main forms 

of cancer immunotherapy, will be discussed in detail. 

1.2.1 Adoptive Cell Therapy 

Adoptive cell therapy (ACT) relies on the ability to generate ex-vivo large 

numbers of specific T cell populations for the treatment of malignant and 

infectious diseases, as well as autoimmunity. Preconditioning of the patient 

via lymphodepletion using chemotherapy with or without radiotherapy, has 

shown to facilitate persistence of the transferred T cells and to improve 

therapeutic responses (40). Pioneering research by Rosenberg and colleagues 

showed for the first time the potential of using the endogenous anti-tumour 

immunity for therapeutic purposes. They showed that tumour infiltrating 

lymphocytes (TILs) could be isolated from tumours, expanded and re-infused 

into the patient eliciting therapeutic effects in metastatic melanoma 
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resections, leading to objective clinical response rates up to 50% for refractory 

patients (41, 42). 

Successful examples of ACT, either with naturally occurring or with gene 

edited T cells, include:  

Ex vivo expansion of Tregs, which showed promising results against Crohn's 

disease (64) and is currently being investigated to treat type 1 diabetes (65).  

Donor leukocyte infusions, which can be used to generate a graft-versus 

leukaemia (GvL) effect against certain haematological malignancies such as 

chronic myeloid leukaemia (43).  

Administration of ex-vivo expanded TILs, which showed remarkable anti-

tumoral effect against metastatic melanoma (44).  

The main limitations of TIL therapy include: inaccessible or unresectable 

tumours, ‘cold’ malignancies with very poor immune cell infiltrate and the 

characteristic exhausted phenotype of terminally differentiated TILs (45, 46).  

1.2.1.1 ACT side effect: GvHD 

The ever evolving technologic and therapeutic advances in the field of cellular 

engineering offers multiple promising options for cancer immunotherapy, 

despite novel hazards that often arise at the same time. In the context of ACT, 

the main risks are dosage, target specificity, and the potential of undetected 

and uncontrolled expansion of therapeutic product. One of the most common 

ACT-derived toxicities is graft versus host disease or GvHD, which we will 

briefly describe in the context of T cell therapy. 

GvHD is the most serious complication following graft of immunologically 

competent mediators such as T cells (47). GvHD is a sever multi-

inflammatory reaction, involving several organs with apparent clinical 

manifestation to the skin, gastrointestinal tract and liver. Despite therapeutic 
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advances, it remains a potentially lethal toxicity as patients may be refractory 

to curative agents like corticosteroid or immunosuppressive cocktails, or may 

develop infections (48-50).  

GvHD results from T cells recognising non-self MHC molecules 

(allorecognition). In case of transplants with mismatched human leukocyte 

antigen (HLA), T cell-mediated responses against both HLA-derived epitopes 

and peptide-HLA complexes may occur. Moreover, GvHD responses may also 

result from a matched donor transplant (51), for instance when the 

conformational structure generated by alternative epitopes is similar to 

another TCR-peptide-MHC interaction that would lead to activation (52). 

Several strategies have been designed to prevent progression of GvHD, 

including selective removal of alloreactive T cells (53), low dose of IL-2 to boost 

Treg activity (54), and ex-vivo induction of anergy of patient-responsive T cells 

(55). 

1.2.1.2 TCR Engineered cells 

The greatest and most promising advances in synthetic immunology come 

from the genetical engineering of a patient’s own T cells to allow direct 

recognition of cancer cells. The two main approaches for redirecting T cells 

are TCR engineered cells and Chimeric Antigen Receptor (CAR) T cells (1).  

Using viral transduction, T cells can be edited to express different TCR α and 

β chains to provide the desired specificity towards tumours expressing 

common tumour antigens and presented by appropriate MHCs. Proof of 

concept was first demonstrated with the isolation and transfer of the α and β 

chains from one cytotoxic T cell clone to another (56). This strategy was then 

tested against several antigens in haematological and solid malignancies (57) 

with a recent trial against NY-ESO-1 reporting 58% overall response rate (58). 

TCR gene therapy, as opposed to CAR-T cell therapy, can recognise 

intracellular targets such as Wilms tumour 1 and p53, as well as surface 

antigens presented by the MHC. Moreover, signalling through the TCR is 

particularly sensitive with 10-100 MHC-peptide complexes capable of 

triggering T cell activation (59). 
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Despite promising therapeutic results, TCR gene therapy faces challenges 

and risks. One challenge is the diversity of HLA alleles, as some patients may 

not be able to present the same neoantigens and elicit a T cell response (1). 

A major concern is the pairing of the correct TCR α and β chains to avoid 

mismatches (e.g. cross-pairing of endogenous and transgenic chains) that 

could generate altered T cell specificity which could lead to pathological auto-

reactivity as reported in mouse experiments (60). Even with the correct 

targeted specificity, the choice of the right targeted antigen requires very 

careful planning to avoid treatment-related devastating consequences. The 

MAGE-A3 clinical trial offers a key example: MAGE-A3 TCR-engineered cells 

cross-reacted with a muscle-specific peptide, causing severe myocardial 

damage that ultimately led to death by cardiac shock within a few days of 

treatment (61). Other examples of on-target off tumour toxicities towards 

healthy tissues involved the tumour associated antigens (TAAs) MART1, 

gp100 and CEA (62). Moreover, the downregulation of MHC-I presentation is 

a common immune escape mechanism exploited by cancer cells (63). 

Strategies to maximise TCR expression, to silent endogenous TCR activity 

and to enhance signalling have been developed to improve the applicability 

of TCR engineered cells to mediate physiological anti-tumour ACT (57).  

1.2.1.3 CAR-T cell Therapy 

1.2.1.3.1 Definition and structure 

The initial concept of a Chimeric Antigen Receptor (CAR) emerged when the 

TCR α and β chains were replaced with the variable heavy (VH) and variable 

light (VL) chain regions of antibodies thereby imparting MHC-independent 

antigen recognition (64, 65). This was followed by the cloning of a single-

chain variable fragment (scFv) format in which the variable regions are linked 

by a flexible linker sequence to simplify molecular cloning and transduction 

(66). 

CARs are synthetic fusion proteins consisting of an extracellular antigen-

recognition domain linked to intracellular signalling domains which are 

capable of activating immune cells (67). The extracellular component is 

usually made of a scFv, which binds to a specific antigen and is anchored to 
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the cell with a spacer (or hinge) and a transmembrane domain to provide 

distance, flexibility and stable cell surface expression (68). The distance, 

which can be edited, is crucial for efficient CAR-T cell functioning by allowing 

correct cytotoxic synapse formation, granule release and exclusion of 

inhibitory phosphatases (69). 

There are currently three generations of CAR-T cells based on different 

intracellular domains and summarized in Figure 1-4 (70). The 1st generation 

CAR contains a TCR-derived CD3ζ intracellular domain which mimics 

canonical signal 1 (left diagram); in patients, this resulted in specific but poor 

anti-tumour efficacy due to the limited expansion and persistence of the 

transferred T cells (71-74). 2nd generation CAR-T cells were designed to 

achieve full T cell activation through co-stimulation (canonical signal 2) via 

intracellular fusion proteins such as CD28-CD3ζ or CD137(4-1BB)-CD3ζ (two 

central diagrams) (75). The additional costimulatory domain showed 

strikingly improved expansion and persistence of T-cells (76, 77). 2nd 

generation constructs are still the most widely used in clinical trials (78, 79). 

In vitro and in vivo models suggest that T cells are less exhausted and last 

longer with the 41BB costimulatory domain, whilst CD28 containing CAR-T 

cells convey stronger cytotoxicity at early activation stages (78, 79). 3rd 

generation constructs include a further costimulatory domain (right diagram) 

resulting in enhanced activation and proliferation with eventual enhanced 

cytotoxicity in pre-clinical studies (80). However, clear superior activity 

compared to 2nd generation has yet to be demonstrated in a clinical setting 

(81, 82). 
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Next-generation CAR-T cells, also known as 4th generation, are 2nd generation 

CAR-T cells engineered to release soluble pro-inflammatory mediators such 

as IL-12 (TRUCKs or T-cell Redirected for Universal Cytokine-mediated 

Killing) (83) or heparinase to disrupt the tissue micro-environment to promote 

tumour infiltration and immune responses against solid malignancies (84). 

These are just two examples of editing strategies to enhance CAR-T cell (and 

potentially other immune cells) efficacy. Further strategies will be discussed 

in the section 1.2.1.3.6.  

Figure 1-4 CAR structure. The chimeric receptor is made of an extracellular 
antigen-binding domain, usually made with an antibody-derived scFv. The scFv 
is followed by a spacer or hinge to allow flexibility. The transmembrane domain 
connects the extracellular portion to the intracellular signalling domain. Different 
CAR generations contain different elements: the first generation had only the 
CD3ζ domain which led to specific but transient response; the addition of one co-
stimulatory domain (CD28 or 41BB being the most used) made the second 
generation of CAR-T cells, which were able to elicit more potent and long lasting 
responses in vivo. Third generation CARs were made with two co-stimulatory 
domains and showed superior activity which is still not fully demonstrated in a 
clinical setting. 

 

1st generation                2nd generation           3rd generation 
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1.2.1.3.2 CAR-T cell generation via viral transduction 

The concept of immunotherapy using engineered CAR-T cells is based on the 

adoptive transfer of a patient’s own T cells (autologous) that have been 

isolated, ex-vivo expanded and genetically modified to exert their immune 

response (85-87). Once produced, the engineered cells are cryopreserved until 

patients have received preconditioning chemotherapy (e.g. with fludarabine 

and cyclophosphamide) to support efficient engraftment (88). 

Retroviral and lentiviral vectors represent the main engineering approach for 

T cells. Retroviruses are double stranded (ds) RNA viruses able to infect only 

dividing cells. Following infection, the viral reverse transcriptase (RT) 

generates a DNA template which is then inserted into the genome of the host 

cell. The viral genome is switched with a transgene of interest (the CAR 

sequence) to allow permanent cell modification and expression of the 

transgene. Lentiviruses are a subclass of retroviruses which can infect also 

non-dividing cells and contain additional genes regulating viral gene 

expression and assembly (89, 90).  

To be safe, viral vectors need to deliver the transgene of interest into the host 

cells without making new replication competent virions. To make vectors 

replication incompetent the genes needed for viral production are placed into 

separate plasmids named helper plasmids. Helper plasmids for the packaging 

system encode for gag and pol genes, which are needed for structural proteins 

and reverse transcriptase respectively; a further helper plasmid encodes for 

the env gene for the viral envelope. 2nd generation lentiviral vectors require 

three plasmids: the transfer plasmid and two helper plasmids: one containing 

env and the other containing gag, pol, rev and tat. Rev and tat are additional 

genes necessary for lentiviral vector generation. To further improve safety and 

lower the risk of having replication-competent virus, the 3rd generation 

system was made placing rev on an additional plasmid (90, 91). Packaging, 

envelope and transfer plasmids are required to make functional virus and are 

transfected together into a packaging cell line, such as HEK-293T cells. 
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Regarding manufacturing, CAR-T cell therapy presents challenges such as 

great variation in numbers of genetically modified cells, their composition and 

fitness between patients. Moreover, the manufacturing process is still labour 

intensive and requires highly specialised staff, which drastically increases 

the costs making this therapy still unable to meet demand. (92, 93).  

1.2.1.3.3 CAR-T cell therapy for haematological malignancies 

The most successful CAR-T cell therapy to date targets the B cell antigen 

CD19 in haematological malignancies, with reports of up to 90% response 

rates in patients that failed conventional therapy (94-96). This success led to 

the recent FDA and EMA approval of two CD19 CAR-T cell therapies to treat 

children and young adults with relapsed/refractory Acute Lymphoblastic 

Leukaemia (ALL) and adults with diffuse Large B Cell Lymphoma (DLBCL) 

(97, 98). Remarkable and durable responses have also been observed with 

CAR-T cells targeting B-cell maturation antigen (BCMA) in multiple myeloma, 

the second most common haematological malignancy (99). 

Despite the therapeutic effect, up to 60% ALL patients relapse because of the 

rising of CD19- tumour cells. To counteract this common mechanism of 

tumour escape, a promising strategy is to combine different CARs, either as 

combination therapy (NCT02465983 as example of a clinical trial) or by 

expressing two full CARs on the same T cell. Preclinical examples of the latter 

were described by Ruella et al, where they engineered T cells to co-express 

CD19 CAR with a CAR targeting the IL-3 receptor α chain CD123, expressed 

on haematopoietic progenitor cells as well as ALL cells; moreover, two 

independent studies by Zah and colleagues and by Abken’s group used a 

single-chain, bispecific CAR against target cells expressing either CD19 or 

CD20, using the OR-gate recognition strategy (activation by either antigen). 

The common findings of the two studies suggest that using a CAR-T cell that 

is triggered by 2 different antigens simultaneously can result in increased 

efficacy and lower chances of relapse due to antigen escape (100-102). 

Another promising target for CAR-T cell therapy in haematological 

malignancies is CD22. Results from a phase I clinical trial using CD22 CAR-

https://clinicaltrials.gov/ct2/show/NCT02465983
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T cells in children and adults with B-cell ALL (naïve or CD19 CAR-T cell 

therapy refractory patients), showed a very promising anti-leukemic activity, 

with 73% of complete response that included all patients with CD19low or 

CD19- disease (103).  

Although CD19 CAR-T cell therapies showed durable complete remissions 

and prolonged survival rates even in patients refractory to standard 

treatments, CAR-T cells targeting other antigens is still unable to achieve the 

same remarkable outcomes, especially in the context of solid malignancies 

(71, 104).   

1.2.1.3.4 CAR-T cell therapy for solid malignancies 

CAR-T cell therapy, like other forms of immunotherapy, is facing multiple 

challenges that make successful treatment of solid tumours difficult to 

achieve. These challenges include intrinsic features of solid tumours such as 

ineffective homing and persistence, immunosuppressive TME as well as the 

selection of the targeted antigen given the highly cytotoxic potential of CAR-

T cells. Further details will be given in a following section.  

Early clinical reports using 2nd generation constructs reported limited but 

encouraging therapeutic effects such as delayed disease progression and 

increased survival (105, 106). Some studies suggest that a local 

administration of CAR-T cells may be better to achieve optimal anti-tumour 

efficacy (107).  

1.2.1.3.5 Toxicity and methods to improve safety  

There are two main side effects that can arise from CAR-T cell therapy. The 

first and most common one is cytokine release syndrome (CRS) which consist 

of a rapid and large release of pro-inflammatory cytokines such as IL-6 into 

the blood which can lead to a supraphysiological immune system activation. 

Importantly, CRS is also considered as a sign of an effective anti-tumoral 

response or on-target toxicity. CRS typically arises within the first few days 

following CAR-T cell infusion. Patients presenting a high disease burden 
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and/or elevated antigen load have increased risk and severity of CRS. The 

severity is usually mild but if not treated it can become severe and life-

threatening (85, 108, 109). IL-6 receptor blocker antibody tocilizumab and 

corticosteroids are the preferred treatment for severe CRS (110). 

The second most common side effect is neurotoxicity, also known as CAR-T-

cell-related encephalopathy syndrome (CRES); it can have mild clinical 

manifestations such as confusion, swelling of the brain and mild movement 

disorders but can also become life threatening (109). Interestingly, CD19 

CAR-T cell-mediated neurotoxicity seems more frequent in ALL and seems to 

occur independently from leukemic localization in the CNS. This, combined 

with the frequent detection of neurotoxicity with the use of the bispecific T 

cell engager CD3xCD19 blinatumomab, led to speculations about a link 

between CD19 and neurotoxicity (111, 112).  

It is supposed that CRS and neurotoxicity may be unrelated as the latter can 

arise concurrently with or after CRS (110). Risk factors for both CRS and 

neurotoxicity include disease burden, CAR-T cell dose and manufacturing. 

Another form of toxicity, known as ‘on target-off tumour’ toxicity, arises when 

the target antigen is also expressed on normal healthy tissues. For CD19 this 

is manifested by profound, but non-lethal B-cell aplasia due to CD19 

expression on normal B cells and B-cell precursors. B-cell aplasia causes 

hypogammaglobulinemia, which can be managed via intravenous 

immunoglobulin (IVIG) administration (113). For other TAAs this can lead to 

severe toxicity and treatment-related deaths like the HER2-CAR-mediated 

death via recognition of low ERBB2 antigen expression on healthy lung cells 

(114). 

Tumour lysis syndrome, another potential side effect, occurs when tumour 

cells release contents into the bloodstream either in response to therapy or 

spontaneously. In the setting of CAR T-cell therapy, evidence suggests an 

increased risk of tumour lysis syndrome in patients that are not pre-treated 

with suppressive chemotherapy. Calcium deficiency, elevated uric acid in 

blood, hyperphosphatemia, and hyperkalemia are the characteristic findings 
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of tumour lysis syndrome. Patients require vigorous fluid resuscitation with 

alkalinization to prevent acute kidney injury (113).  

Overall, the magnitude and timing of the clinical manifestation of side effects 

range between mild (fever, flu-like syndromes) to life-threatening (multi-organ 

dysfunction), including some fatalities (67, 114-116). Due to the considerable 

diversity in CAR composition, manufacturing and administration protocols, 

as well as patient selection and disease type, there is no standardised 

guideline for monitoring, grading, and managing toxicities (117). Attempts to 

create consensus guidelines on CAR-T cell-related toxicities are being made, 

such as the work from Neelapu and colleagues based exclusively on clinical 

data using Yescarta, one of the two CD19 CAR-T cell therapies approved for 

clinical use (109).   

It is important to highlight that the presence of a target antigen on one or 

more healthy tissues doesn’t necessarily lead to on-target, off-tumour toxicity 

as shown by Künkele et al in their pre-clinical assessment of CAR-T cells 

targeting CD171 (118). 

Ongoing extensive work is focusing on ways to improve safety of CAR-T cells. 

This can be achieved with several strategies, like a drug-mediated induction 

of apoptosis with small molecules or monoclonal antibodies (119, 120). 

Alternatively, engineered cells can be edited to express additional cell surface 

proteins, which can be targeted efficiently by therapeutic antibodies. 

Examples include the truncated form of the Epidermal Growth Factor 

Receptor (tEGFR) which is recognised by cetuximab (121) or RQR8, which 

contains the CD20 epitope targeted by Rituximab (122).  

A further example is to arm CAR-T cells with an inducible suicide gene, such 

as Caspase9 (123), to guarantee the elimination of the infused engineered T 

cells via administration of the inducer molecule in the event of severe toxicity. 

The downside of this strategy is that the switching-on of the suicide gene 

leads to immediate induction of apoptosis in most of the gene-modified T 

cells, which may lead to disease progression (120, 124, 125). 
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Another strategy is to make the surface CAR expression inducible. This could 

be achieved via administration of an inducer molecule (126) or via the 

SynNotch + AND-gate system, where cells are engineered to express a 

synthetic notch receptor (SynNotch) that, upon activation, induces CAR 

surface expression. This approach shows that AND-gate T cells spare single 

antigen bystander/healthy cells but kill dual antigen tumours in vivo (127, 

128). 

A final example consists of the modular antibody-based platform technology 

named UniCAR, where the cross-linking of CAR-T cells and target cells is 

mediated through an additional molecule. This second component is 

composed of a binding moiety against a tumour antigen of choice fused to a 

UniCAR tag, the epitope recognised by the UniCAR-T cell. The two key 

advantages offered by this system are: UniCAR T cells can reversibly be 

armed with one or multiple target molecules sharing the same UniCAR tag 

and, in case of tumour eradication or severe side effects, stopping infusions 

of the additional molecule should be enough to inactivate the UniCAR T cells 

(129-131).  

1.2.1.3.6 Strategies to improve efficacy  

Figure 1-5 from (73) shows a summary of the main limitations of CAR-T cells, 

with the majority being related to the intrinsic features of T cells and therefore 

shared with the canonical immunological response.  
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As most of these limitations will be discussed in a following paragraph, CAR-

derived tonic signalling will be described here. It could be defined as a non-

coordinated but sustained T cell activation and can be divided into two 

categories: constitutive, meaning in the absence of the targeted ligand, and 

ligand dependent. The former is characterized by in vitro extensive 

proliferation and a terminally differentiated phenotype, which can lead to 

poor antitumor efficacy, impaired survival, and reduced persistence in vivo. 

The latter can promote T cell anergy, exhaustion and activation-induced cell 

death (AICD). Strategies to overcome constitutive signalling are focusing on 

vector engineering, as factors like CAR structure (e.g. CD28 versus 41BB) 

Figure 1-5 Limitations of chimeric antigen receptor 
(CAR) T cells (67). Tonic signalling, exhaustion and 
aactivation-induced cell death (AICD) limit T cell 
functionality, proliferation and persistence. Tracking of CAR 
T cells to the tumor site may be limited due to an inadequate 
chemokine receptor profile. Antigen loss can lead to tumor 
escape, while cytokine release syndrome (CRS) constitutes a 
frequently observed adverse event. Abbreviations: PD-1, 
programmed cell death protein 1; LAG-3, lymphocyte 
activation gene 3; TIM-3, T cell immunoglobulin mucin 3.  
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and the promoter used to drive CAR expression seem to influence the degree 

of tonic signalling (132). 

There are several strategies being tested to overcome common limitations and 

improve migration, survival and effector functions of CAR-T cell therapy. Key 

approaches are summarised in Figure 1-6 (133) and will be described further: 

‘Armoured’ CAR-T cells express additional immune-modulatory proteins 

such as pro-inflammatory cytokines (133, 134). TRUCKs are a promising 

example of armoured CAR-T cells: the targeted delivery of pro-inflammatory 

cytokines IL-12 or IL-18 has shown to boost the therapeutic response via 

activation of the innate immune response from bystander cells (85, 135-137). 

A further example already described in the context of haematological 

malignancies consists of dual receptor, or bispecific CARs. Recognition of two 

different TAA's could result in increased specificity and reduced on-target, 

off-tumour side effects. Frequency of antigen escape by tumour cells could 

be elevated in case both antigens are required for full CAR-T cell activation 

(101, 138-141); conversely the frequency could be reduced when the two 

CARs are fully functional (142, 143). 

Another promising strategy to overcome antigen escape was reported by 

Maus and colleagues, where they engineered EGFRvIII-targeted CAR-T cells 

to constitutively secrete Bispecific T cell engagers (BiTEs) targeting the 

endogenous form of EGFR. In this way, BiTEs would redirect an effective anti-

tumour response against EGFR+ tumour cells that downregulated EGFRvIII 

antigen as mechanism of tumour escape. In their EGFRvIII+ glioblastoma 

model, they reported complete and durable responses in all treated mice 

following treatment with CART-EGFRvIII.BiTE-EGFR cells (144). 

Efficient trafficking also depends on the appropriate expression and matching 

between the chemokine receptors (mainly CXCR3 and CCR5) on CAR-T cells 

and the chemokines secreted by the tumours. However, there is often a 

chemokine/receptor mismatch which leads to inefficient targeting of the 
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CXCR3high CD8+ CAR-T cells to tumour sites (145). One possibility to 

overcome this issue is to make CAR-T cells co-express better-matched 

chemokine receptors: a successful example reported by two groups is CCR2b 

to treat tumours that make large amounts of CCL2, which led to enhanced 

homing of CAR-T cells and increased tumour eradication (146, 147).  

 

 

Figure 1-6 Key strategies to improve CAR-T cell efficacy. From Jackson et al. 
(43). 
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1.2.1.3.7 CAR-T cell and checkpoint blockade   

CAR-T cells, like endogenous T cells, upregulate exhaustion markers which 

can be exploited by overexpression of their ligands by tumour cells to hamper 

the therapeutic response. While there are currently several approaches that 

focus on combining ACT therapy with immune checkpoint blockade (148, 

149), we will focus on combination therapies in the context of CAR-T cells. 

In the clinical setting, combination therapy with PD-1 blockade seems to 

improve CAR-T cell efficacy. Gargett and colleagues reported that PD-1 

blockade was able to rescue from AICD and restore pro-inflammatory 

cytokine production from their 3rd generation GD2 CAR-T cells that were 

isolated from melanoma patients (150).  

In another study, primary mouse T cells expressing anti-HER2 CARs were 

tested in a HER2 transgenic recipient mice, where they showed a significant 

improvement in tumour control and increased IFNγ production in the 

presence of PD-1 blockade compared to CAR-T cells alone (151). When they 

tested the same treatment conditions in established subcutaneous tumours 

in transgenic mice, they confirmed the PD-1 blockade-mediated enhanced 

regression of HER2+ sarcoma and breast cancer tumours. Moreover, more 

in-depth analysis confirmed increased IFNγ production and unaltered CAR-

T cell frequency, but when they looked at immunosuppressive populations 

they reported same Treg numbers but decreased Gr1+ CD11b+ MDSCs within 

the TME, suggesting an indirect mechanism affecting MDSC numbers and, 

at the same time, enhancing CAR-T cell therapeutic effect (152). 

The following studies used different mechanisms based on further 

engineering of the CAR-T cell to disrupt the PD-1/PD-L1 axis, showing 

various degrees of enhanced therapeutic effect:   

Cherkassky and colleagues generated a dominant negative PD-1 receptor 

(DNR) lacking intracellular signalling domains that was shown to mitigate 

PD-1-mediated exhaustion of mesothelin (M)-targeted CAR-T cells via 
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saturation of PD-1 ligands. Compared to 2nd generation M-CAR, DNR-M-CAR-

T cells had enhanced proliferation, cytotoxicity and pro-inflammatory 

cytokine secretion in vitro and were able to control tumour burden and 

increase the survival of mice with an established mesothelin+ pleural tumour 

(78). In a different  study, the CRISPR/Cas9 system has been successfully 

used to disrupt PD-1 enhancing antitumor activity of CAR-T cells (153). 

A further approach used by Liu et al was to turn the inhibitory PD-1 

signalling into a pro-inflammatory signal using a so-called ‘switch receptor’ 

consisting of a PD-1 extracellular domain and CD28 intracellular domain on 

CAR-T cells: this resulted in improved in vivo anti-tumour activity and 

reduced exhaustion when compared to treatments with CAR T cells alone or 

PD-1 antibodies (154). Moreover, Rupp and colleagues reported that their PD-

1 deficient CD19-targeted CAR-T cells were more efficient at eradicating PD-

L1+ tumour cells in vivo compared to canonical CD19 CAR-T cells (155). 

Suarez et al showed that secretion of anti-PD-L1 antibodies by armoured 

CAR-T cells improved CAR-T cell efficacy in a mouse xenograft model (156). 

Similarly, a recent study by Rafiq and colleagues showed the use of 

‘armoured’ CAR-T cells constitutively secreting anti-PD1 scFv and efficiently 

targeting a range of PD-L1+ haematological and solid tumours in clinically 

relevant xenogeneic and syngeneic mouse models. Notably, they observed 

comparable or better efficacy than that achieved by combination therapy with 

CAR-T cells and a checkpoint inhibitor. Importantly, despite the constitutive 

scFv secretion, they reported no off-target checkpoint blockade-derived side 

effects in multiple in vivo models (157). 

The next section will cover another main form of immunotherapy: monoclonal 

antibody (mAb) therapeutics, which offer great potential to modulate the 

immune response treat cancer. 

1.2.2 Antibody-based therapies 

Antibodies are highly specific, naturally evolved molecules that recognise and 

eliminate pathogenic antigens (158). The past 30 years of antibody research 
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and technology development have hinted at the promise of new versatile 

therapeutic agents to fight cancer, autoimmune diseases and infection: 

therapeutic antibodies (158) . 

The idea of using antibodies to selectively target tumours was suggested by 

Paul Ehrlich more than 100 years ago (159). The advent of hybridoma 

technology allowed to produce monoclonal antibodies (mAbs). Early studies 

with mouse-derived mAbs showed high immunogenicity in humans and poor 

immune effector responses, but advances in antibody engineering provided 

platforms for the development of chimeric, humanised and fully human mAbs 

which were able to address many of these problems (160). 

Therapeutic antibodies exert their effects through direct antibody-mediated 

cytotoxicity such as receptor blockade (161), or via the immune-mediated cell 

killing mechanisms named antibody-dependent cell-mediated cytotoxicity 

(ADCC) and the complement-dependent cytotoxicity (CDC), where the 

complement-derived membrane attack complexes generate pores in targeted 

cells (162). Additionally, there is increasing evidence suggesting a role for 

antibody therapy in inducing an adaptive immune response via ADCC-

mediated cross-presentation to T cells by dendritic cells (Figure 1-7 adapted 

from (160). 

Figure 1-7 Cross-presentation to T cells. Peptides derived from 
lysosomal degradation of tumour cells can be loaded on to MHC class 
II molecules, leading to the activation of CD4+ helper T cells. In addition 
to CD4+ T cell activation, dendritic cells can cross-present tumour cell 
antigens and prime cytotoxic CD8+ T cells. TCR, T cell receptor (154). 
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Rituximab, the most widely used antibody in oncology, is a very successful 

example of antibody-based therapies. This chimeric IgG1 mAb binds to the B 

cell antigen CD20 (163) and showed promising results when given as a single 

agent in the treatment of relapsed or refractory diffuse large-B-cell lymphoma 

(DLBCL) and indolent lymphomas (164-166). Following clinical studies in 

which rituximab was combined with standard CHOP regimen 

(cyclophosphamide, doxorubicin, vincristine, and prednisone) reported a 

good safety profile and responses in more than 90% of lymphoma patients 

(167, 168). Particularly, the study by Coiffier et al reported that the longer 

survival in the CHOP + rituximab group was due to a lower rate of disease 

progression during therapy and fewer relapses for patients who had a 

complete response (163). Moreover, combination treatment was well 

tolerated, with no increased severe/serious adverse events compared to the 

CHOP group which is important considering that the majority of DLBCL 

patients are over 60years old (169). 

Notably, great variation in therapeutic responses against different tumours 

has been reported. Antibody isotype (class) choice seems to be play a key role 

in this variation: for instance, the mAb IgG Fc domain is known to mediate 

ADCC via engagement of Fc receptors for IgG (FcγRs) on immune cells 

inducing adaptive immune responses (160, 170, 171).  

Moreover, monoclonal antibodies (mAbs) showed synergistic anti-tumour 

effects when combined with other immunomodulatory approaches including 

radiotherapy, chemotherapy, vaccines, targeted therapy agents or other 

immunomodulatory molecules (160). 

One successful strategy applies ‘armed’ antibodies with toxins or radioactive 

nucleotides (172). Brentuximab Vedotin (SGN-35) is an example of antibody-

drug conjugate which upon binding to CD30, it results in internalisation and 

release of Monomethyl auristatin E, triggering cell death (172). Remarkable 

clinical activity has been reported in patients with relapsed or refractory 

CD30+ lymphomas: durable objective responses and tumour regression were 

observed for most patients, while treatment-related side effects ranged from 

mild to moderate (173, 174).  
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Functional limitations of therapeutic antibodies include ineffective 

pharmacokinetics and tissue homing as well as impaired interactions with 

immune cells (169). For examples, their large size and the Fc region can be 

beneficial in terms of pharmacokinetics, but can severely impair their ability 

to penetrate large tumours (175). 

1.2.2.1 Bispecific T-cell engagers (BiTEs) 

Conventional antibodies do not recruit or utilise T cells for their cytotoxic 

effector function. Bispecific T cell engagers or BiTEs are a class of bispecific 

antibodies (BsAb) that have been successfully used to specifically redirect 

and activate endogenous effector T cells against tumours with generally mild 

and transient toxicity (176).   

Their structure is made of small flexible molecules composed of two antibody-

derived scFv linked in tandem. These scFvs are designed to simultaneously 

bind to a tumour-associated antigen (e.g. CD19) and to signal molecules such 

as the CD3 subunit on T cells (Figure 1-8 adapted from (177).  

 

Figure 1-8 BiTE mechanism of action. The BiTE creates an 
immunologic synapse (IS) by binding simultaneously to a TAA 
on a tumour cell, and to CD3 on a T cell. Adapted from (171). 
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Once both cells have been linked via BiTE, a cytolytic synapse between the T 

cell and the target cell occurs. This is followed by the release of granzymes 

and perforins by the cytotoxic T cell leading to apoptosis of the target cell. 

These activated T cells are also able to release pro-inflammatory cytokines 

which can in turn activate other immune cells (178, 179). The key advantage 

of the BiTE approach is that antigen recognition and T cell activation occur 

independently of MHC, antigen presentation and costimulatory molecules 

(179, 180). 

A further benefit of BiTE versus T-cell based therapies is the lack of ex-vivo 

manipulation and/or engineering of the patient’s own T cells. Moreover, 

BiTE-related adverse events are normally reversible after application of 

steroids and/or withdrawal of BiTE infusions, given the short half-life of the 

molecule in circulation (181). Against solid malignancies, the use of BiTE 

therapy is limited, which may be linked to the poor efficacy reported so far 

(182-184). 

The CD19xCD3 blinatumomab is the most successful BiTE to date. It showed 

major clinical benefits, including partial and complete remissions, against a 

range of haematological malignancies (185) even as single agent (186), and 

achieved a breakthrough therapy designation by the US Food and Drug 

Administration (FDA) (187-189).  

Because blinatumomab is the most widely used BsAb, its toxicity profile is 

well established and presumably like the ones from other CD3-activating 

BsAbs (190). Blinatumomab-derived adverse events are usually manageable 

and dose-limiting; frequent toxicities include neurologic events, cytokine-

release syndrome, neutropenia (111, 191), anaemia and thrombocytopenia 

(189). 

Although successful in inducing remissions, these antibodies face the same 

limitations as monoclonal antibodies (192) such as rapid renal clearance due 

to their relatively small size (~55 KDa), requiring continuous infusions over 

4–8 weeks to achieve clinical effect. Additionally, the modest size of these 



 53 

bivalent constructs may also facilitate their leakage into the central nervous 

system (185, 190).  

1.2.2.2 Checkpoint Blockade  

T cell dysfunction or exhaustion is a major mechanism contributing to 

impaired effector T cell responses against tumours or pathogens. One key 

signature of T cell dysfunction and exhaustion, is enhanced expression of 

immunoregulatory receptors such as Programmed cell death protein 1 (PD-

1), T cell co-receptor cytotoxic T cell antigen-4 (CTLA-4) (7, 193), lymphocyte 

activation gene 3 (LAG3) and T-cell immunoglobulin mucin receptor 3 (TIM3) 

(194), VISTA (195), and BTLA (196).  

Under physiological conditions, immune checkpoints play a crucial role to 

prevent autoimmunity (or maintenance of immunological tolerance) and 

protect healthy tissues from damage when the immune system is responding 

to pathogens (15). 

The term checkpoint blockade refers to immune checkpoint inhibitors 

(usually monoclonal antibodies) that bind to immunomodulatory receptors 

on immune cells to block the interaction with the respective checkpoint 

ligands; this would reduce suppression of effector T cells and augment 

tumour-specific immune responses (7, 71). The goal of checkpoint blockade 

therapy is therefore to remove inhibitory pathways that hamper effective anti-

tumour T cell responses (197); it has been showing remarkable efficacy and 

is likely to be a major treatment modality for a variety of malignancies. 

Anti-CTLA-4 antibody therapy has shown therapeutic effects in several types 

of cancer (198) and is the first checkpoint inhibitor approved by US FDA for 

the treatment of metastatic melanoma for being the first therapy that induced 

survival benefit in these patients (15, 199). 

In the context of other malignancies, ipilimumab combined with paclitaxel 

and carboplatin improved progression-free survival compared to either agent 
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alone for patients with non–small-cell lung cancer (NSCLC) in a Phase II study 

(200). Another CTLA-4–blocking antibody named tremelimumab has shown 

responses in patients with mesothelioma in a Phase II trial, with other trials 

under way (201, 202). Interestingly, many patients treated in early studies 

with CTLA-4 blockade showed early evidence of disease progression that 

ultimately became disease response; moreover, a report combining some of 

the first patients treated with CTLA-4 blockade stated that the median time 

it took to achieve an ultimate complete response was 30 months (203). 

The preclinical successes of anti-CTLA-4 in achieving tumour eradication in 

animal models and the ultimate clinical success opened a new field of 

immune checkpoint therapy (197). Table 1 summarises the checkpoint 

inhibitors currently being evaluated in clinical trials. For the purpose of this 

project, the following paragraphs will focus on the PD-1/PD-L1 interaction.   
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Table 1 Clinical trials evaluating checkpoint blockade therapy. 11 out of 67 
clinical trials registered on clinicaltrials.gov; trials list filtered for: either recruiting, 
active or completed as of September 2019. 

 

1.2.2.2.1 Expression of PD-1 receptor and its ligands 

PD-1 is a type I transmembrane domain that is upregulated on activated T 

cells at late-stage immune responses and when terminally differentiated in 

peripheral tissues and in the TME. PD-1 is also expressed on Tregs, B cells, 

Natural Killer and some myeloid cells. High and sustained expression has 

been observed on exhausted CD8+ T cells in the course of chronic viral 

infections (204, 205) as well as on post-infused engineered T cells compared 

to the pre-infused population (206). Recently, PD-1 expression was also 
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observed in a compartment of melanoma cells promoting tumorigenesis in a 

mouse model (207).  

PD-L1 and PD-L2 are expressed by many cell types, from tumour cells to 

haematopoietic cells like T and B cells, dendritic cells and macrophages (208). 

In cancer, tumour cells and myeloid cells are thought to be the main cell 

types mediating T cell suppression through PD-1 activation (7). Moreover, 

PD-L1 expression on the cell surface can be upregulated on both tumour cells 

and other cell types in the presence of type I or type II interferons (IFNs), 

radiation or chemotherapy (209, 210).  

1.2.2.2.2 PD-1 mechanism of action 

PD-1 binds to PD-L1 (B7-H1 or CD274) and PD-L2 (B7-DC or CD273), which 

belong to the B7 family (211). Engaged PD-1 must be recruited to the 

immunological synapse to exert its inhibitory functions, which are delivered 

though its cytoplasmic domain made of an immunoreceptor tyrosine-based 

inhibitory motif (known as ITIM) and a tyrosine-based switch motif (or ITSM) 

(Figure 1-9). Activated PD-1 strongly counteracts both TCR signalling and 

CD28 co-stimulation even when expressed at low levels. As a result, PD-1 

contributes to prolonged TCR down-modulation and abrogates cytokine 

production and cell survival (212-214). PD-1 and other inhibitory pathways 

are often called immunological checkpoints (5-7, 211). In addition to PD-1, 

many reports showed that PD-L1 can bind to CD80 (or B7.1), expressed on 

APCs and activated T cells (215, 216) with three times more affinity than 

CD28 leading to T cell anergy in two ways: the first one is by blocking the 

essential co-stimulatory signalling via CD80/CD28, the second is upon PD-

L1 binding where CD80 expressed on T cells can deliver “reverse signalling” 

into the T cell that is anti-inflammatory and tolerogenic (217, 218).  
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Preclinical studies showed that blocking the PD-1/PD-L1 interaction 

increases the numbers of effector T cells and their cytolytic activity, it 

enhances the production of pro-inflammatory cytokines and reduces the 

numbers of Tregs at the tumour sites (5, 210). 

1.2.2.2.3 PD-1/PD-L1 inhibitors 

Therapeutics blocking the PD-1/PD-L1 interaction have shown promising 

results in clinical trials revolutionising immunotherapy (210). Reported 

effects include: increased numbers of cytotoxic T cells and their effector 

functions, enhanced production of pro-inflammatory cytokines and reduced 

numbers of Tregs at the tumour sites (5, 210). Moreover, PD-1 blockade can 

provide a response over a longer period through activation of anti-tumour 

immune responses that target tumour cells with mutated proteins (219).   

Figure 1-9 Key activated PD-1-mediated effect on T cells. 
Activated PD-1 can simultaneously counteract signalling from 
ZAP70, PI3K and RAS which leads to decreased activation of 
key TFs essential for T cell survival, proliferation and release 
of pro-inflammatory cytokine production. Adapted   from 
Nature Reviews Immunology volume 18, pages 153–167 (2018) 
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Following anti-PD1 therapy, durable objective (either partial or complete) 

responses were observed in patients with advanced melanoma (31–44% of 

patients), non-small-cell lung cancer (NSCLC, 19–20%) and renal cell 

carcinoma (RCC, 22–25% patients). These results, combined with the 

observed extended overall survival when compared with other conventional 

therapies, supported FDA approvals of the PD-1 blocking mAb nivolumab 

(BMS) (6) and  Pembrolizumab (Merck)  as standard treatment in these 

settings (194). 

Several other antibodies targeting this pathway have also entered clinical 

testing. Checkpoint blockade has generated encouraging results for the 

treatment of a wide range of cancers, although the precise molecular and 

cellular mechanisms are still poorly understood. 

While a sustained and long-lasting expression of PD-1 alone has been used 

to define T cell exhaustion or dysfunction (220), it has become clear that these 

T cell subsets overexpress multiple IRs, including CTLA-4, TIM-3 and LAG-3 

(24, 221). Moreover, this upregulation seems to increase with progressive 

decrease in effector functions (26).  

IRs may also play an indirect role in inducing cytotoxic T cell exhaustion. An 

example is given by Sakuishi and colleagues, where they highlighted 

expression of TIM-3 on highly suppressive tissue-resident regulatory T cells. 

They showed that depletion of these cells prior appearance of exhausted 

CD8+ T cells, interferes with the development of such phenotype (222). 

PD-1 blockade has shown to only partially reinvigorate exhausted T cells (24), 

while the use of combined checkpoint blockade therapies (for example LAG-

3 and PD-1 blockade) can have a synergistic effect on TILs and successfully 

reinvigorate their effector functions (26, 223). When looking at exhausted 

cells, PD-1 expressing cells could also be divided into two main subsets: 

stem-like or progenitor cells (PD-1hiTIM-3lowTCF1+), and terminally 

differentiated cells (PD-1hiTIM-3hiTCF1-). The former can undergo 

proliferation, self-renewal, and elicit quick effector responses following PD-1 



 59 

blockade. It also gives rise to the terminally differentiated group, which has 

overall limited effector functions (22). 

1.2.2.2.4 Immunological checkpoints as prognostic markers 

Several clinical studies suggest that PD-1 overexpression seems to correlate 

with a reduced anti-tumour T cell response. An example comes from a meta-

analysis of twelve different epithelial cancers that showed significantly 

shorter overall survival (OS) for patients having PD-1+ tumour infiltrating 

lymphocytes (TILs) (7, 210, 224). Additionally, tumour infiltration of PD-1+ 

memory CD8+ T cells may be used as predictor of patient response to anti-

PD-1 therapy in the context of melanoma (225) as it has been reported that 

reactivation of these experienced memory T cells might boost checkpoint 

blockade-mediated efficacy in patients with PD-L1+ tumours (226). 

Regarding PD-L1, analysis of a correlation between the ligand overexpression 

on tumour cells and disease outcome revealed mixed results. For example, a 

study of primary and metastatic melanoma samples, many of which were also 

taken from the same patient, showed that PD-L1 expression patterns differed 

between primary tumours and metastatic lesions and also between intra-

patient metastases (197). Further research to identify predictive biomarkers 

is needed to select patients who are most likely to respond to anti-PD-1 

therapy while minimizing systemic adverse events (5, 7, 227).  

Moreover, it has been shown that PD-1/PD-L1 interactions may also take 

place between melanoma cells to disseminate survival signals to cancer cells 

and boost in vivo tumour growth in the absence of T cells. To support this 

hypothesis, the authors of the study show that elimination of PD-1 

expression or the use of blocking antibodies directly delayed tumour growth 

without the need of enhanced T cell anti-tumour activities (207).  

Collectively, these regulatory receptors control the quality, duration and 

intensity of the immune response (228).  
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1.2.2.2.5 Adverse effects 

Because checkpoint blockade is not targeted to enhance exclusively tumour-

specific immune responses, adverse effects can arise through nonspecific 

immunologic activation. Adverse effects from these agents are termed 

immune-related adverse events (irAEs). Generally, the rate of grade 3 or 4 

toxicity with immune checkpoint blockade (approximately 10% to 20%) is no 

greater than that seen with many standard chemotherapy or targeted therapy 

regimens (202, 229). 

IrAEs include dermatologic (the most common for PD-1 blockade), gastro-

intestinal, hepatic, endocrine, and other less common inflammatory events 

(196). Standard treatments for moderate symptoms include temporary 

immunosuppression with oral corticosteroids and tumour necrosis factor 

(TNF)α antagonists (230, 231). PD-1 blockade therapy seems to induce less 

high-grade toxicities compared to other therapies. An example is the study 

from Brahmer and colleagues on patients with advanced lung cancer where 

they reported 7% (nivolumab-treated) versus 55% (chemotherapy-treated) 

frequency of grade 3 or 4 side effects (232). 

Despite the great promise of checkpoint blockade therapy, such as the 

induced durable clinical responses that can last a decade and more, more 

than 50% of cancer patients fail to respond to checkpoint blockade therapy 

(197). 

1.3 Mechanisms of tumour escape 

Despite improvements made in conventional tumour treatments, in many 

cases patients relapse because therapies often fail to fully arrest disease 

progression into a more aggressive form characterized by bone and organ 

metastases (86, 233).  

Factors that have an impact on treatment efficacy include: mutations that 

affect antigen presentation (MHC and antigen processing), inhibitory 
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checkpoint expression on tumour and/or TILs (e.g., PD-L1, PD-L2, CTLA-4), 

patient’s age, history of infection and vaccination (6, 234).  

The selection of the target antigen is extremely important when designing 

adoptive transfer strategies (235, 236). When therapies are targeted to a 

single specific tumour antigen, missing tumour recognition may happen 

through mechanisms such as acquired mutations (formation of neo-antigens) 

and targeted antigen loss (via mutations, downregulation or deletion) which 

can lead to survival of tumour subpopulations expressing low/no targeted 

antigen (237). The recruitment of immunosuppressive cells such as tumour 

associated macrophages (TAMs), tumour associated neutrophils (TANs), 

Tregs and myeloid-derived suppressor cells (MDSCs) is another key 

mechanism that hampers therapeutic responses (7, 149, 210, 238-240). 

Regarding solid tumours, three major contributors make effective treatments 

so challenging: the first one is failure of T cells to enter, accumulate and 

expand within the hostile TME characterized by oxidative stress, nutritional 

depletion, hypoxia and acidic pH; secondly, antigen selection is difficult due 

to antigen heterogeneity and/or loss across the same malignancy, which is 

generally higher in solid tumours than liquid malignancies. Lastly, the issue 

of ‘on‑target, off-tumour’ toxicity is more prominent because potential target 

antigens are more likely to be expressed in healthy organs or tissues (TAAs) 

(85, 86, 134, 234, 241, 242).    

1.3.1 Tumours difficult to treat: triple negative breast cancer (TNBC) 

Breast cancer is the most common tumour type in American women and the 

second leading cause of cancer-related deaths in the United States (243, 244). 

Hormone receptors can be indicative of patient prognosis and response to 

targeted therapy. Two key receptors are the oestrogen (ER) and progesterone 

receptors (PR); if present, patients that respond well to targeted hormone 

therapy tend to have improved prognosis. Another key receptor in breast 

cancer subtyping is HER2. Unlike the hormonal receptors, high HER2 

expression correlates with disease recurrence and poor prognosis (245).    
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Triple negative breast cancer (TNBC) is a subtype of breast cancer 

characterized by negative ER and PR expression, as well as a lack of HER2 

overexpression (16). This group constitutes about 10–20% of all breast 

cancers and it has higher incidence in younger patients and African American 

women. As TNBC patients cannot benefit from endocrine therapy or HER-2 

targeted therapies (such as therapeutic antibody trastuzumab) there is still 

lack of available targets for prognosis and therapeutic purposes. Pre-surgical 

(neoadjuvant) chemotherapy is the standard treatment, but despite having 

higher rates of clinical response compared to other breast cancer types, TNBC 

is very heterogeneous, highly metastatic (especially to the viscera like lung 

and brain) and is associated with poorer outcome, with a 5-year survival rate 

below 30% (246-250).  

Different strategies have been implemented to classify these tumours, 

including classical pathology, protein and mRNA expression profiling, and 

genomic alterations. The heterogeneity of the immune microenvironment 

plays a considerable role in influencing the risk of relapse and response to 

chemotherapy and has provided the rationale for the application of 

immunotherapies. Breast cancer patients with increased cytotoxic TIL levels 

in the tumour (also defined as ‘hot’ tumour) are more likely to respond to 

immunotherapy versus patients with ‘cold’ tumours (i.e. very little immune 

infiltrate) and this seems true for TNBC patients as well. However, clinical 

success of adoptive T-cell therapy (ACT) with autologous T lymphocytes has 

been limited in TNBC, likely due to the multiple suppressive mechanisms 

that operate in the breast cancer microenvironment (251-254). PD-L1 

expression seems significantly associated with the presence of TILs, 

suggesting that TNBC is using a regulatory feedback (acquired resistance) to 

upregulate PD-L1 in repose to immune engagement (39). Checkpoint 

blockade therapy, either alone or in combination, is being actively tested in 

several ongoing clinical trials. For instance, in the phase Ib KEYNOTE‐012 

clinical trial (NCT01848834), therapeutic αPD-1 antibody pembrolizumab 

was given as single‐agent to patients with advanced PD‐L1‐positive TNBC 

showed an overall activity of 18.5% with an acceptable safety profile (255).  

https://www.sciencedirect.com/topics/medicine-and-dentistry/messenger-rna
https://clinicaltrials.gov/ct2/show/NCT01848834
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A more targeted approach with personalised treatment strategies seem the 

best solution for those patients that do not respond to chemotherapy. Apart 

from immune checkpoint blockade, other strategies currently evaluated in 

the clinic include PARP inhibitors, PI3K inhibitors, EGFR and MEK 

inhibitors, either alone or in combination. Clinical data is still limited with 

contrasting findings which make difficult to confirm clear clinical benefit (39).  

Overall, there is urgent need to better characterise the molecular basis of 

TNBC and the adaptive immune response to improve current immunotherapy 

approaches. For instance, Lehmann and colleagues were able to identify 6 

TNBC molecular subtypes based on gene expression and showed that cell 

lines derived from these subtypes had different susceptibility to targeted 

therapeutics (250). Similar studies were published by Burstein et al., where 

they used RNA profiling to highlight distinct TNBC subtype-specific markers 

that could be used for TNBC subtype-specific prognosis and treatment (256). 

Going forward, it will be important to understand the mechanisms behind 

the subtype‐specific differences in immune infiltration and prognostic 

association (16), as well as to find markers to predict therapeutic responses. 

Current clinical trials (examples found in Table 2) will hopefully help to 

answer these questions (257).   

Finally, few studies reported association between ROR1 expression and triple 

negative hormonal receptor expression, higher metastatic potential and 

survival, and enhanced epithelial-mesenchymal transition (258-260). 
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1.3.2 Tumours difficult to treat: non-small cell lung cancer (NSCLC) 

Lung cancer is the most commonly diagnosed (11.6% of the total cases 

worldwide) and leading cause of cancer-related death (18.4% of the total 

cancer deaths) (261). Non-small-cell lung cancers (NSCLC) account for about 

85–90% of lung cancers, while the frequency of small-cell lung cancer (SCLC) 

has been decreasing over the last two decades (262). 

Table 2 Clinical trials in TNBC. 9 examples of clinical trials either active, recruiting 
or completed as of September 2019 from clinicaltrials.gov 
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Smoking is the main cause of lung cancer, responsible for more than 80% of 

cases therefore prevention and smoking cessation are still the main 

approaches to decrease death incidences (263). Despite the observed increase 

in both incidence and mortality worldwide, countries with effective tobacco 

control measures have registered a decline in the incidence of new lung 

cancer in men and a plateau for women (264). Additional risk factors include 

exposure to asbestos, arsenic, and radon (265); moreover, an increase in the 

incidence of non-smoking associated NSCLC has been observed and is 

considered a distinct disease entity, where specific molecular and genetic 

tumour features are being recognised (266). 

Better understanding of the molecular changes that play a key role in driving 

tumour progression has revolutionized the clinical management of NSCLC. 

Most NSCLC patients harbour an oncogenic driver mutation; in the presence 

of a therapeutically targetable lesion, more treatment options may be 

available which can lead to improved survival and safety compared with 

conventional chemotherapy (267). One example is the anaplastic lymphoma 

kinase (ALK) fusion genes; ALK activity has been effectively targeted by ALK- 

tyrosine kinase inhibitors (TKIs), making routine testing for ALK 

rearrangements a standard of care (268). Moreover, the testing of several 

targeted approaches for other driver alterations such as serine/threonine-

protein kinase b-raf (BRAF), ROS1 proto-oncogene receptor tyrosine kinase 

(ROS1) and other less established onco-proteins is under evaluation (269, 

270). Figure 1-10 adapted from (270) summarises the milestones in targeted 

therapy for NSCLC. 

A further example is the activating genetic alterations (or fusions) in the 

epidermal growth factor receptor (EGFR or ERBB1). Therapy with EGFR-TKIs 

named gefitinib and erlotinib have shown clinical efficacy with significant 

delay in disease progression for patients with advanced NSCLC bearing 

EGFR-activating mutations (271-274), with the recent Phase III clinical trial 

reporting superior outcome for patients treated with gefitinib, compared with 

standard first-line cytotoxic chemotherapy (275). 
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However, the prognosis remains poor. For example, despite the dramatic 

benefits from EGFR and ALK TKIs, all patients will ultimately develop disease 

progression through primary or acquired resistance (265). Two mechanisms 

of acquired resistance involve mutations in EGFR itself, with the EGFR 

T790M mutation reported in 50% of resistance cases, and amplification of 

the MET oncogene in 20% of resistance cases (276). Strategies for overcoming 

acquired resistance to both agents are undergoing clinical evaluation, such 

as the use of EGFR inhibitors to overcome the EGFR T790M mutation (277). 

However, there are currently no methods to predict the specific resistance 

mechanism that a cancer will develop (276).  

Additionally, overall outcomes have been poor for patients receiving 

chemoradiotherapy, with only 15-30% of patients alive at 5 years, 

corresponding to a median survival of 28 months (278, 279). Several studies 

have reported the use of systemic therapy that, to date, have proved 

ineffective, with a median survival ranging from 18 to 23 months (280).  

The anti–PD-L1 antibody atezolizumab induced an overall survival benefit in 

patients with metastatic NSCLC regardless of PD-L1 expression (281) and 

showed promising therapeutic effects with a good safety profile when 

combined with platinum-doublet chemotherapy in patients who have not 

previously received chemotherapy (282). Moreover, a recent open-label, phase 

III study evaluated atezolizumab plus anti-EGFR mAb bevacizumab plus 

chemotherapy in patients with metastatic non-squamous NSCLC who had 

not previously received chemotherapy. Results showed that the addition of 

atezolizumab to bevacizumab plus chemotherapy (BCP) significantly 

improved overall survival for patients with metastatic non-squamous NSCLC, 

regardless of PD-L1 expression and EGFR or ALK genetic alteration status, 

compared to BCP treatment (283). 

Identification of the complexity of the molecular changes underlying the 

development of treatment resistance is needed to better understand the key 

mechanisms of tumour cell survival and clinical progression following 

treatment. The successful implementation of personalized medicine in the 

treatment of non-small cell lung cancer will require better evaluation of 
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pathways that drive tumour growth at baseline and during the course of 

therapy, to design tailored treatments to prevent tumour evolution and 

treatment resistance (270). 
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Figure 1-10 Timeline of NSCLC therapy evolution. ALK, anaplastic lymphoma 
kinase; BRAF, serine/threonine-protein kinase b-raf; ctDNA, circulating tumour 
DNA; EGFR, epidermal growth factor receptor; EML4, echinoderm microtubule-
associated protein-like 4; HER2, human epidermal growth factor receptor 2; MET, 
hepatocyte growth factor receptor; NSCLC, non-small-cell lung cancer; NTRK, 
neurotrophic tyrosine kinase; PDL1, programmed cell death ligand 1; RET, proto-
oncogene tyrosine-protein kinase receptor Ret; ROS1, ROS1 proto-oncogene 
receptor tyrosine kinase; TKI, tyrosine kinase inhibitor (260). 
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1.4  Tumour-associated antigens as therapeutic targets 

To better understand and create efficient anti-tumour immunity for cancer 

therapy, great efforts have been made for the identification of cancer antigens 

recognised by immune cells or antibodies (284). 

There are two main categories of tumour antigens: tumour-specific (TSA) and 

tumour-associated (TAA) antigens. TSAs are expressed only by tumour cells 

(285), whereas TAAs are proteins that can also be found on healthy cells and 

tissues (87). Examples of TAA include: antigens expressed at lower levels on 

normal tissues (like Wilms tumour 1) or on immune privileged sites (like 

cancer testis antigens) and TAA derived from oncogenic viral infections 

(human papillomavirus). A further group is made of neo-antigens, which arise 

upon extensive somatic mutation in cancer cells. It is particularly challenging 

to develop targeted therapeutics against neo-antigens as they tend to be 

highly tumour and patient specific (286). 

In targeting TAAs, CAR-T cell-mediated on-target off-tumour reactions are 

very common, and their tolerability will depend greatly on the types of healthy 

cells that are targeted (287). For instance, the TAA CD19 is considered an 

ideal target for many reasons. These include its overexpression on malignant 

B-cells and lack of expression outside the B cell lineage. Moreover, patients 

successfully treated with CD19-secific CAR-T cells likely develop profound B-

cell aplasia which is largely managed via intravenous immunoglobulin (Ig) as 

replacement therapy (288).  

Results from several clinical trials of CAR-T cells targeting other TAAs in solid 

tumours such as mesothelin (MSLN), carcinoembryonic antigen (CEA) and 

the GD2 ganglioside highlight that the lack of toxicity is often linked to 

minimal anti-tumour activity. In fact, one study reported fatal neurotoxicity 

in preclinical models when more potent GD2-specific CAR T cells were used 

(289).  

Moreover, T cells may target healthy tissues more efficiently than solid 

tumours independently of the surface antigen density, given the intrinsic 

features of tumour cells including defects in antigen processing and 
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presentation, and overexpression of inhibitory molecules. This is supported 

by the clinical results of T cell therapies s targeting the TAAs CAIX and CEA; 

healthy tissue injury was reported in half of treated patients in the CAIX trial 

and in all patients in the CEA trial, but only a single partial response was 

reported in the CEA setting (115, 290, 291).  

One example of TSA that demonstrated safe targeting is the alternately 

spliced variant of epidermal growth factor receptor (EGFRvIII), despite 

causing relapse via antigen loss (292).  

Table 3 adapted from (133)summarises targets currently tested in clinical 

trials using CAR-T cell therapy, excluding CD19. 

Overall, target antigens selected for adoptive T-cell therapy should not be 

expressed by critical healthy tissues. Unfortunately, with the existing 

technology and tissue specimens, it is currently impossible to confirm the 

absolute absence of a targeted antigen from crucial healthy tissues. As such, 

targeting TAAs generally leads to uncertainty about which healthy tissues 

may be at risk of T cell–mediated attack (293). The risk of adverse events may 

be further reduced by avoiding cross-reactivity against epitopes in healthy 

tissues. In general, a scrupulous approach for target selection and 

considerate preclinical and clinical studies are pivotal to move these 

promising treatments forward (293). 
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Table 3: Tumour targets being evaluated in CAR-T cell based clinical trials. 
Currently active trials from clintrials.gov as of September 2019. MM=multiple 
myeloma, AML=acute myeloid leukaemia, HL=Hodgkin lymphoma, NHL=non-
Hodgkin lymphoma, FL=follicular lymphoma, CLL=chronic lymphoblastic 
leukaemia, DLBCL=diffuse large B cell lymphoma. 



 72 

1.4.1 Receptor Tyrosine Kinase-Like Orphan Receptor 1 

The focus of our immunotherapeutic strategies has been the TAA Receptor 

Tyrosine Kinase-Like Orphan receptor 1 (ROR1).  

1.4.2 ROR1: Definition, structure and function 

ROR is a member of the receptor tyrosine kinase (TK) family. There are two 

forms (ROR1 and ROR2), discovered more than 20 years ago by 

Masiakowaski and Carroll in a neuroblastoma cell line while screening for 

putative TK receptors (294).  

The ROR1 and ROR2 are type I transmembrane proteins consisting of 

extracellular (Ig-like, frizzled-like and kringle domains), transmembrane, and 

intracellular domains (one TK-like domain and two serine/threonine-rich 

domains flanking a proline-rich domain, Figure 1-11) (295). The inter-species 

sequence conservation for ROR1 is high, with frizzled and kringle domains 

having 99% amino acid similarity between human and mouse ROR1 (296). 

ROR proteins play an active role in many cell stages and functions: 

proliferation, differentiation, angiogenesis and migration, cell metabolism, 

cell–cell interaction, and early stages of embryonic development of various 

organs and tissues (297). It is therefore not surprising that interfering with 

these proteins leads to severe developmental defects and diseases (298). In 

the context of cancer, ROR1 expression is associated with poor prognosis in 

many malignancies (259, 299) including TNBC and lung adenocarcinoma 

(259, 299). When activated, it supports tumour cell growth and metastasis 

by mediating key signalling pathways involved in cancer including EGFR 

signalling, PI3K/Akt/mTOR and p38 signalling pathways (300, 301). 

Moreover, ROR1 silencing has been shown to downregulate the epithelial-to-

mesenchymal (EMT) transition, thus impairing the tumour cell migration and 

invasion ability (260).   
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1.4.3 ROR1 cell and tissue expression 

ROR1 is overexpressed in several solid and haematological malignancies. 

Different surface expression levels of ROR1 have been detected in almost all 

peripheral blood mononuclear cells (PBMCs) of CLL patients (302, 303). 

ROR1 is also expressed in leukemic cells of ~40% patients, more frequently 

in B-acute lymphoblastic leukaemia (ALL) compared to T-ALL (304). 

In the context of solid malignancies, ROR1 expression has been detected in 

a wide range of cancers including breast (258, 259), ovarian, colon, skin, 

lung, pancreas, testis, uterus, bladder and prostate (299, 305, 306). 

To further highlight the potential of targeting ROR1, Kipps’ group published 

studies where they demonstrated ROR1 expression on human ovarian and 

breast cancer stem cells (CSCs), on which it might have a functional role in 

promoting in vitro migration, invasion, spheroid formation and tumour 

engraftment in immune-deficient mice. CSCs are more resistant to therapy 

Figure 1-11 Topographical Human ROR1 
structure Adapted from the website http: 
//www.acrobiosystems.com/A1033- 
Recombinant-ROR1--ROR2-Proteins.html 
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and are likely responsible for relapse or metastasis (307, 308). Additionally, 

another group reported ROR1 expression on glioblastoma stem cells (309). 

Regarding ROR1 expression on healthy tissues, initial mRNA data showed 

low expression on adipocytes, which was also confirmed by flow cytometry 

(310). Subsequent tissue cross reactivity IHC studies using cirmtuzumab, a 

high affinity ROR1 antibody, confirmed no staining on healthy tissues (311). 

These findings were then challenged by a study from Balakrishnan et al, 

whereby using their own ROR1 antibody they reported expression on several 

normal tissues including parathyroid, pancreatic islets and regions of the 

oesophagus, stomach, and duodenum. Positive expression on multiple 

healthy tissues was also confirmed by the human protein Atlas datasets 

(312), raising concerns for on-target off-tumour toxicities, therefore accurate 

monitoring during clinical testing of ROR1-targeted therapies in patients will 

be necessary (306). 

1.4.4 ROR1 therapeutics: therapeutic antibodies 

Cirmtuzumab, the most clinically advanced mAb against ROR1, functions by 

inhibiting the receptor mediated signalling. Through humanisation and 

affinity maturation editing it was able to inhibit epithelial-to-mesenchymal 

transition and survival of cancer cells (307). Early phase I clinical trials 

showed safety but lack of clinical response (311), although further clinical 

trials have been planned (Table 4 for currently active ROR1-targeted clinical 

trials). 

An armed version of cirmtuzumab (conjugated with a toxin) has been tested, 

but despite early impressive in vitro data, no further assessment has been 

reported (313). Encouraging results were reported from in vitro testing of the 

2A2 ROR1 antibody labelled with a Pseudomonal exotoxin, however no 

clinical valuation has been planned (314, 315). 

Other groups have developed their own antibodies against ROR1. 

Daneshmanesh et al developed a panel of anti-ROR1 antibodies and, when 

they tested their effector functions, they noted that the ones binding to more 
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membrane proximal epitopes had enhanced function (316, 317). Additionally, 

Riddell’s group developed the R12 binder that demonstrated some ADCC but 

only at supra-physiologically high concentrations of effector cells. The same 

binder has also been utilised in a CAR format (318).  

1.4.5 ROR1 therapeutics: CAR-T cells 

ROR1 has been targeted primarily in the context of haematological 

malignancies due to its expression on B-CLL and mantle cell lymphoma and 

absence on healthy B cells, a clear advantage compared to CD19/CD20.  

Hudecek et al were the first to report the use of ROR1 targeted CAR-T cells 

using the clone 2A2: they showed targeted cytotoxicity against primary B-

CLL and mantle cell lymphoma cells (310). The same group subsequently 

compared the 2A2 with clone R12 and reported enhanced cytotoxicity by R12 

due to its higher affinity, but as the two binders recognise different epitopes, 

this is not a true comparison. However, they did demonstrate the key role of 

the spacer as their hinge-only spacer derived from the IgG stalk showed 

optimal cytotoxicity (69). R12 CAR was then evaluated for toxicity in non-

human primates for their comparable ROR1 tissue expression with humans, 

as well as cross-reactivity between human and macaque ROR1. They did not 

report any toxicity even at high CAR T cell doses (319). After reporting efficacy 

in targeting sarcoma, breast cancer and neuroblastoma cell lines (320, 321), 

the R12 CAR was licensed to Juno therapeutics and is being investigated in 

a Phase 1 clinical trial for breast cancer, ALL, MCL, CLL and NSCLC 

(NCT02706392), with a recent report highlighting safety of the CAR infusions 

even at high dose (322).  

Recently, Riddell’s group reported that their ROR1 CAR, edited to recognise 

murine kringle domain, elicited lethal bone marrow failure via recognition of 

ROR1+ healthy stromal cells in pre-irradiated C57BL/6 mice. Interestingly, 

when they repeated the experiment in immunocompromised mice (Rag2-/-), 

they reported no morbidity nor deaths. The authors highlight that the safety 

of CAR-T cells specific for a TAA can be highly context dependent, claiming 
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that both the CAR T cell dose and the intensity of lymphodepletion are critical 

variables for potential toxicity (323). 

Deniger et al. used the ROR1 CAR containing the 4A5 scFv clone derived from 

the Kipps group and showed in vitro cytotoxic potential; however, the in vivo 

model required repeated IL-2 infusions, which should not be usually required 

with a canonical 2nd generation CAR structure. Moreover, the toxicity may 

have been linked to the to the sleeping beauty manufacturing process to 

engineer the T cells, which requires considerable ex vivo manipulation (190). 

 

 

 

Table 4 Active ROR1-targeted clinical trials. As of September 2019 
from clinicaltrials.gov 
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 Project Aims 

This research project is focused on the development and characterisation of 

ROR1-targeted CAR-T cell therapeutics. We hypothesise that effective ROR1-

targeted CAR-T cells may be used to treat a broad range of malignancies 

including those with unmet therapeutic need such as TNBC and NSCLC. 

We have successfully developed a fully humanized anti-human ROR1 binder 

and previously reported its efficacy against a broad range of malignancies in 

a Bispecific T-cell engager (BiTE) (324) and in a second-generation CAR 

format (325). 

My aim was to optimise CAR-T cell-mediated killing of solid tumours, a highly 

desirable feat but one that has so far been unachievable. A major feature of 

the tumour microenvironment is the overexpression of inhibitory receptor 

ligands such as PD-L1 which suppresses T cell responses, including those 

from CAR-T cells. We therefore hypothesised that an effective way to improve 

the killing of ROR1+ target tumour cells was to combine CAR-T cell therapy 

with immune checkpoint blockade therapy. The combination of ROR1 and 

PD-1 blockade therapy provides a novel approach to treat solid tumours.  

2.1 Generation and characterisation of PD-1 binder and the NFAT-
based inducible promoter 

We started with cloning to generate a PD-1 binder in a scFv format. The aim 

was therefore to confirm effective binding to PD-1 protein via multiple 

functional assays.  

In parallel, cloning was performed to generate the NFAT-IL2p cassette 

consisting of 6 repetitions of NFAT binding sites and a minimal IL-2 promoter, 

which allow for expression of the transgene (the αPD-1 scFv in this context) 

via CD3ζ signalling cascade upon CAR activation. Once we generated the 

expression cassette, the aims were to confirm that the induction was specific 

and effective by using the reporter gene GFP and in vitro co-culture assays. 
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2.2 Generation of a functional ROR1 CAR with the inducible system 
(i-CAR) 

This was followed by vector engineering to generate the expression vector 

combining constitutive CAR expression and the αPD-1 scFv secretion. The 

aim was to obtain a functional CAR, and to test secretion of scFv to confirm 

targeted and efficient production.  

2.3 In vitro functional characterisation of i-CAR-T cells versus 
parental CAR-T cells 

Next, we aimed to compare ROR1 i-CAR-T cells with the parental ROR1 CAR-

T cells lacking inducible system. In parallel, we also tested combination 

therapy with a purified commercial anti-PD-1 antibody as control to confirm 

a PD-1 blockade effect on effector functions. Using a panel of ROR1+ and PD-

L1+ cell lines, we specifically assessed: in vitro cytotoxicity, pro-inflammatory 

cytokine secretion, T cell phenotype (exhaustion markers, proliferation, cell 

type, immunological synapse strength). 

2.4 In vivo functional characterisation of CAR-T cell therapy in a 
TNBC xenograft mouse model 

We generated a reliable TNBC orthotopic xenograft mouse model to which we 

tested CAR-T cell therapy for the following: toxicity for the animals (on-target 

or off-target), anti-tumour effect and survival of the animals. We specifically 

aimed at comparing ROR1 CAR-T cells versus combination versus i-CAR-T 

cells.  

In parallel, we used Nanostring technology to obtain more comprehensive 

information about the two CAR-T cell constructs. Specifically, we looked at 

differences in specific features such as cell type and phenotype between 

ROR1 CAR and i-CAR, and between in vitro and in vivo (TILs) CAR-T cells. 
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 Materials and Methods  

3.1 Cloning 

3.1.1 DNA construction using Phusion Polymerase 

We perform this technique to isolate a DNA fragment from a plasmid, to 

amplify a DNA sequence (e.g. G-Block) or to assemble DNA fragments 

together (overlap PCR). The following table contains the reagents used for a 

reaction: 

 

After mixing, the reagents are added to 100µl PCR tube(s) that are the 

transferred into PCR blocks. A standard thermocycling programme for 

Phusion PCRs with fragments that are up to 1.5 kbp length is normally used: 

 

Next, the PCR product is run on 1% Agarose gel (1g of Agarose powder 

dissolved into 100ml of TBE buffer) containing Sybrsafe (sensitive stain to 

visualize DNA bands in agarose gel under UV or blue light) along with 1kB 

DNA Ladder (Hyperladder I, NEB). Bands of interests are cut, transferred to 

2ml Eppendorf tubes and the DNA is extracted using the Wizard® SV Gel and 

PCR Clean-Up System kit (Promega) following manufacturer’s instructions. 

Reagent Amount 

5x HiFid Buffer 10 µL

dNTPs [10µM] 1 µL

Foward Primer [25µM] 1 µL

Reverse Primer [25µM] 1 µL

DNA template 200ng-1µg

Phusion Polymerase 0.5 µL

DDI H2O up to 50µL

Cycle name Temperature Time

1-Denaturation 98°C 2 minutes

2-Amplicon denaturation 98°C 40s

3-Oligos annealing 65°C 40s

4-Extension 72°C 1 minute

5-Cycle to 2 for 35 times

6-Clean up unfinished PCRs 72°C 10 minutes
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The DNA is eluted with Nuclease-Free Water (NFW) into fresh labelled 

Eppendorf tubes.  

Once the DNA of interest has been made and produced in larger quantities 

via transformation of competent bacteria cells (DH5-alpha E. Coli, NEB), the 

sequence is checked via sequencing of the region of interest (generally the 

insert) using our in-house primers and the sequencing service provided by 

Source BioScience (website: https://www.sourcebioscience.com/). The 

sequences received are compared to our SnapGene map(s).  

3.1.2 Cloning of the inducible cassette 

For the inducible system, I cloned the same inducible cassette used by 

Chmielewski M et al for their TRUCKs with inducible secretion of the pro-

inflammatory cytokine IL-12. The name of their inducible vector is pSIN-

(NFAT)6-IL-12. For more information about the generation of the inducible 

system, refer to the paper (326). Briefly, two primers have been manufactured 

(IDT) with the following sequences: NFAT I 

(AATTAGGAGGAAAAACTGTTTCATACAGAAGGCGTCAATTGTC) and NFAT II 

(CCGGGACCAATTGACGCCTTCTGTATGAAACAGTTTTTCCTCCT).                          

The primers were mixed in equimolar amounts, melted in boiling water, 

reannealed and subsequently ligated into pBluescript KS1 (purchased from 

Addgene) digested with EcoRI and XmaI to yield pBS-NFAT#1 (all restriction 

enzymes were obtained from NEB). The same plasmid was further digested 

with MfeI and XmaI to ligate the next NFAT-binding site generating pBS-

NFAT#2. This step was repeated once more to obtain pBS-NFAT#3. To get 6 

NFAT-binding sites, pBS-NFAT#3 was cut with XhoI and EcoRV and in here 

the XhoI-SmaI fragment from pBS-NFAT#3 was ligated, resulting in pBS-

NFAT#6. The minimal IL-2 promoter (pos.260 to 26) was amplified by PCR 

from one in-house plasmid containing the full IL-2 promoter. This amplicon 

was digested with XmaI and BamHI and ligated into pBS-NFAT#6 backbone 

to obtain pBS-NFAT#6-IL2Pmin. Between the NcoI and BamHI sites of the 

vector, the GFP was ligated generating pBSNFAT#6-IL2Pmin-GFP. 

https://www.sourcebioscience.com/
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3.2 Cell characterization  

3.2.1 Cell culture: cell lines and primary cells 

Adherent cell lines are cultured in T25 or T75 cell culture flasks 

(ThermoFisher Scientific) containing cell growth medium (Gibco® 

ThermoFisher Scientific) supplemented with 10% or 15% of heath-inactivated 

Foetal Bovine Serum (FBS from Gibco®, ThermoFisher Scientific). 

Abbreviations for cell culture media:  

RPMI 1640 Medium: Roswell Park Memorial Institute 1640 Medium 

IMDM: Iscove's Modified Dulbecco's Medium 

DMEM: Dulbecco's Modified Eagle Medium 

 

The following table summarises cell lines used, source and culture media 

used: 

 

Cell line tissue/disease cell type and source culture media 

MCF-7 Breast (metastatic) Epithelial (ATCC) RPMI+10% FBS 

MDA-MB-
231 

Human breast 
adenocarcinoma 

Epithelial (ATCC) RPMI+10% FBS 

H1975 Lung adenocarcinoma 
(NSCLC) 

Epithelial (ATCC) RPMI+10% FBS 

A549 Lung carcinoma  Epithelial (ATCC) RPMI+10% FBS 

HEK 293-T Human embryonic Kidney Epithelial (ATCC) IMDM+10% FBS 

Kasumi2 Acute myeloblastic 
leukemia 

Myeloblast (ATCC) RPMI+10% FBS 

Jeko-1 Mantle Cell Lymphoma Lymphoblast (ATCC) RPMI+10% FBS 

SKW 6.4 B lymphocyte EBV 
transformed  

Lymphoblast (ATCC) RPMI+10% FBS 

SupT1 T-cell lymphoblastic 
lymphoma 

T lymphoblast 
(ATCC) 

RPMI+10% FBS 

Jurkat acute T cell leukemia T lymphocyte (ATCC) RPMI+10% FBS 



 

 82 

The cells are kept in a 5% CO2 humidified atmosphere at 37°C (incubator). 

When needed or once reached 85%-95% confluency, the cells are sub-

cultured: for adherent cell lines, 1-2ml of either Trypsin/EDTA (Sigma) or 

cell-dissociation reagent (Sigma) is added to detach cells that are 

subsequently added to fresh culture medium. Diluted cells equivalent to a 

1:10 split ratio, are transferred to a new flask with fresh culture media (note: 

10ml total volume was used for T25 flasks, 15ml for T75 and 20ml for T175 

culture flasks). Suspension cell lines are cultured in either T75 or T25 cell 

culture flasks and sub-cultured every 3-4 days.  

Cell lines are eventually re-suspended in 1ml of sterile freezing media (FBS + 

10% Dimethyl Sulfoxide, Sigma), transferred into labelled cryovials (Greiner) 

and frozen down using Mr. Frosty™ Freezing Containers (ThermoFisher 

Scientific) at -80°C.  

When fresh peripheral blood mononuclear cells (PBMCs) are needed, blood is 

collected from healthy volunteers using syringes containing EDTA (Sigma). In 

sterile conditions, the blood is diluted 1 to 1 with plain RPMI Media, then 

carefully added to 50ml falcon tube(s) containing Ficoll-Paque Plus (GE 

Healthcare Life Sciences). After centrifugation at 750rpm (no brake nor 

accelerator to not disrupt the layers), the PBMC layer is collected using sterile 

2ml Pasteur pipettes (VWR). The PBMCs are washed twice with RPMI-10, 

counted using trypan blue and a counting chamber and re-suspended at 

2x106cells/ml. When frozen PBMCs are used, the cryovial(s) is thawed at 

37°C then cells are transferred to a 15ml falcon tube containing RPMI-10 

(RPMI plus 10% FBS). After washing them (centrifugation at 400rpm for 5 

minutes), cells are re-suspended at 2x106cells/ml.  

3.2.2 Phenotype analysis by Flow Cytometry 

ROR1 (or other antigen) surface expression: cells are collected and counted. 

100,000 cells are added to FACS tubes (Corning™ Falcon™) along with 1ml 

of PBS, followed by a washing step. After removing supernatant, to each pair 

of FACS tubes is added a mastermix containing 0.1µl of viability dye (e.g. 

Fixable Viability Dye eFluor® 450, Biolegend) and either 5 µl of APC anti-
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human ROR1 antibody (Clone 2A2, Biolegend) or the Isotype Control at same 

final concentration (APC mouse IgG1, κ Biolegend). FACS tubes are then 

vortexed and incubated at 4°C for 1h. After washing the FACS tubes as 

before, cells are re-suspended in 200 µl of PBS before Flow cytometry analysis 

using BD LSR Fortessa™ (Bioscience). 

3.2.3 Confocal microscopy 

Co-cultures of pre-labelled CAR-T cells (cell tracker blue) and target cell line 

MDA-MB-231 (cell tracker red) were plated onto 24well-plates for 24 h prior 

to fixation. Cells were stained with CD3-AF647 and phalloidin-AF488 for 

actin accumulation before mounting and imaging by confocal microscopy 

(Zeiss LSM880, 960 oil objective; Zeiss, Oberkochen, Germany). Example T 

cells are depicted with white arrows. Scale bar = 10 mm.  

ImageJ was used to calculate the relative recruitment index (RRI) of 

phalloidin: briefly, cell conjugates with immunological synapses (IS) were 

identified manually and phalloidin recruitment quantified using mean 

fluorescence intensity in an area of cell contact (actin accumulation) and 

normalized against phalloidin signal in a non-contact area of the T cell 

plasma membrane. We then select an area of background to subtract using 

the following equation: (contact value-background)/(non-contact value-

background), which gives us the % RRI. 3 donor-derived CAR-T cells were 

used with n=28 IS selected for RRI index quantification.   

3.2.4 Protein analysis via Western Blot 

Samples are prepared as follows for the SDS-PAGE using 10-well NuPAGE™ 

polyacrylamide precast gels (4-12% Bis-Tris protein gels, from Invitrogen™): 

Gels are assembled into the gel tank (XCell sure lock Electrophoresis cell) 

and 800ml/gel tank of NuPAGE® MOPS SDS Running Buffer (20X, 

Invitrogen™) is added. 
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Each tube is prepared to contain NuPAGE® Sample Reducing Agent (10X), 

NuPAGE® LDS Sample Buffer (4X, both from Thermo Fisher Scientific) and 

protein (diluted with PBS). Each sample is heated at 100°C for 10 minutes to 

ensure protein denaturation. Once cooled down, 15-20µl of each sample is 

loaded into the gel(s) along with Novex® Sharp Pre-Stained Protein Standard 

(0.5µl to 5µl, Life technologies). The gel tank is then connected to the power 

pack and left running at 200V for 50 minutes (roughly 500mA). 

After 50 minutes, proteins are transferred from the gel to a nitrocellulose 

membrane. The Transfer XCell Blot module is assembled in this order:  

bottom chamber (-), sponge pads (2-3), gel, Nitrocellulose Membrane 

(Amersham Protran 0.45µm), filter pads, sponge pads, and lid (+). All the 

components are soaked into transfer buffer (NuPAGE® Transfer Buffer 20X). 

After 90 minutes at 35V, the membrane is removed and transfer is checked 

by soaking the membrane into Ponceau solution (sigma) which stains the 

proteins.  

Afterwards, the membrane is washed in PBS with 0.05% Tween20 and stored 

overnight at 4°C for the blocking step (in washing buffer + 5% milk). The day 

after, the membrane is washed 5 times (5minutes on slow agitation, then 

wash buffer is replaced and so on) followed by incubation with a 

recommended dilution of antibody (e.g. 1:2,500 for HRP-anti His Tag 

antibody) for 1h at room temperature. After 5 additional washing steps (and 

eventual addition of a secondary antibody with same protocol as for primary 

antibody), the HRP chemiluminescent substrate (Thermofisher) is added prior 

detection with X-ray films. 

3.2.5 Surface Plasmon Resonance 

To assess scFv binding affinity to PD1, we set up binding affinity experiments 

to recombinant PD1 protein (Acro biosystem, # PD1-H5221-100ug) using the 

Biacore Surface Plasmon Resonance System (GE Healthcare). Briefly, HEK-

293T cells were transiently transfected to secrete the anti-PD1 scFv linked to 

a murine Fc stalk. The produced Fc-tagged protein was quantified via western 

blot using a purified mouse-IgG antibody (clone MG1-45, # 401401, 
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Biolegend) serially diluted and detected via HRP-anti-mouse IgG antibody 

(Abcam). For the Biacore experiment, we used a sensor chip CM5 with an 

immobilized anti-murine Fc antibody (mouse antibody capture kit, GE 

Healthcare) to which we loaded the supernatant from two independent 

transfections. To the system we then added increasing concentrations of 

recombinant PD1 in a single step multicycle protocol. To generate a 

baseline/control, we used a Chip containing an immobilized anti-human Fc 

to which the same reagents and protocols were used. Three independent runs 

with two fresh supernatants were performed.  Data was analysed with X100 

software to generate kinetics data.  

3.2.6 Nanostring using the nCounter® CAR-T Characterization Panel 

Nanostring technology uses optical molecular barcodes to label individual 

mRNA transcripts. The relative gene expression is quantified by counting 

each barcode bound to the slide surface. Briefly, the capture and reported 

probes bind to the same gene, one next to each other. The reported probes 

contain the barcodes specific for each gene. After removing the 

excess/unbound material, biotin binds on the streptavidin-coated surface of 

the cartridge and imaging is performed to count the number of individual 

barcodes corresponding to individual molecules. 

To prepare the samples, the following hybridization protocol was used:  

Into PCR tubes, add the following: 

-8µl of mastermix containing hybridization buffer and reporter codeset 

-up to 5µl of template RNA (we used cell lysates in RLT buffer) 

-5µl of capture probes 

Mix gently and incubate at 65°C for at least 16h (usually overnight). The 

following day, create the experiment template with the specific CAR-T panel 
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RLF datafile (kit codeset), load the samples on the cartridge, upload the 

cartridge and start the run on the nCounter SPRINT.  

After completing the run (roughly 6h), we downloaded the raw data and 

uploaded them on the nSolver 4.0 software. The data that appears is 

represented as units of single raw counts of barcoded molecules. We 

performed the advanced analysis with generation of an nCounter Advanced 

Analysis Report. The software will automatically perform QC and 

normalization using internal controls. 

 

3.3 CAR design and manufacturing  

3.3.1 ROR1 CAR with inducible system design (scFvs: anti-PD-1 
derived from nivolumab and pembrolizumab) 

The first sets of experiments to test the inducible cassette system were made 

by co-transduction of fresh T cells using two vectors: the first one encoding 

for the anti-h ROR1 CARBFP, the second one containing the inducible cassette 

cloned from the plasmid pBSNFAT#6-IL2Pmin-GFP.  

As co-transductions translate into low transduction efficiency, the aim is to 

have all the elements in one multicistronic expression vector to avoid co-

transductions that usually result in a lower transduction efficiency.  

The final expression vectors were therefore cloned to contain the following 

elements in this order after the PGK promoter:  

• mCherry (reported gene) + T2A peptide 

• F CAR (anti-hROR1 CAR) with final STOP codon 

• IRES 

• Either inducible promoter (NFAT6+minIL2 promoter) or EF1α promoter 

• Albumin/IL2 signal peptide (SP) and anti-PD-1 scFv(s)  
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The whole vector with the first two elements of the transgene (reporter gene 

+ ROR1 CAR) comes from the in-house 2nd generation ROR1 CAR vector. The 

2A peptide between reporter gene and CAR was placed to allow multiple 

protein production from one transcript. Modifications were made as follow: 

additional Kozak sequence (ACCATG, at the beginning of the signal peptide 

before the secreted protein) to allow improved protein translation: the internal 

ribosomal entry site (IRES) element in the intercistronic spacer between the 

two regions (reporter gene plus F CAR and new insert with either inducible 

or constitutive promoter followed by the secreted scFv) to get translation of 

the protein coding region downstream of the CAR independently of the 5'-cap 

structure bound to the 5' end of the mRNA molecule. Following the IRES, 

cloning was performed to transfer the 6xNFAT cassette and the minimal IL-2 

promoter whereas for the constitutive system, a g-Block containing the EF1α 

promoter has been designed. As secreted protein, anti-PD-1 scFvs was 

selected.  

3.3.2 Transfection of HEK 293Ts to make lentivirus 

Functional lentiviral particles are generated by transfecting HEK-293 T cells 

with a 2nd or 3rd generation lentiviral packaging system (Addgene). Expression 

vectors for CARs contain a reporter gene that will be expressed by cells with 

plasmid DNA integrated in their genome. This gene encodes for the 

fluorescent protein mCherry (visible in the YG channel on the flow cytometry 

machine), BFP or GFP. 

Other reagents required for the reaction are plain media (IMDM) and 

GeneJuice® Transfection Reagent (Millipore), a reagent optimized for 

maximum transfection efficiency and very low toxicity. The amounts of each 

reagent for a 10cm dish containing 293Ts at 75-90% confluency are 

summarized below: 
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* For 2nd generation, these plasmids are replaced with pCMV delta R8.2 

packaging vector (4.06µg).  

3.3.3 PBMC activation 

The day after the transfection, freshly isolated or thawed PBMCs are washed, 

counted and re-suspended at 2x106cells/ml of RPMI-10. Dynabeads® 

Human T-Activator CD3/CD28 (Thermo Fisher) are added following 

manufacturer’s protocol to allow T cell expansion and activation. Cells are 

then seeded in a TC-treated 24well/plate at 1ml/well prior overnight 

incubation at 37°C.  

The same day, a 24well-plate (non-tissue culture treated) is coated with 

500µl/well with Retronectin (recombinant human fibronectin fragment, 

which enhances transduction efficiency) and stored at 4°C. 

3.3.4 Transduction of activated PBMCs 

The next day, early in the morning, 1ml/well of IL-2 at 1 IU/ml of RPMI-10 

is added to the activated T cells to further expand them. At least 6 hours 

later, PBMCs are harvested, washed and re-suspended at 0.6x106cells/ml. 

The virus that will be used for transduction is harvested from the plates 

containing 293Ts and filtered using 0.45µm filters. Importantly, the virus 

from now on needs to be kept on ice. After removing Retronectin from a pre-

coated plate (Retronectin can be transferred to a fresh plate and stored in the 

fridge until next use no more than twice), 0.5ml/well of cells (with 4IU/ml of 

IL-2) are added, followed by 1.5ml of fresh filtered virus. Importantly, we add 

1.5ml I-10 media in well(s) to get ‘non-transduced’ (NT) T cells. It is possible 

to use frozen virus. The plate is then centrifuged at 1000xg for 40 minutes, 

followed by incubation at 37°C for 4 days. 

Reagent Amount (µl or µg)

IMDM 470 µl

GeneJuice 22.5 µl

Transfer vector 3.13 µg

pMDLgRRe (packaging) 4.06 µg

pMD.G2 (envelope) 2.19 µg

PRSV Rev (packaging) 3.3 µg

* 
 
 

* 
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After four days, cells are harvested and checked via flow cytometry for 

transduction efficiency based on percentage of T cells expressing the reporter 

gene against the negative sample (NT T cells). Cells are left in culture to 

expand with 0.5 IU/ml of IL-2 for several days depending on the amount 

needed for experiments but generally no longer than 2 weeks.  

3.4 Anti-PD-1 ScFv design and manufacturing 

The FASTA sequences for the anti-PD-1 antibodies pembrolizumab and 

nivolumab were obtained from ImGT website (ImMunoGeneTics, 

http://www.imgt.org). The final scFv is made of the variable heavy chain (up 

to CH1 sequence) and the variable light chain (up to VC sequence) from the 

full antibody sequence. The linker and the N-terminal His-tag used are the 

same used for the in-house ROR1 BiTE. The final sequences were synthesised 

as g-Block fragments (IDT) that were then cloned into PGK expression 

vectors. Those vectors, which allow for constant production of secreted scFvs, 

were transiently transfected into 293Ts and supernatant was collected for 

binding assays. Once confirmed the scFvs are secreted and bind to PD-1, 

cloning was done to insert the pembrolizumab scFv into the NFTA-inducible 

system. 

For protein detection and quantification, the molecular weight of the scFv 

from pembrolizumab has been calculated using the ExPASy ProtParam 

website based on the one-code amino acid sequence.   

3.4.1 Transient Transfection of 293Ts to make scFVs 

The reagents required are plain media, polyethylenimine (PEI) transfection 

reagent and transfer vector. 10cm dishes are generally used to get the best 

transfection efficiency (per dish: 470µl plain media, 30 µl PEI and 12.5 µg 

DNA). All expression vectors contain a reporter gene for the green fluorescent 

protein (GFP) or mCherry. After 72h, supernatant containing the His-tagged 

protein(s) is harvested, filtered (0.22µm filters) and 293Ts are checked via 

flow cytometry for GFP/mCherry expression to get a quick indication of 

transfection efficiency. Our ScFvs in supernatant that are stored at 4°C are 

very stable and can last for months. 

http://www.imgt.org/
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3.5 In vitro Functional assays 

3.5.1 Binding characterization assays 

To make sure that BiTEs or aPD-1 scFvs bind to their specific targets (e.g. 

ROR1 and CD3 for ROR1 F BiTE and PD-1 for the scFvs nivolumab and 

pembrolizumab), supernatants containing the His-tagged proteins are tested 

via Flow cytometry as follow: 72h after transfection of HEK 293Ts, at the 

bottom of FACS tubes target cells are pelleted (e.g. PBMCs and SKW which 

are CD3+ and ROR1+, respectively) and 1ml of supernatant containing the 

protein(s) is added on top of target cells prior to incubation at 4°C for at least 

1h. After washing the tubes with PBS, the supernatant is carefully removed 

up to roughly 100µl/tube. APC-anti-His Tag antibody is added to each tube 

(R&D, 5µl/reaction) which is vortexed well before another incubation at 4°C 

for 1h. The negative control commonly used is made of target cells incubated 

with plain media followed by antibody staining which gives the background 

for the signal. The antibody should bind to all our His-tagged ScFv proteins 

(BiTEs, anti-PD-1, etc.). After the second incubation, FACS tubes are washed 

again and pellet cells are re-suspended in 200-300µl of PBS prior to flow 

cytometry analysis.   

To test the induced secretion of scFvs, effector cells are incubated for 24h 

with targets positive and negative for ROR1 (e.g. Kasumi2 and SupT1) at an 

effector to target ration of 1:10. Supernatant is collected 24h later and 

binding checked via flow cytometry with target cells positive for PD-1. 

3.5.2 Production quantification via ELISA 

To quantify the secreted scFv, an in-house PD1 ELISA was developed. The 

standard curve was generated using serial dilutions of the FPLC purified 

scFv. Briefly, PD1 protein (#1086-PD-050, R&D Biosystem) was coated at 

1µg/mL of carbonate buffer overnight at 4°C. All subsequent incubation steps 

were incubated at 37°C. We used TBS+0.1% Tween for the washing steps. 

Blocking was performed using TBS-Tween+3% filtered BSA (Sigma) for 1h. 

Samples were incubated for 4h, followed by incubation with anti-His HRP-

conjugated antibody (1:10,000 dilution). Revelation was performed by adding 
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freshly made OPD for 5-10 minutes prior stopping the reaction with sulphuric 

acid. Absorbance was read at 492nm using a plate reader (SpectraMax® i3). 

3.5.3 Killing assays with adherent cell lines  

For adherent target cell lines, flat bottomed plates are used. On day one, 

targets are seeded at 10,000 cells/well in 50µl of media in a 96well-plate 

(short-term co-culture) or at 40,000 cells/well in 500µl media in a 24well-

plate (long-term co-culture).  

The following day, 100µl (96well) or 500µL (24well) of CAR-T cells/well are 

added at the wanted effector to target (E:T) ratio after eventual normalisation 

of transduction efficiency. Plates are then incubated at 37°C for up to 96h.  

Cytotoxicity is assessed via flow cytometry: plates are washed with PBS, then 

Trypsin is added to each well. Plates are placed in the incubator until the 

cells are detached (via microscope). Cells are then harvested using a 

mastermix of PBS, 1%FBS and viability dye; when specified, labelled 

antibodies for CD3 (T cells) and/or target cells (such as CD19) are added to 

the mastermix as well. The whole well content is transferred to mini FACS 

tubes, which are incubated at 4°C for 30 minutes prior flow cytometry 

analysis.  

Counting beads (Flow-Check™ Fluorospheres, Beckman Coulter) are used 

for the flow cytometry-based killing assay where the number of beads (events 

on the machine) is recorded, ranging between 1,500 and 5,000/sample. 

When analysing data, the numbers of targets and effectors in each well is 

normalised to the number of beads recorded in order to eliminate any 

human/machine errors or alterations. 

3.5.4 Killing assays with non-adherent cell lines 

V bottom 96-well plates are used for co-culture using non-adherent target 

cell lines. Both targets and effectors are seeded on the same day. 25,000 

cells/well (in 50µl) is the standard minimum amount of targets seeded. To 
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add the effector cells, we use the same protocol used for adherent cell lines 

to add effectors. After seeding all the components, plates are centrifuged at 

400g for 5 minutes and then stored in the incubator. After 24h (or when 

needed), cells are washed and harvested with the same mastermix used for 

adherent targets prior flow cytometry analysis.  

3.5.5 Cytokine ELISA  

Supernatants from co-cultures is collected 24h post set-up to be tested for 

cytokine production by CAR-T cells. The cytokines quantitatively tested are 

IL-2, IFNγ and TNFα. Supernatants are diluted 1/50 and tested using the 

ELISA MAX™ Deluxe kits and protocols (Biolegend). After reading the 

absorbance (last step on the protocol), data are converted to concentrations 

compared to the standard curve, and subsequently plotted on tables using 

GraphPad Prism software. Graphs always include error bars from the 

triplicates of each sample. 1way Anova is usually calculated with multiple 

comparisons; refer to figure legends for specific statistical analysis. 

3.6 In vivo Functional assays 

Animal work is performed under the authority of the United Kingdom Home 

Office Project and Personal License regulations and animals are bred, treated, 

and maintained under pathogen-free conditions in-house under University 

College London guidelines.  

NOD Scid Gamma (NSG) mice are purchased from Charles River and at 6-

8week old are injected subcutaneously with 2x106 MDA-MB-231-fLuc+ cells 

in 100µl of PBS in the left mammary fat pad (orthotropic model). 6 days later 

tumour engraftment is confirmed via bioluminescence imaging (BLI); the 

following day (day 0) mice received 1 tail vein injection of 4x106 CAR-T cells 

in 100µl of PBS. When combination therapy was used, mice received a total 

of 3x intraperitoneal (IP) injections of 250µg/mouse of anti-PD-1 monoclonal 

antibody (Biolegend, clone EH12.2H7) on day 0, 3 and 7. 
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Tumour growth is monitored via size measurement using digital callipers 

(formula: (Height x Length x Width)/2) and via bioluminescence imaging (BLI) 

of Luciferase+ cells. During imagine, mice are anaesthetised via isoflurane. 

Luciferase expression is detected using D-Luciferin (Melford Laboratories) 

which is injected IP at 200 mg/mouse, with subsequent BLI performed using 

the IVIS Imaging System 100 Series (Perkin Elmer) once a week for up to 4 

weeks post CAR-T cell treatment. The photons emitted from fLuc-expressing 

cells in the animal body are quantified using Living Image software (Xenogen). 

Photon counts are normalised using the software ROI tools section before 

getting the images and calculating average luminescence. This is done by 

drawing a square to highlight the whole mouse. The same square is the 

copied and pasted to all other mice to ensure same surface area; the value 

we were interested in was Average Radiance Values [p/s/cm²/sr]. 

To check animal health pre and post treatment, animals are monitored daily 

for signs of pain or distress and weighted every 2-3 days to ensure that the 

animals did not surpass the limit of 10% weight loss. 

Survival of animals was also monitored, and animals were sacrificed when 

they either reached a humane endpoint or when the tumour size reached the 

limit of our license (1.5cm total). 

3.6.1 Ex-vivo TIL assessment 

When mice were sacrificed, tumours and spleens were harvested for 

immunohistochemistry analysis or flow cytometry analysis. For flow 

cytometry analysis, tissues were finely cut and digested for 1h at 37ºC with 

slow agitation with RPMI-10 containing DNAseI and CollagenaseI. After the 

hour, tissues are passed through a nylon cell strainer (70µm) to remove 

clumps and tissues, and washed 1x in PBS. To eliminate red blood cells, cells 

are incubated with 1xRBC Lysis buffer (BioLegend) following manufacturer’s 

instruction. After additional wash, cells are counted and stained with viability 

dye and FITC-anti humanCD45 antibody (Biolegend, clone HI30). Samples 

are then analysed via flow cytometry and total CD45+mCherry+ cells are 

counted and normalised to the total #events recorded. 
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TILs were sorted for the Nanostring experiment. Briefly, once TILs were 

extracted by digested tumours collected at the same time, staining was 

performed for viable cells and human CD3. Sorting was performed at the Flow 

Cytometry Core facility for double positive CD3 and mCherry cells. Cells were 

lysed in RLT buffer and re-suspended at the same cell concentration prior 

storage at -80°C. 

3.7 Immunohistochemistry 

Organs and tumours were harvested and placed into pots containing 10% 

neutral buffered formalin (Cellpath). Sectioning, embedding and human CD8 

staining was performed by Francesca Launchbury at the UCL Institute of 

Neurology. CD8 quantification, as well as mCherry staining and 

quantification were performed blindly by Dr Elena Miranda in the pathology 

department at UCL Rockefeller building. Detailed information will be in the 

figure legends. 
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 Development and characterisation of CAR-T 

cells secreting αPD-1 scFv 

4.1 Introduction  

We have successfully developed a fully humanized binder named F that 

targets a novel epitope on the membrane-proximal frizzled domain of ROR1, 

and previously reported its efficacy against a broad range of malignancies in 

a Bispecific T-cell engager (BiTE) and in a second-generation CAR format 

(324, 325).  

Our CAR-T cells are generated via lentiviral transduction. To make functional 

viral particles, we use a third generation pCCL lentiviral expression vector in 

which the CAR and fluorescent protein mCherry (327) are cloned downstream 

of a PGK (phosphoglycerate kinase) promoter and are separated by a FMD2A 

peptide, making a bicistronic vector. We included mCherry for a simple flow 

cytometry-based method to delineate transduction efficiency without 

affecting T cell function; moreover, it allows easy normalization of different 

CAR preparation to obtain more meaningful comparisons between different 

constructs by decreasing bias introduced by variation in transduction 

efficiencies. Downstream of the CAR we have included a WPRE (Woodchuck 

Hepatitis Virus Posttranscriptional Regulatory Element) to enhance the 

transgene expression (328). The CAR is a second-generation structure 

containing the humanized F binder, an extracellular hinge and CD8 

transmembrane domain, followed by 41BB and CD3ζ intracellular signalling 

domains (329) (Figure 4-1 adapted from (5). 
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In this chapter we investigate the potential influence of immunological 

checkpoints on CAR-T cell function and use this information to develop a 

strategy that attempts to improve T cell function. The following table shows 

a summary of the constructs used in this chapter with transgene schematics, 

plasmid name and page where the plasmid is mentioned.  

 

Figure 4-1: Optimised transfer plasmid for CAR-T cell production. The CAR 
sequence of choice was cloned into a 3rd generation lentiviral construct with a 
human PGK promoter. mCherry was used as a transduction marker and followed 
by a T2A ribosomal skipping element. The scFv sequence was placed in a heavy 
chain, linker, and light chain format and utilised the hinge spacer from human 
IgG1. This was followed by a CD8 transmembrane domain with 41BB and CD3  
intracellular signalling arms. The design was modular such that each component 
could be switched with simple cut and paste cloning. 
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Table 5: Summary of transgene schematics of the plasmids used in this chapter. 
Schematics include corresponding plasmid name and page. Not included in the 
schematics is the WPRE sequence downstream of the last element (CAR, reporter 
gene or anti-PD-1scFv). PGK= Phosphoglycerate kinase; 2A= FMD2A peptide; 
mouseFc = murine Fc fragment; orange X represent stop codon, blue diamond 
represents signal peptide. 
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4.1.1 ROR1 CAR-T cells upregulate surface PD-1 in the presence of the 
targeted antigen 

As PD-1 is often upregulated on TILs and CAR-T cells, we assessed the 

surface expression of PD-1 on our ROR1 CAR-T cells via flow cytometry from 

several in vitro co-culture conditions to see if any difference could be 

observed. When ROR1 CAR-T cells were left in culture with recombinant IL-

2 following transduction, we detected stable low surface PD-1 levels (average 

of 0-10% PD1+ CAR-T cells, n=3, day 0 in Figure 4-2). Similarly, surface PD-

1 did not increase substantially when the CAR-T cells were co-cultured with 

the ROR1negative T-lymphoblastic leukaemia cell line SupT1 (black 

triangles). When co-cultured with ROR1+ cell lines MDA-MB-231 (TNBC) 

H1975 (NSCLC) and Kasumi2 (ALL), CAR-T cells showed rapid upregulation 

of surface PD-1 (7-9-fold increase, pink symbols) after 24h, which correlates 

with canonical T cell activation. PD-1 surface expression remained 

consistently high up to 96h of co-culture when target cells were still present, 

suggesting an acquired exhausted phenotype by CAR-T cells with long-term 

antigen stimulation.  
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4.2 αPD-1 scFv manufacturing and characterisation 

4.2.1 Cloning of PD-1 binders in a single chain variable fragment 
(scFv) format 

Based on the marked and stable upregulation of the immune checkpoint PD-

1 by our CAR-T cells, we developed a monotherapy approach that leads to 

secretion of anti-PD1 scFv upon activation of CAR-T cells using the NFAT 

inducible promoter (330). We hypothesize that a spatially targeted checkpoint 

blockade delivery will enhance CAR-T cell effectiveness whilst limiting off-

tumour toxicities that often arise with systemic checkpoint blockade therapy 

(331, 332).  

Figure 4-2 Gating strategy and surface PD-1 measurement via flow 
cytometry. Freshly isolated PMBCs from three healthy volunteers were 
transduced to express ROR1 CAR. After transduction, CAR-T cells were cultured 
is different settings and checked via flow cytometry for surface PD-1 expression 
at various time points: top panel: gating strategy for detection of surface PD-1 
from CD3+ CAR-T cells (CD3+mCherry+ cells); bottom graph: %PD-1+CAR-T cells 
before co-culture (0h) and after co-culture with 4 different cell lines: ROR1+ 
Kasumi2, MDA-MB-231 and H1975 (pink symbols) and ROR1- cell line SupT1 
(black symbol) at 10:1, 5:1 and 1:1 T:E ratios. Bars represent SD between the 
different cell lines and between the three donors at a given T:E ratio. 
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Variable chains from the commercial antibodies pembrolizumab and 

nivolumab were paired by a short amino-acid linker sequence to generate the 

respective antibodies in a single chain variable fragment (scFv) format. To 

facilitate detection and purification, an N-terminal hexa-histidine (His) tag 

was added. The resulting sequences were generated as g-Blocks and cloning 

was done to replace the reporter gene mCherry with the αPD1 scFv from 

either nivolumab or pembrolizumab:  

 

In his way, constitutive scFv production is driven by the PGK promoter 

(PL182), allowing us to easily produce the scFvs via transient transfection of 

HEK-293T cells. Material and methods section 3.4.2 contains more detailed 

protocols.  

4.2.2 Production and binding assessment via flow cytometry 

HEK 293T cells were transiently transfected with the two expression vectors 

to secrete αPD-1 scFv from either pembrolizumab or nivolumab. 

Supernatants were collected after 72h and were incubated with our 

engineered SupT1-PD1+ cell line (GFP+). To assess binding capacity, after a 

washing step to remove unbound material, an APC-conjugated anti-His 

antibody was added, and a further incubation step was performed before flow 

cytometry analysis. Figure 4-3 shows representative double positive 

populations of His-tagged αPD-1 scFv (y axis) bound to PD-1/GFP+ target 

cells (x axis) which were always above 90% showing specific binding of the 

scFv to surface PD-1 
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4.2.3 αPD-1 scFv binding kinetics using surface plasmon resonance 
(SPR) 

Next, to better characterise the binding kinetics of the pembrolizumab-

derived scFv, we undertook SPR experiments on a Biacore X-100 to define 

affinity constants for the interaction with recombinant PD-1 protein.  

Cloning was performed to link the αPD-1 scFv from pembrolizumab to a 

mouse Fc stalk (PL365) to allow binding to the CM5 sensor Chip, coated with 

a mouse capture kit. Following transient transfection, supernatants 

containing the αPD-1 scFv-mFc were concentrated using Amicon Ultra 

centrifugal filter units. We made a total of four independent productions 

(roughly 15mL supernatant each) then supernatants were combined and 

concentrated into two separated stocks. The concentrated supernatants were 

tested via flow cytometry to confirm binding to PD-1 and via Western Blot to 

assess the product quality. Using an HRP-conjugated anti-mouse IgG mAb 

we detected the binders at the correct size (about 55kDa) for both supe#1 

and supe#2, along with the full mIgG1 Ab control (2 bands as reducing 

conditions were used, Figure 4-4). 
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Figure 4-3 Binding assay via flow cytometry. scFv binding was assessed 
using our engineered SupT1-PD-1+ cells (GFP+) as targets. Negative control is 
target cells with detection antibody APC-anti His Tag only. Gates were set up 
based on negative control plots. Left panel: pembrolizumab scFv showed 94% 
of double positive population for GFP (targets) and APC (his-tagged scFv). Right 
panel: nivolumab scFv showed 90.4% double positive shift. 
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For the SPR experiment, we selected a single-step multi-cycle protocol where 

we coated sensor Chip (CM5) with the αPD-1 scFv-mFc, to which we then 

added increasing concentrations of the analyte, the PD-1 protein. We 

performed a total of 4 runs on the Biacore: 3 independent runs, of which a 

representative sensogram is showed in Figure 4-5 and a control run, where 

we used the same settings and reagents but on a human Fc capture sensor 

Chip. With this experiment we obtained the background/baseline of the 

binding. Dr Muczynski kindly performed the downstream analysis and 

calculated the affinity values, where representative values were: Ka (1/Ms) = 

7.15e+05, Kd (1/s) = 0.00246 and KD (M) = 3.54e-09. This means that the scFv 

retained very good affinity for PD-1. The KD reported for pembrolizumab 

antibody is 29 pmol/L (333) 

Figure 4-4 αPD-1 scFv binding assessment. The newly generated 
αPD-1 scFv linked to a mouse Fc stalk was generated via transient 
transfection of HEK-293T cells. Supernatant was then concentrated 
and tested as follow: A) flow cytometry binding assay against the 
same PD-1+ cell line using a A647-conjugated anti-mouse IgG to 
confirm no changes in binding to the target; B) concentrated 
supernatants from 3 independent productions were tested via 
Western Blot under reducing conditions to confirm presence of the 
correct product (expected band size: 55kDa) and similar amounts 
between batches. Positive control: purified mouse IgG1κ antibody, 
negative control: non-transfected concentrated media. 

60 kDa 

50 kDa 

A) B) 
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4.3 Manufacturing of CAR T cells with inducible promoter 

4.3.1 Generation of the inducible system cassette 

The detailed cloning strategy is found in materials and methods section 3.1.2 

and is based on the work by Hoojiberg and colleagues (334). Following their 

methodology, we first generated the pBS-NFAT6-IL2min vector, containing the 

inducible cassette made of 6 repetition of NFAT followed by the minimal IL-2 

promoter. The inducible expression cassette was then transferred into the 

backbone of a pCCL.PGK vector which was then named PL241. For the 

preliminary functional assays, we inserted the reporter gene GFP 

downstream the inducible system to allow for easy detection of the signal via 

flow cytometry. The schematic of the inducible system was the following: 

 

Figure 4-5 Representative SPR sensogram. (1 of three independent runs) 
showing binding to increasing concentrations of PD-1 protein (from 0µg/ml to 
2.5µg/ml) in Response Units (=RU, y axis) with association/dissociation cycles 
over time (x axis). Baseline (blue line): No cross-linking of the aPD1scFv-Fc was 
expected and therefore no binding from the sensogram was detected. 
Experimental setup and downstream analyses were kindly performed by Dr 
Vincent Muczynski. ka = association rate constant, kd = dissociation rate 
constant and KD = equilibrium dissociation constant.  
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4.3.2 Detection of induced GFP expression via flow cytometry  

The first in vitro experiment to evaluate the functionality of the inducible 

system had the following settings: 

Fresh T cells were co-transduced with viruses made using the following 

expression lentiviral vectors: 

1- Vector for constitutive anti-ROR1 CAR expression with a BFP reporter 

gene (CARBFP, PL191)  

And:  

2- Plasmid 241: vector containing the inducible cassette (6xNFAT 

followed by the minimal IL-2 promoter) to drive GFP expression, plus 

constitutive expression of mCherry reporter gene or 

3- Plasmid 210: vector containing a full-length IL-2 promoter followed by 

GFP and expressing mCherry as well 

The reason for including vector 3 (PL 210) was to evaluate whether the full-

length would give better induction than minimal IL-2 promoter in these 

settings. The negative controls were ‘CAR only’, or T cells transduced only 

with the CARBFP plasmid, or double-transduced CAR-T cells expressing the 

co-cultured with the ROR1- target cell line. These controls would generate 

total absence of GFP (former) and non-specific GFP induction (latter). 

Before setting up the co-culture assay CAR-T cells were checked for 

transduction efficiency (% double positive for mCherry and BFP) and 

normalised to have the same transduction level. ROR1+ target cell line used 

was the mantle cell lymphoma Jeko1. Target and effector cells were seeded 

at 1:1 T:E ratio in a 96well-plate in triplicate (2 donors) and conditions were 

checked for GFP expression via flow cytometry at: 0h, 24h, 48h, and 72h. 

Figure 4-6 shows the gating strategy (top panels) and flow cytometry results. 

The gating strategy is showing GFP signal (panel on the right) from live double 

positive CAR-T cells. The background or baseline GFP signal was roughly 2-

5% for both constructs (210 and 241) alone, suggesting minimal non-specific 

induction from both systems, but when CAR-T cells were co-cultured with 
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SupT1 cell line, we measured increased GFP signal over time. With the 

minimal IL-2 promoter, GFP expression increased up to 8% (peak at 48h), 

whereas for the full-length IL-2 promoter the signal went up to 16% at 72h 

(3 times more than the signal from effector cells without targets), suggesting 

a non-specific induction of GFP which was more marked for the 210-CAR-T 

cells; we hypothesise this might be due to the strength of the full-length IL-

2romoter compared to minimal promoter of plasmid 241. Against the ROR1+ 

target Jeko-1, we observed induced GFP expression up to 23% and 15% for 

210 and 241, respectively, which sustained for the whole 3 days of co-culture. 

Figure 4-6 GFP expression is induced in the presence of the targeted 
antigen. Fresh human T cells from 2 donors were co-transduced with two 
lentiviruses to express a CAR (either GD2, nonspecific, or ROR1) and the 
inducible system (either NFAT-IL-2min or full-length IL-2 promoter). Co-cultures 
were set up with Jeko-1 (ROR1+) and SupT1 (ROR1-) cell lines and GFP 
expression was measured via flow cytometry over time (24h, 48h, and 72h). Top 
panel: flow cytometry gating strategy to obtain the %GFP from co-transduced 
CAR-T cells (gated on respective reporter genes mCherry and BFP); bottom graph: 
summary of GFP expression: background GFP is the average %GFP (5%) from 
co-transduced cells expressing the irrelevant CAR or co-transduced cells 
cultured without target (labelled ‘only’). Results are mean+SD of 2 donors plated 
in triplicate. 
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From this preliminary assay we concluded that both inducible systems 

worked in the presence of ROR1 (induced GFP detected over time) and 

decided to proceed using the inducible system with the minimal IL-2 

promoter because, despite showing weaker GFP signal compared to the full-

length promoter, the leakage or non-specific induction was also much lower 

(almost half).  

We therefore set up further in vitro experiments using only two plasmids for 

the effector cells: one for constitutive ROR1 CAR expression (PL166) and one 

for inducible GFP expression (PL241). Once freshly isolated human T cells 

were transduced, co-cultures were set up with several target cell lines with 

different ROR1 surface expression levels (Figure 4-8 for representative flow 

cytometry plots) to provide an insight into functional differences when 

targeting cell lines expressing different targeted antigen levels. CAR-T cells 

were checked for GFP expression up to 72h of co-culture: and we confirmed 

the mild leakage of the system (roughly 15% GFP, orange dotted line in Figure 

4-8) when CAR-T cells were cultured with ROR1- target cells or alone. In 

terms of inducible expression, the peak was at 24h for all cell lines, with SKW 

6.4 being the target cell line inducing the highest GFP expression (up to 52% 

versus an average of 40% for all other ROR1+ target cell lines). We assumed 

that this increased induction was likely due to the highest ROR1 expression 

compared to the other cell lines. GFP expression decreased an average of 10% 

over time, with almost no difference between 48h and 72h, demonstrating 

functional induction over time. 

In summary, with these preliminary co-cultures we show that the inducible 

system, made of 6 repetitions of the NFAT molecules followed by either a 

minimal or a full IL-2 promoter, is functional as GFP expression was detected 

from activated CAR-T cells in the presence of the targeted antigen up to 72h 

of co-culture in two independent co-cultures and using 4 different donor-

derived T cells.  

As we were able to generate PD-1 binders in a scFv format and a functional 

inducible system, the following steps focused on the generation of ROR1 CAR-

T cells able to secrete αPD-1 scFv through the inducible system. 



 

 107 

 

4.3.3 Generation of the single construct for inducible αPD-1 scFv 
secretion 

Cloning was performed to replace the GFP with the αPD1 scFv and to place 

all the elements into one multicistronic expression vector. Shown below is 

the transgene schematics of PL268 (refer also to table 4-1 page 86): 

 

Figure 4-7 Second co-culture for i-GFP expression. A second co-culture was 
set up, this time with more ROR1+ cell lines and only using co-transduced T 
cells expressing ROR1 CAR and the NFAT inducible system; A) representative 
flow cytometry histograms showing ROR1 surface expression on target cell 
lines (green shift versus isotype control peak, in grey); B) %GFP+CAR-T cells: 
as control, T cells were transduced to express the CAR only, without the 
inducible GFP system. As before, cells were harvested at different time points 
and analysed via flow cytometry for GFP expression. Background line is the 
average signal from double transduced CAR-T cells alone in the absence of 
stimulus. 

Kasumi2 SKW 6.4 Jeko1 Raji SupT1 

A) 

B) 
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To confirm the induced secretion of the scFv, we set up several in vitro co-

cultures using freshly transduced T cells incubated with ROR1+ (Kasumi2) 

and ROR1- (SupT1) target cell lines at 5:1 T:E ratio. We collected 

supernatants after 24h to detect the secreted αPD-1 scFv labelled with His-

tag using the flow cytometry-based binding assay to the SupT1 PD-1+ cell 

line. The negative control was ROR1 CAR-T cells only (lacking the inducible 

system), whereas CAR-T cells with constitutive secretion of anti-PD-1 scFv 

were used as positive control.  

Figure 4-9 shows representative flow cytometry plots where, as expected, the 

highest binding or histogram shift from baseline is given by supernatant from 

constitutive secretion of αPD-1-scFv, followed by supernatant from CAR-T 

cells with the inducible system (from now on referred as i-CAR T cells) co-

cultured with ROR1+ target cells. Negative histogram shifts (overlapping with 

the baseline from the APC-conjugated anti-His antibody) were always 

detected with supernatants from either ROR1 CAR-T cells only (control) or 

from i-CAR-T cells co-cultured with ROR1- cell lines (non-induced). The non-

induced negative shift suggests that the mild leakage of the system, if still 

present, is not producing enough αPD-1 scFv to be detected via flow 

cytometry. 

+APC anti-His-Tag 

 Background 

 Non-induced secretion Constitutive secretion 

ROR1 CAR only   Induced secretion 

Figure 4-8: Representative plots for scFv binding to PD-1+ cell line upon 
CAR T cell activation. Co-cultures of ROR1 i-CAR-T cells with ROR1+ and 
ROR1- targets were set up to assess constitutive and inducible secretion of 
αPD-1 scFv at 1:10 E:T ratio. After 24h, supernatant was collected and 
assessed via flow cytometry for binding to the PD-1+ cell line. Binding was 
detected using an APC-conjugated anti-His-Tag antibody. Representative flow 
cytometry histograms show binding from either constitutive secretion or i-
CAR-T cells with ROR1+ target (green and dark blue peaks, respectively, as 
opposed to grey baseline), whereas no shift of the histogram (no binding) were 
detected with either ROR1 CAR only (control, light blue histogram) or with 
ROR1 i-CAR-T cells without the targeted antigen (yellow histogram).  
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4.3.4 Troubleshooting for T cell transduction efficiency 

Freshly isolated T cells from healthy volunteers are transduced with lentiviral 

particles made using the pCCL.PGK lentiviral expression vectors. 

Transduction using these vectors to express one of our second-generation 

CARs yields between 50% and 80% mCherry+ T cells, whereas the 

transduction levels using the new transgenes containing the inducible 

system are at best 40%, requiring sorting of mCherry+ T cells before 

performing functional experiments. As this process is time consuming and 

unpractical, not to mention the fitness variability of the sorted primary cells, 

we decided to assess several strategies to increase the transduction efficiency 

for these constructs to avoid the need for sorting. 

4.3.4.1 Viral titre  

We thought the first thing was to make sure that good titres of virus were 

made. To calculate viral titres, we set up infectious assays using HEK-293T 

cells. Briefly, HEK-293T cells are infected with the virus of interest which is 

titrated and combined with polybrene (5µg/mL) prior storing the cells in the 

incubator for 3 days. On the read-out day, cells are checked via flow 

cytometry for reporter gene expression (usually mCherry). Calculations are 

then made to assess total infectious units (IU, the number of cells 

transduced) per ml of viral supernatants. Figure 4-10 (table) shows 

representative infectious assay results. We consider viral titres to be good 

when they range between 5 and 10x106 IU/mL. In this representative 

example, canonical ROR1 CAR viral titre is 8.9, whereas i-CAR viral titre is 

2, which likely explains the very poor transduction efficiency. We concluded 

something in the transgene is dramatically lowering the virus titres. 

In parallel, SupT1 cells and freshly isolated T cells were transduced with the 

same viruses. After transduction, SupT1 and T cells were analysed via flow 

cytometry for mCherry expression. Figure 4-10 shows flow cytometry plots:  

interestingly, when looked at SupT1 cells (top right panel), although they are 

all 100% mCherry positive compared to non-transduced cells, the shifts are 

less compared to ROR1 CAR (red histogram), suggesting that transduction 
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with the inducible cassette-containing plasmids seems affected even in 

SupT1 cells. When primary cells were assessed, as expected we measured 

much lower transduction levels compared to ROR1 CAR (69% versus 45% 

and 23%, from ROR1 CAR + inducible system only (all elements minus the 

PD-1 binder) and ROR1 i-CAR, respectively. 

As first troubleshooting approach, we tried transducing cells using 

concentrated virus, but no improved transduction efficiency was observed 

(data not shown). 

 

 

Transduced SupT1                 
     

ROR1 CAR              ROR1 CAR+NFAT-IL2              ROR1 i-CAR                   
     

Figure 4-9 Representative viral titres (IU/ml) of virus and flow 
cytometry plots of transduced cells (mCherry+). Infectious assays 
were performed on 4 viruses: ROR1 CAR (positive control), ROR1 
CAR+inducible system (+NFAT-IL2) and ROR1 i-CAR; a) 
representative viral titres expressed in IU/mL; b) flow cytometry plots 
show transduction efficiency of SupT1 (top right) and of freshly 
isolated T cells (bottom three) based on mCherry expression. 
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4.3.4.2 Transfer vector transgene size 

We then hypothesised that the larger vector genome size, due to the 

additional elements, was causing the reduced transduction compared to the 

ROR1 CAR one. After removing roughly 1250bp of non-essential elements 

(reporter gene and IRES), transduction efficiencies were compared again but 

no difference was detected between the plasmid containing ROR1 CAR with 

constitutive αPD-1 (PL284) and same plasmid without reporter gene and 

IRES (PL315, Table 4-1 for transgene schematics and Figure 4-11 for flow 

cytometry plots). To measure transduction, cells were stained with a FITC-

anti-human Fab antibody (that binds to the CAR extracellular domain), but 

no shift was observed for both 284 and 315 compared to the positive control 

(SupT1 expressing the same ROR1 CAR, Figure 4-11 top right panel). 

Interestingly, when secretion of anti-PD-1 scFv was compared between the 

same two plasmids we observed a shift of roughly 96% for both (two bottom 

flow cytometry plots), suggesting that the transduction issue might cause 

expression issues in region between the mCherry and the CAR on the 

transgene. This hypothesis was supported by a further experiment to assess 

binding to ROR1eFc protein, where we measured same binding (or shift) for 

both inducible systems, which was still much lower than control (top left 

panel). 
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4.3.4.3 Co-transduction 

The next strategy was to separate the two expression cassettes (ROR1 CAR 

and inducible system) into two different expression vectors and compare the 

overall transduction efficiency after co-transduction. The first viral vector 

encoded for the canonical ROR1 CAR. The second vector, named PL321, 

contained the inducible αPD-1 scFv followed by eBFP reporter gene with a 

T2A peptide in between to allow co-translation. In this way, both 

pembrolizumab scFv and eBFP presence can be detected via flow cytometry 

only after CAR activation-mediated induction. 
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Figure 4-10 Functional comparison between PL284 and PL315 for 
transduction efficiency, ROR1 binding and scFv secretion. Binding to soluble 
ROR1eFc was assessed for SupT1-268 (+ve ctrl), T cells expressing ROR1 CAR+ c 
system (284) and smaller version plasmid (315). NT = NT T cells + ROR1eFc+ A647-
anti-mouseFc antibody (for background signal). Second plot shows same cells tested 
with FITC-anti-human Fab antibody which binds to the ROR1 CAR extracellular 
domain; b) Flow cytometry of secreted scFv binding to the PD-1+ cells 
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Subsequently, fresh T cells were transduced to express either ROR1 CAR, 

ROR1 i-CAR or ROR1 i-CAR via co-transduction. Transduction efficiencies 

were compared along with binding to ROR1eFc. Results (Figure 4-12) show 

that co-transduced cells had increased % of mCherry+ T cells compared to 

ROR1 i-CAR (38% versus 31%), but still not as good as ROR1 CAR (47%), 

likely because of the halved amount of virus used for transduction. ROR1eFc 

bindings were very similar between ROR1 CAR-T cells and co-transduced 

cells (44% and 35% double positive, respectively), so we assumed that ROR1 

CAR from co-transduced T cells was more functional than i-CAR-T cells 

(mCherry+ but no shift from binding, top central panel).  

Next, a co-culture was set up to assess inducible eBFP expression with 

ROR1+ targets only. Transduced cells have been co-cultured with SupT1 

(ROR1-), Kasumi2 (ROR1++) and Raji (ROR1+) cell lines at 10:1 T:E ratio. 

Cells were checked for induced BFP expression via flow cytometry after 24h. 

Figure 4-12 (bottom panel) shows flow cytometry plots for double positive 

cells, confirming specific eBFP induction (no eBFP with SupT1 cells) which 

seems related to ROR1 expression on target cells (8% from Kasumi 2 versus 

2.5% of eBFP from Raji). 

Although promising, these results show transduction levels that are still too 

low for our standards, therefore we decided to explore other alternatives.  
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4.3.4.4   3rd generation SIN-viral vector 

Next, we hypothesised that the issue might be due to the presence of too 

many promoters into a single expression vector: the CMV promoter-enhancer 

of our third-generation expression vector, the minimal IL-2 promoter for the 

inducible system and the PGK promoter for reporter gene and CAR 

expression. This issue is often referred as promoter or transcriptional 

interference. We found a plasmid from Cheng L et al. (335) with the following 

features:  

-3rd generation lentiviral (LV) vector with disabled viral promoter in the 3′ LTR 

of the vector genome following integration, also known as self-inactivating 

(SIN) 
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Figure 4-11 Flow cytometry plots to check co-transduced CAR-T cells. Top 
panel: transduction efficiency based on reporter gene expression (mCherry, y 
axis) and binding to ROR1eFc (x axis). Double positive population indicate CAR 
T cells binding to soluble ROR1eFc. Bottom panel: induction of BFP (x axis) gated 
on mCherry (y axis) via co-culture with SupT1 (first), Kasumi2 (middle) and Raji 
(last plot) cell lines.    
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-Two internal promoters driving two transcriptional units: CMV for GFP 

expression and EF1-α for FasL surface ligand expression. 

Interestingly and promising for my work, they showed that dual-promoter LV-

transduced human CD34+ cells were 56% positive for GFP, which is the 

second (downstream) gene. Moreover, high expression at mRNA levels for 

both the GFP and the FasL transgenes were observed via qPCR.  

We therefore purchased the plasmid from Addgene 

(https://www.addgene.org/17616/) aiming to insert both expression 

cassettes into this backbone and evaluate transduction efficiency using 

mCherry. The resulting 3rd generation SIN-LV, named PL344, contained the 

following transgene:  

 

The following viruses were made in several independent experiments:  

ROR1 CAR  

ROR1 i-CAR old (old backbone with same transgene as new plasmid) 

ROR1 i-CAR new (new SIN-backbone, plasmid named PL344)              

After 48h, viruses were used to transduce freshly isolated T cells and HEK-

293Ts for viral titre calculation. For the infectious assay, data from several 

independent tests are shown in Figure 4-13 and highlight that viral titres 

using the new vector are much higher than the ones generated with the 

previous backbone (7.5 versus 2.8x106 IU/ml). These results were confirmed 

by mCherry expression via flow cytometry (Figure 1-13 for flow cytometry 

plots), where transduction levels from new ROR1 i-CAR-T cells, although 

slightly lower than ROR1 CAR-T cells (55% mCherry+ versus 78%) were much 

https://www.addgene.org/17616/


 

 116 

better than the ones using the i-CAR transgene with the previous backbone 

(15%). 

 

As these results were reproducible, we concluded I was able to generate a 

single lentiviral expression vector to generate functional virus to make ROR1 

CAR T cells able to secrete upon activation blocking αPD-1 scFv. 

4.4 Discussion 

One of the most studied immunological checkpoints so far is the PD1/PD-L1 

axis. Therapeutics interfering with this interactions showed remarkable 

beneficial effects to treat melanoma (336-338), lung cancer (339) and to a 

lesser extent breast cancer (255, 340). CAR-T cells are susceptible to 

inhibitory immune checkpoints and acquire a differentiated and exhausted 

phenotype resulting in loss of effector functions (341, 342). Substantial 

literature has showed that PD-1 pathway blockade combined with CAR-T 

mCherry expression  

ROR1 CAR                                   old ROR1 i-CAR                        new ROR1 i-CAR      
     

Figure 4-12 Viral IU and corresponding transduction efficiencies of freshly 
isolated T cells. Infectious assays as well as transduction efficiency of fresh T 
cells were performed independently several times to evaluate the quality and 
transduction efficiency of the new SIN-lentiviral plasmid (named New ROR1 i-
CAR) versus the canonical ROR1 CAR (positive control) and the same transgene 
in the former lentiviral backbone, named old ROR1 i-CAR. 



 

 117 

cells was able to enhance cytotoxicity (151, 343, 344) and to provide superior 

in vivo tumour eradication and survival in murine models (156, 157, 345). 

Moreover, combination therapy is being actively investigated in the clinic, 

despite the severe toxicities that may arise from systemic administration of 

checkpoint inhibitors.  

In line with this work, we aimed at combining ROR1 CAR-T cell therapy with 

a localized delivery of PD-1 blockade to overcome the immunosuppressive 

TME whilst limiting off-target toxicity that often arise with systemic 

administration of checkpoint blockade (238, 346). We selected an inducible 

system for the secretion of the scFv. This is based on the nuclear factor of the 

activated T cell (NFAT)-responsive expression cassette, where the CAR-

derived CD3ζ signalling induces the activation of the NFAT minimal promoter 

which in turns leads to production and secretion of the molecule of choice. 

This approach was first reported by Chmielewski and Abken with their 

redirected CAR-T-cells secreting IL-12 upon activation (72). They reported 

increased efficacy and better tumour eradication at much lower dose than 

second-generation CAR-T cells.  

We started by assessing PD-1 expression by our CAR-T cells and confirmed 

stable ROR1-specific upregulation of PD-1 up to 96h of co-culture in the 

presence of the targeted antigen (mean of 80% using three different target cell 

lines and three different donor-derived T cells). Without antigen, no 

upregulation was observed, confirming that the overexpression is due to 

CAR-T cell activation.  

We then successfully cloned two blocking scFv binding to human PD-1 

derived from two commercially available antibodies, nivolumab and 

pembrolizumab. The latter was tested for binding kinetics via SPR and we 

measured high binding affinity for its ligand with consistent KD values in the 

nanomolar range.  

For the inducible system, we set up preliminary co-cultures to assess the 

induction of GFP via flow cytometry for an easier and direct evaluation. In 

parallel we also assessed the full-length IL-2 promoter to see whether it would 
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confer stronger induction: although we did see that ROR1-induced GFP 

signal was higher at almost two-fold, so it was the non-specific (or leaking) 

induction in the presence of the ROR1- target cell line. Potential leakage of 

the NFAT promoter independently of CAR signalling is a concern for this and 

any other promoter which is also induced by TCR-derived signalling (330) . 

For this reason, we decided to continue with the minimal IL-2 promoter as 

we were concerned by such high levels of uncontrolled release which may 

cause more systemic or non-specific adverse events.  

A second set of co-culture assays confirmed the induction of GFP in the 

presence of several target cell lines which expresses different levels of ROR1 

at higher T:E ratio (5:1 instead of 1:1) as we hypothesised that more targets 

would induce higher GFP signal. Induced GFP signal was indeed much higher 

than the previous co-culture and similar across all ROR1+cell lines (average 

of 40%) but was still detected when CAR-T cells were either cultured with a 

ROR1- target cell line or left alone, suggesting mild leakage of the inducible 

system. 

Once confirmed the functionality of the inducible system, we cloned it into 

our canonical 3rd generation lentiviral expression vector downstream the CAR 

expression cassette. In this way, we would have one single expression vector 

to make virus to efficiently transduce freshly isolated T cells. Unfortunately, 

this vector was not efficient given the very low viral titres that resulted in poor 

transduction efficiency (measured via mCherry expression) and lower antigen 

binding efficacy by the ROR1 CAR. 

We tested several strategies to solve this problem, from concentrating the 

virus to reducing the size of the transgene, as well as co-transducing the T 

cells with two expression vectors. None of these approaches showed 

remarkable improvements in viral titres or in transduction efficiency. 

We then assumed the issue was related to promoter or transcriptional 

interference, which can be defined as the perturbation of one transcription 

unit by another(347). The interference we observed seemed to primarily affect 

the expression of the mCherry-2A-CAR transgene, via PGK promoter. 
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The potential transcriptional interference between the LTR activity and an 

internal promoter driving the transgene can be prevented by the SIN design. 

For this reason we opted for a self-inactivating (SIN)-lentiviral vector, which 

has a deletion in the 3'LTR region of the viral genome (348). With the new 

backbone, we were able to recover both viral titres (7.5 versus 2 IU/ml from 

previous backbone) and transduction efficiency (50% versus 15%).    

Overall, with this chapter we report the generation of a functional lentiviral 

expression vector that can be used to generate ROR1-targeted CAR-T cells 

bearing an inducible system that becomes operational upon CAR-T cell 

activation. 
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 Functional assays: in vitro validation of CAR-

T cells in the context of solid malignancies 

After successfully generating the lentiviral construct to make functional 

ROR1 targeted CAR-T cells secreting αPD-1 scFv, we validated the system 

primarily in the context of solid malignancies. This chapter will therefore 

describe in detail the in vitro functional features of the ROR1 CAR-T cells. The 

overall aim was to compare ROR1 i-CAR-T cells with the parental ROR1 CAR-

T cells lacking inducible system for parameters such as targeted cytotoxicity, 

T cell fitness and phenotype.  

5.1 Detection and quantification of αPD-1 scFv produced by activated 
CAR-T cells 

5.1.1 Production, purification and quantification of αPD-1 scFv 

Based on the preliminary flow cytometry data showing specific secretion of 

αPD-1 scFv by i-CAR-T cells, we set up further and more sensitive assays to 

confirm the specificity of the NFAT-inducible system and, at the same time, 

to quantify the produced scFv. We first developed an in-house PD-1 ELISA, 

where ELISA plates were coated with recombinant PD-1 protein, to which 

αPD-1 scFv-containing supernatant was added and the scFv, which is His-

tagged, was detected using an HRP conjugated anti-His antibody.  

In order to quantify the detected scFv in the supernatant, we used a standard 

curve made of purified αPD-1 scFv. The scFv was purified from supernatant 

of HEK-293T producing cells following transient transfection using the Akta 

FPLC system. Figure 5-1A shows the elution trace with the elution peaks 

highlighted. The fractions corresponding to the 2 elution peaks were then 

tested via western blot to confirm presence and purity of the scFv. According 

to the western blot (Figure 5-1B), both peaks contained the purified His-

tagged protein at the right molecular weight (27kDa), with the second peak-

related fractions showing brighter bands which translates to higher 

concentration of the His-tagged protein. Moreover, the second peak bands 

showed a higher His-tagged band at approximately 55KDa, which suggests 

dimerization of the scFv.  
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After combining the fractions with the brightest bands (A11-A13 + B14-B12), 

dialysis in PBS was performed overnight. The purified scFv was quantified 

using a standard curve with a purified His-tagged protein (ROR1xCD3 BiTE) 

of known concentration (Figure 5-2a for western blot). To note, the putative 

dimer band is still present but in much lower amounts than before dialysis. 

The purified scFv was stored at -20°C. To ensure the PD-1 ELISA was specific 

and sensitive enough for our scFv binder, we performed a preliminary run 

with serial 1 in 2 dilutions of the purified scFv starting at 4µM. The standard 

curve (Figure 5-2b) confirmed specific detection of the αPD-1 scFv, with 

lowest detectable concentration being 0.0078 nM corresponding to an OD 

value of 0.0088 mOD.  

Peak 2 

Peak 1 

Figure 5-1 scFv purification: a) UV chromatography (blue line) of the elution 
phase of purification with two peaks; the green line corresponds to the Imidazole 
concentration and dashed red lines at the bottom the fractions collected; b) Western 
blot using an anti-His-HRP secondary shows band at the correct size for both 
peaks, with second peak fractions (B15-B12) having higher concentration of  
protein; despite the presence of a possible dimer, there is significant purity.  

                      a) 

 

 

 

 

b) 
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5.1.2 PD-1 ELISA show targeted and long-lasting scFv production 

We set up co-cultures using freshly transduced ROR1 i-CAR-T cells 

incubated with ROR1+ target cells MDA-MB-231 and H1975 (TNBC and 

NSCLC, respectively) and with ROR1- cell line SupT1 (T lymphoblast). Co-

culture supernatant was collected at different time points and stored at -20°C 

to test all samples at the same time via PD-1 ELISA.  

Results (Figure 5-3) confirmed the flow cytometry data: we detected secreted 

scFv only in the presence of the targeted antigen (3 donors average+SD), as 

early as 5h and up to 96h of co-culture. The quantity of scFv produced was 

roughly the same between the two different target cell lines, suggesting that 

the levels of released scFv might be due to intrinsic features of the CAR-T cell 

rather than correlated with ROR1 surface expression levels. 4pM was the 

average concentration detected for the whole duration of the experiment, with 

peak at 24h against both target cell lines (4.15±2.47 pM). This confirms the 

presence of the scFv in the supernatant up to 96h of co-culture, and we 

hypothesize that the stable level is the result of a balance between production 

and scFv binding to PD-1 (therefore not collected in the supernatant) or scFv 

Figure 5-2 scFv quantification and ELISA assessment. a) Following dialysis 
overnight, the purified scFv was quantified via western Blot using a purified His-
tagged scFv serially diluted for the standard curve and ImageJ software was used 
to generate a standard curve and exact quantification; b) once concentration was 
determined, an in-house ELISA was set up: serial 1in2 dilutions of the purified 
scFv were tested for binding to recombinant PD-1 (coated on the plate) and 
detected using the same HRP anti-His antibody used for western blot. Signal from 
OPD substrate was detected using a plate reader.  

a)                                               b) 
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degradation. Importantly, no signal was detected in the supernatant from co-

cultures with the ROR1- target cell line, confirming specificity of the system. 

 

5.1.3 scFv labelling with Gaussia Luciferase and detection confirm 
specific and long-lasting scFv secretion 

We then performed a third experiment to detect the secreted αPD-1 scFv. This 

time cloning was performed to swap the His-tag with a Luciferase tag (gaussia 

Luciferase, gLuc). Freshly isolated T cells from three healthy volunteers were 

transduced to express ROR1 i-CARgLuc before setting up the same co-culture 

protocol we used for the ELISA quantification.  

Supernatants were collected at different time points and gLuc substrate was 

added to detect the scFv-gLuc. Bioluminescence signal was read via plate 

reader, with minimal signal detection from supernatants with ROR1- target 

cells (Figure 5-4). This confirms once again that the secretion of the scFv is 

specific. When ROR1+ targets were present, CAR-T cells released αPD-1 scFv-

gLuc as early as 6h, with peak at 24h for both targets. Bioluminescence 
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Figure 5-3 Quantification of secreted scFv via PD-1 ELISA. In-house PD-1 
ELISA was set up coating plates with recombinant PD-1 protein. Co-culture 
supernatants (1:1 T:E ratio used) were incubated, washed and bound αPD-1 scFv 
was detected with an HRP conjugated anti-His antibody. Standard curve was 
made of serially diluted purified scFv, which also served as positive control. 
Negative controls were supernatant harvested pre-coculture (time point 0h). 
Results shown are mean+SD of 3 donors in triplicate against each target cell line.  
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signal was again detected up to 96h, which is in agreement with the ELISA 

results. This approach gave greater detection sensitivity and we were able to 

more accurately assess target cell and time dependence. We detected a higher 

signal from MDA-MB-231 compared to H1975 (peak values 547±385 and 

366±163, respectively). The differences were small and not significant, and 

the overall trend was similar in the two ROR1+ target cell lines. 

 

 

In summary we were able to confirm secretion of the scFv as early as 5-6h of 

co-culture and up to 96h in the presence of ROR1+ target cell lines; we 

quantified the scFv produced via in-house ELISA (average of 4pM) and most 

importantly we demonstrated the specificity of our ROR1 i-CAR-T cell system 

by showing that co-culture with ROR1- target cells does not induce release 

of αPD1-scFv. 

Figure 5-4 Detection of produced scFv via plate reader. The same co-
cultures were set up using CAR-T cells secreting the αPD-1 scFv tagged with 
a Gaussia Luciferase (gLuc). Supernatants were harvested at the indicated 
time points and coelenterazine, the gLuc substrate, was added prior 
bioluminescence reading via plate reader. Negative control: supernatants 
from CAR-T cells alone (time point 0h); positive control (not showed): CAR-T 
cells constitutively expressing gLuc. Results show mean+SD of 3 donor-
derived CAR-T cells plated in triplicate against each target cell line. 
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5.2 In vitro cytotoxicity 

5.2.1 Preliminary killing assay and cytokine secretion assessment 

show potential of PD-1 blockade on CAR-T cells 

We next aimed to  assess the  efficacy of our i-CAR-T system as opposed to 

parental ROR1 CAR-T system; we set up co-cultures to quantify cytotoxicity 

of ROR1-targeted CAR-T cells constitutively secreting the scFv (+scFv) versus 

parental CAR, versus combination therapy with a blocking anti-PD1 mAb 

(+mAb) from Biolegend (clone EH12.2H7). The first co-culture had the 

following conditions: 1:2 T:E ratio, with cytotoxicity and pro-inflammatory 

secretion measured after 24h against the TNBC cell line MDA-MB-231. We 

did not measure significant differences in targeted cytotoxicity when we 

compared ROR1 CAR alone versus ROR1 CAR with checkpoint blockade 

(either combination therapy with mAb or secreted scFv). However, we 

measured increased pro-inflammatory cytokine production (IL-2 and IFNγ) in 

the presence of checkpoint blockade, which was especially marked with the 

secreted αPD-1 scFv (average of 2-fold increase for both IFNγ and IL-2 

production compared to ROR1 CAR only, p<0.0001, Figure 5-5). Combination 

therapy with the commercial antibody (mAb) showed IFNγ production levels 

comparable to the scFv condition but very similar IL-2 levels compared to 

ROR1 CAR alone. 
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5.2.2 Optimised killing assays: long-term co-culture show superior 

efficacy of i-CAR-T cell versus parental CAR 

There are contrasting results in the literature regarding the ideal E:T ratio 

and co-culture length in order to detect the best PD-1 blockade-mediated 

effect on cytotoxicity. Two independent studies highlighted that killing with 

checkpoint inhibitors resulted enhanced in prolonged co-cultures (up to 4-5 

days) and with a high T:E ratio, possibly to generate a more suppressive 

microenvironment via upregulation of PD-1/PD-L1: Krupka and colleagues 

used a CD33:CD3 BiTE against a range of acute myeloid leukaemia (AML) 

cell lines and reported that the E:T ratio and the CD33 expression level 

significantly influenced lysis kinetics in long-term cultures of primary AML 

cells: specifically, the PD-1/PD-L1 blockade-mediate increased cytotoxicity 

was most prominent in cultures with low E:T ratios (1:5), which may be linked 

to the considerably enhanced T cell proliferation observed. Tanoue and 

colleagues showed that their combination of  an oncolytic adenovirus with a 

helper-dependent Ad expressing a PD-L1 blocking mini-antibody was able to 

Figure 5-5 Pro-inflammatory cytokine production. A preliminary co-culture 
assay was set up to assess and IFNγ IL-2 release by our CAR-T cells against the 
target cell lines MDA-MB-231 and SKOV-3, either alone or in the presence of PD-1 
blockade in the form of the αPD-1 scFv (dark green bars)or a commercial antibody 
(red bars). Results show mean+SD of two donor-derived CAR-T cells against both 
target cell lines. 2way ANOVA was performed using ROR1 CAR alone as comparator 
arm. 
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enhance CAR T-cell killing of two HER2+ tumour cell lines at 1:20 E:T ratio 

after 120h (349, 350).  

With these examples in mind, we set up co-cultures against the non-adherent 

cell line Kasumi2 at various high T:E ratios and assessed killing after 3 days 

of co-culture. This time the ROR1 CAR+/- anti-PD1 mAb were compared to 

ROR1 i-CAR (inducible secretion). The results (Figure 5-6 from 2 

representative donors) show that PD-1 blockade enhanced cytotoxicity at all 

T:E ratios, but only at 10:1 T:E ratio the cytotoxicity was significantly higher 

than ROR1 CAR-T cells only (half live targets left, p=0.02). We therefore 

selected this co-culture condition for the following co-culture assays. 

 

 

We set up co-cultures using multiple donor-derived CAR-T cells against the 

ROR1+ cell lines MDA-MB-231 (TNBC), H1975, A549 (both NSCLC) and 

Kasumi2 (AML). The aim was to confirm the results observed so far: using 

multiple donors and target cell lines we aimed to ensure the PD-1 mediated 

increased cytotoxicity was not donor- nor target cell line-dependent. As 

controls we used ROR1- SupT1 and MCF-7 (BC) cell lines. Co-culture of 

Figure 5-6 Co-culture test to find best condition. Co-cultures were set 
up using freshly transduced T cells to express ROR1 CAR or ROR1 i-CAR. 
Target cell line used was AML Kasumi2. Cells were plated at various T:E 
ratios with a further condition: ROR1 CAR+mAb, a commercial anti-PD-1 
antibody. Killing was assessed after 72h. 2way ANOVA was performed using 
ROR1 CAR as comparator arm, p<0.05. 
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ROR1 CAR-T cells with H1975 and MDA-MB-231 cell lines demonstrated 

specific T cell activation as evidenced by clustering and expansion, which was 

not seen with CD19 CAR-T cells under the same conditions (Figure 5-7).  

 

When we performed the flow-cytometry based killing assay, no increased 

killing of ROR1- targets was detected when we compared target survival with 

control irrelevant CAR (CD19 CAR, Figure 5-8A). Against the panel of ROR1+ 

cell lines (MDA-MB-231 and H1975, Figure 5-8B; A549 and Kasumi2, Figure 

5-8C) we observed enhanced and reproducible cytotoxicity with >80% killing 

of target cells at a target to effector cell ratio of 1:1. As the number of ROR1 

positive tumour target cells was increased it become apparent that ROR1 i-

CAR-T cells were more efficient at killing tumour targets compared to ROR1 

CAR-T cells with the difference being significant at a T:E ratio of 10:1 for all 

target cell lines (p<0.005 to p<0.001).  

Figure 5-7 Antigen-specific activation of CAR-T cells in vitro. 
Representative photographs of co-cultures with ROR1+ target cell line 
MDA-MB-231 (top, 10x objective) and H1975 (bottom, 4x objective) show 
specific clustering and expansion of activated CAR-T cells with loss of 
target cells in the background, compared to irrelevant CD19 CAR (1st 
column on the left).  
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We hypothesise that this increased cytotoxicity might be due to the more 

immunosuppressive/tumorigenic environment given by higher numbers of 

PD-L1-expressing tumour cells, which would make the PD-1 blockade-effect 

more evident. 

 

5.2.3 Additional co-cultures with combination therapy confirm PD-1 
mediated enhanced cytotoxicity 

In order to confirm that this observed increased cytotoxicity is because of PD-

1 blockade, we set up additional co-cultures including the combination 

therapy as control: ROR1 CAR-T cells with 1µg/mL of αPD-1 mAb. 

                         A)                                                

 

 

 

B)                                                      C) 

Figure 5-8 Extended co-cultures to assess cytotoxicity. Several co-cultures 
were set up using multiple donor-derived CAR-T cells against several targets at 
three T:E ratios. Cytotoxicity was assessed via flow cytometry after 72h of co-
culture, results show mean+SD of at least 3 donor-derived CAR-T cells, assessed 
at least in two independent experiments. A) Non-targeted cytotoxicity by ROR1 
CAR-T cells was assessed against the ROR1- target cell lines SupT1 and MCF-7. 
% target survival was compared to control: 100% target survival from co-culture 
with the irrelevant CD19-targeted CAR, black bars; for targeted cytotoxicity, % of 
B) H1975, MDA-MB-231, C) Kasumi2 and A649 survival compared to control 
(irrelevant CAR, not included) is shown for parental CAR (red bars) and ROR1 i-
CAR (dark green bars). 2way ANOVA was performed using ROR1 CAR as 
comparator arm, p<0.005 – p<0.0001.  
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Cytotoxicity and pro-inflammatory cytokine secretion were assessed. Once 

again, we measured consistently lower % H1975 and MDA-MB-231 survival 

in the presence of PD-1 blockade (significantly lower MDA-MB-231 survival 

for i-CAR versus ROR1 CAR at 1:2 and 1:1 T:E ratios, Figure 5-9A), 

confirming that the disruption of PD-1/PD-L1 interaction is indeed 

increasing our ROR1 CAR-T cell-mediated cytotoxicity. Interestingly, 

combination therapy was not as effective as our i-CAR-T cells, suggesting that 

superior blockade can be achieved by the spatial regulation of PD-1 blockade 

from the i-CAR system. For cytokine secretion, we confirmed once more a PD-

1 blockade mediated increased secretion for both IL-2 and IFNγ (up to 30% 

more, Figure 5-9B), with very similar production levels between induced scFv 

production and commercial mAb.  

A)                                                

 

 

 

 

 

B)                                                  

Figure 5-9 PD-1 blockade mediated cytotoxicity and pro-inflammatory 
cytokine secretion. Further co-cultures were set up including the control of 
combination therapy to confirm that the increased cytotoxicity was a result of PD-
1 blockade. From the same co-culture, supernatants were also assessed for pro-
inflammatory cytokine production via ELISA: A) % live H1975 and MDA-MB-231 
left normalised to control (100% live targets left with irrelevant CD19 CAR); B) pro-
inflammatory cytokine secretion was measured. Results are mean+SD of at least 
3donor-derived CAR-T cells assessed at two different times; 2way ANOVA was 
performed with ROR1 CAR as comparator arm: p<0.05 - <0.001. 
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5.2.4 PD-L1 blockade diminishes effect of PD-1 mediated increased 
cytotoxicity  

Next, a further set of co-cultures was set up where the target cells (PD-L1+) 

were pre-incubated with a commercial αPD-L1 antibody overnight prior CAR-

T cell addition. There were two aims:  

1. To make sure with an additional condition that we are disrupting the 

PD-1/PD-L1 interaction 

2. To determine the efficiency of this disruption by comparing presence 

versus absence of additional PD-L1 blockade  

After 24h, we performed the killing assays. The results show that with 

additional PD-L1 blockade, the percentages of live targets left for both cell 

lines were roughly the same regardless of the effector used (parental CAR 

versus i-CAR versus combination, condition +aPD-L1, Figure 5-10). These 

findings suggest that the presence of PD-L1 is needed to have a noticeable 

PD-1 blockade effect on CAR-T cell efficacy. Moreover, when we compared 

%live targets left with and without PD-L1 blockade for each CAR, the greatest 

difference was observed for parental ROR1 CAR (p<0.001 and p<0.05 against 

MDA-MB-231 and H19675, respectively). This lack of increased efficacy with 

additional PD-L1-blockade for all conditions but ROR1 CAR-T cells only, 

confirms that PD-1 disruption is indeed happening, and that the additional 

PD-L1 blockade does not significantly improve combination or i-CAR-T cell 

potency versus parental CAR-T cells.  



 

 132 

 

Having confirmed superior effector functions by our i-CAR-T cells compared 

to the parental version in the presence of PDL1, we proceeded with a 

phenotypic characterisation of the two CAR-T cell populations. We wanted to 

find markers that could either clarify or be a consequence of the observed 

PD-1 blockade-mediated increased cytotoxicity.  

5.3 CAR-T cell characterisation 

5.3.1 i-CAR-T cells show increased actin accumulation at the 
immunological synapse site 

We started by looking at mechanistic features of the CAR-T cells, particularly 

at immunological synapse (IS) formation on the tumour cell. We set up co-

cultures using the cell line MDA-MB-231 seeded at 1:1 T:E ratio and fixed 

the cells after 24h. Cells were stained to visualise actin polarisation and 

accumulation at the IS site: this mechanism is part of the sustained 

interaction between cells that allows polarized cytotoxic granule release and 

effective T cell-mediated killing. We therefore used the quantification of actin 

accumulation from CAR-T cells as a readout of IS strength and stability (351).  

Representative confocal images show MDA-MB-231 target cells (red) with the 

much smaller T cells on top (blue and yellow for CD3). As expected, compared 

Figure 5-10 PD-L1 blockade effect. Co-cultures were set up to address the effect 
of pre-PD-L1 blockade on CAR-T cell mediated effector functions. Target cells were 
seeded with or without anti-PD-L1 antibody before adding the effector functions. 
The next day, cytotoxicity was assessed.One way ANOVA was performed to compare, 
for each effector, the presence or absence of PD-L1 blockade (- and +aPDL1, 
respectively). Results are mean+SD of 3 donor-derived CAR-T cells. 
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to UT T cells, both ROR1-targeted CAR-T cells showed actin accumulation at 

the IS site (green, Figure 5-11 top panel).  

 

This approach revealed that i-CAR-T cells exhibit enhanced actin recruitment 

to the IS site, with a significantly higher RRI of actin compared to ROR1 CAR-

T cells (2.4±0.55 versus 1.99±0.47, mean+SD of 28 calculations). This 

suggests that the increased i-CAR efficacy that we observed is partly 

mediated through stronger IS formation compared to parental CAR-T cells.  

UT T cells                      ROR1 CAR                   ROR1 i-CAR 

Figure 5-11: IS formation and actin RRI from CAR-T cells. Co-cultures of CAR-
T cells (3 donors) were co-cultured with labelled MDA-MB-231 target cells for 24 h 
then fixed. Cells were stained with CD3-AF647 and phalloidin-AF488 before 
mounting and imaging by confocal microscopy (Zeiss LSM880, 960 oil objective; 
Zeiss, Oberkochen, Germany). Example CAR-T cells (blue and arrows) show actin 
accumulation at the IS site (green), scale bar = 10 mm. Cell conjugates were 
identified manually and phalloidin recruitment quantified using mean fluorescence 
intensity in an area of cell contact and normalized against phalloidin signal in a 
non-contact area of the T cell plasma membrane. ImageJ was used for phalloidin 
recruitment quantification, with a total of 28 quantifications/CAR used. Student t 
test (Welch correction) was performed, p=0.043. 
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To note, as we fixed the cells at 24h from setting up the co-culture, we 

speculate that a time course might reveal more striking differences in RRI 

considering that in terms of cytotoxicity we can see the best PD-1 blockade-

mediated effect after 72h of co-culture.   

5.3.2 CAR-T cell phenotyping show differences between the two 
constructs 

We then assessed the two CAR constructs, along with the respective 

untransdued (UT, mCherry-) T cells, for several markers via flow cytometry 

after 24h or 72h of co-culture with MDA-MB-231 and H1975 cell lines. We 

included UT T cell analysis to see whether the CAR-T cells would influence 

the phenotype of the untrandusced counterpart.  

For i-CAR-T cells, we measured increased granzyme B (GZB) production (20% 

versus 12% after 24h of co-culture) and same levels of CD107α (~20%). 

Interestingly, combination therapy showed lower GZB production (12%) but 

higher CD107α than i-CAR-T cells (23%, Figure 5-12). UT T cells had much 

lower levels of both cytotoxic markers, likely due to their more inactive state 

compared to their ROR1-targeted transduced counterpart.  

 

Figure 5-12 Cytotoxic markers. Co-cultures were set up to measure 
cytotoxic markers from CAR+ and CAR- T cells. After 24h of co-culture with 
MDA-MB-231 and H1975, cells were stained for granzyme B (GZB) and a 
degranulation assay was performed for CD107a. Results are mean+SD of 3 
donors against both target cell lines. No significant differences were found. 
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From the same co-cultures, we stained transduced and untransduced (UT) T 

cells for the following markers: CD4/8, CCR7, CD45RO and CD45RA. When 

we assessed CD4/8 ratio, we found a significant increase in cytotoxic CD8+ 

CAR-T cells in the presence of PD-1 blockade: 31% versus 50% from 

combination therapy (p=0.01) and 56% from i-CAR-T cells (p=0.0003, Figure 

5-13). This suggests that PD-1 blockade mediates a preferential expansion of 

cytotoxic T cells, either with or without expression of the CAR, highlighting a 

possible paracrine effect on bystander cells. When we looked at central 

memory markers (CD45RO+ CCR7+), no difference was observed in 

CD4/CD8+ central memory T cells between the CAR-T cell constructs 

(average of 20%). This indicates that PD-1 blockade may not influence the T 

cell stage in vitro. 

 

Next, we looked at the surface expression of the most common exhaustion 

markers: we measured similar expression levels for Tim3 (average 24% for all 

CAR-T cells and UT T cells) and LAG-3 (average of 38% for all CAR-T cells 

and UT T cells). Notably, CTLA-4 was expressed at low levels by all CAR-T 

cells but was doubled on parental CAR-T cells (7% versus 3% average for both 

combination and i-CAR-T cells). PD-1 expression, either total or on CD8+ T 

Figure 5-13 T cell markers. CAR-T cells were co-cultured as before, 
followed by staining for CD4/8 and phenotype markers prior flow cytometry 
analysis. Results shown are % positive cells for a given marker compared 
to parental population (CD3+ T cell or CAR-T cell) and are mean+SD of 
three donors against both target cell lines. 2way ANOVA performed with 
ROR1 CAR as comparator arm: p<0.05-0.001.   
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cells, was much lower on i-CAR-T cells and CAR-T cells with mAb treatment 

compared to ROR1 CAR-T cells only (5-9% versus 7-15% versus 18-27%, 

Figure 5-14), suggesting competitive binding by the blocking αPD-1 reagents 

(mAb or secreted scFv). Roughly the same expression levels were measured 

on the respective UT T cells, potentially confirming the PD-1 blockade effect 

on bystander immune cells. 

 

 

Lastly, to assess antigen-specific proliferation, we co-cultured ROR1+ target 

cells with CAR-T cells that were previously labelled with CellTrace™ Violet. 

We monitored proliferating CAR-T cells via assessment of dye dilution (and 

therefore signal reduction) via flow cytometry after 24h. As expected, the 

positive signal of all ROR1 CAR-T cell conditions was significantly lower than 

the control CD19 CAR-T cells (p<0.0001), indicating higher proliferation rate 

for ROR1 CAR-T cells. For each ROR1 CAR-T cell condition, combination 

therapy had lowest percentage of labelled cells measured (10%) compared to 

i-CAR (20%) and parental CAR (40.8%, p<0.0001, and p<0.05 for parental 

versus i-CAR, Figure 5-15), suggesting a PD-1 blockade effect also on CAR-T 

cell proliferation in the presence of the targeted antigen.   

Figure 5-14: Exhaustion markers on T cells. Transduced (CAR expressing) and 
untransduced (UT) T cells were assessed, after co-culture, for common exhaustion 
markers via flow cytometry. Results are mean+SD of 3 donor-derived CAR-T cells 
co-cultured with both target cell lines. 
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Overall, with this phenotyping analysis we were able to compare the surface 

expression of multiple markers between several donor-derived CAR-T cells 

after co-culture with ROR1+ target cells. We found a PD-1 blockade-mediated 

effect on: granzyme B production, cytotoxic CD8+ T cell expansion, 

proliferation (all increased) and lower surface PD-1 expression. We conclude 

that all these features are likely causing the increased effector functions of 

ROR1 i-CAR-T cells compared to parental CAR-T cells. 

5.4 Discussion 

Immune-checkpoint inhibitors release the immune system’s brakes to 

enhance anti-tumour immune responses. As CAR-T cells frequently turn into 

a terminally differentiated and exhausted phenotype associated with 

increased expression of immune checkpoint molecules such as PD-1/PD-L1, 

using checkpoint blockade to bolster the potency of CAR-T cells revealed 

impressive effects in the context of certain solid malignancies (151, 345, 352).  

With this in mind, we developed a monotherapy where ROR1 CAR-T cells 

secrete, upon activation, blocking anti-PD-1 scFv that would protect the cells 

from PD-1-mediated suppression in the confines of the TME.  

Figure 5-15 Proliferation assay. Co-culture with labelled CAR-T 
cells was set up to measure ROR1-mediated CAR-T cell 
proliferation. Control was irrelevant CD19 CAR-T cells. Results 
show mean+SD of 3 donors plated in triplicate at 1:1 E:T ratio. One-
way ANOVA with multiple comparison was performed. 
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As the constitutive production of anticancer molecules such as checkpoint 

inhibitors might cause systemic side effects, we first started with the 

validation of the inducible system, where in vitro functional assays showed 

CAR activation-mediated secretion of αPD-1 scFv which was rapid (5h) and 

long lasting (up to 96h), with minimal or no detection in the absence of ROR1. 

This confirms the previous findings for endurance and specificity of our 

inducible system, which are in line with the study by Uchibori and colleagues, 

where they used the same inducible promoter reporting targeted and 

enduring expression both in vitro and in mouse studies (353).   

We then assessed PD-1-blockade effect on several CAR-T cell features via 

multiple in vitro functional assays.  

Preliminary in vitro co-cultures with ROR1+ target cell lines showed a sharp 

increase in pro-inflammatory cytokine production by CAR-T cells (either 

combination therapy or scFv secretion) after 24h, which is in line with other 

studies (150).  

We then set up co-cultures with high T:E ratios to find the condition where 

the PD-1 blockade effect was more pronounced. We assessed the killing after 

72h and found that the 10:1 T:E ratio was the only one showing significant 

reduction in target survival. The 20:1 T:E ratio showed the least target 

survival difference between conditions, as overall targeted efficacy was 

decreased.   

We then set up co-cultures using multiple donor-derived CAR-T cells and 

assessed cytotoxicity against a range of ROR1+PDL1+ cell lines. Compared to 

ROR1 CAR-T cells only, we measured consistently higher cytotoxicity by i-

CAR-T cells, which was significant at 10:1 T:E ratio. This confirms the 

findings reported by others (349, 350), and suggest that a more hostile 

microenvironment with increased PD-L1 triggers a more pronounced PD-1 

blockade-mediated efficacy.  
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In the context of breast cancer, there is a well-established correlation between 

high TIL infiltrate (especially in the stroma) and long-term positive outcomes 

for patients. However, a study by Buisseret et al highlighted that TIL density 

and PD-L1 expression were correlated with more aggressive tumour 

characteristics such as higher proliferation and hormone receptor negativity; 

they therefore suggest the extent, the type and location of the immune 

infiltrate should all be considered when assessing antitumor immunity and 

the potential for benefit from immunotherapies (354, 355). 

Importantly, i-CAR-T cell potency was more effective than combination 

therapy with a blocking αPD-1 mAb and was only marginally improved by 

additional PD-L1 blockade, highlighting the high efficiency of the inducible 

system.  

In order to better elucidate the differential effector functions of our CAR-T 

cells, we performed a detailed characterisation of the two constructs following 

in vitro co-culture with ROR1+ target cell lines. The key differences that we 

observed are overall emphasizing a more cytotoxic and active phenotype of i-

CAR-T cells compared to parental. These include increased proliferation and 

preferential CD8+ T cell expansion, higher IL-2 and IFNγ production and 

lower expression of some exhaustion markers. These findings suggest that, 

compared to i-CAR-T cells, parental CAR-T cells exhibit impaired effector 

functions (356, 357), which may hint at some degree of exhaustion. We did 

observe an increase in LAG-3 expression, which has been reported following 

checkpoint blockade treatment on T cells (358). Importantly, combination 

therapy showed the same features as i-CAR-T cells, suggesting that these 

features are likely a consequence of PD-1 blockade. 

Overall, as proof of concept, we believe that our i-CAR-T cell possesses the 

cytotoxic potential and key phenotypic features that would make it a much 

more promising candidate for in vivo antitumor activity compared to its 

parental version, which constitutes a canonical CAR-T cell therapy approach. 

The following chapter will therefore cover the in vivo and ex-vivo experiments 

and findings. 
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: Validation of ROR1 CAR-T cells in a pre-

clinical TNBC mouse model 

6.1 Introduction to in vivo studies  

Breast cancer is the most common malignant disease in women in developed 

countries. The TNBC subtype, which accounts for roughly 15% of breast 

cancers, presents a highly aggressive and metastatic phenotype; this, 

combined with the lack of effective treatment, makes the prognosis dismal 

(154, 359). High levels of ROR1 expression on breast cancer cells and clinical 

activity with PD-1 blockade therapy have been reported (360), with the FDA 

recently approving PD-L1 blockade therapy in combination with 

chemotherapy for PD-L1+ TNBC patients (361). Phase I clinical trials 

evaluating CAR-T cell therapy in TNBC showed safe administration but 

modest therapeutic efficacy (322, 359). 

We therefore selected a TNBC orthotopic model for our in vivo studies using 

the PD-L1+ ROR1+ cell line MDA-MB-231 which we implanted into 

immunodeficient mice (362). Despite missing valuable information such as 

the role of other immune components and potential checkpoint blockade-

derived systemic side effects, for this proof-of concept study we focused on 

evaluating PD-1 blockade effect specifically on CAR-T cell-mediated 

antitumor effect. We also wanted to evaluate long-term effects and survival 

of the animals, which would have not been possible with the use of 

immunocompetent mice. Moreover, this model can be used to study 

metastases given their consistent development without the need for resection 

of the primary tumour (362). The aim for this section was to assess ROR1 

CAR-T cell therapy in a xenograft model to identify differences between 

treatments. 

6.1.1 Pilot study with orthotropic TNBC model in NSG mice show 
engraftment and no treatment-related toxicity 

First, we engineered the TNBC cell line MDA-MB-231 to express firefly 

luciferase (Ffluc) to allow easy and more accurate detection of low tumour 

burden and eventual lymph node metastasis via bioluminescence imaging 
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(BLI). MDA-MB-231-Ffluc tumour cells were generated via transduction of 

tumour cells with a vector encoding the FfLuc-eBFP fusion gene, followed by 

sorting of BFP+ cells (Figure 6-1 top panel, representative flow cytometry plot 

post sort). 

To assess ROR1 CAR-T cell response to a TNBC tumour, we established an 

orthotopic breast cancer xenograft by injecting 2x106 MDA-MB-231-Ffluc 

cells into the mammary fat pad of NSG (NOD.Cg-PrkdcSCID Il2rgtm1Wjl/SzJ) 

mice (Charles River). The first objective was to make sure the tumours would 

engraft and grow. We performed bioluminescence imaging (BLI) using the 

IVIS system 6 days post tumour inoculation, confirming successful 

engraftment.  

We therefore proceeded with CAR-T cell treatment. Prior to CAR-T cell 

administration, the cells were assessed for % mCherry+ T cells via flow 

cytometry (example of ~65% transduction efficiency, Figure 6-1 bottom panel) 

for eventual normalisation and to determine dosage; as control, the 

equivalent total number of UT T cells were injected.  

Figure 6-1 Flow cytometry assessment of tumour cells and CAR-
T cells. Prior injections into mice, tumour cells were assessed for 
BFP expression (%transduced cells expressing Luciferase) and for 
ROR1 and PD-L1 expression via flow cytometry. Similarly, CAR-T 
cells were checked for transduction efficiency to calculate how many 
T cells to administer.   
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The aim for this pilot study was to carefully monitor the mice for eventual 

toxicity in terms of behaviour, weight loss or distress. Additionally, as no 

symptoms for side-effects were observed, we assessed the potential 

effectiveness of the treatment via BLI. When we imaged the mice for tumour 

size over a 3-week period, the i-CAR-T cell treated mouse showed a 3fold 

reduction in tumour size (1.16x107 versus 3.44x107 average radiance) 

compared to parental CAR-T cell treated mouse (Figure6-2 for BLI results and 

average radiance). This suggests a more effective control of tumour growth by 

i-CAR-T cells.  

Pre-treatment              week1                          week2                        week3 

 

 

Pre-treatment              week1                          week2                        week3 

 

Figure 6-2 Pilot TNBC xenograft in NSG mice. 6-8weeks old NSG mice were 
implanted with 2x106 MDA-MB-231Ffluc cells in 100µl of PBS in the mammary 
fat pad, with one injection/mouse. 6 days later, mice were imaged to confirm 
engraftment (left panel). The following day, mice were treated with a single i.v. 
injection of 4x106 CAR-T cells. Mice were imaged for additional 3 weeks post 
treatment. Data showed are normalised using the IVIS software. Top panel: 
ROR1 CAR-T cell treated mouse. Bottom panel: ROR1 i-CAR-T cell treated 
mouse. Average radiance calculated using the IVIS Living Image software. 
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Overall, with this pilot experiment we were able to show consistent tumour 

engraftment in mice and safe CAR-T cell administration, as animals did not 

show any symptoms. While this is a pilot study where the treatment 

effectiveness was not a priority, we were positively impressed by these 

preliminary results, therefore we set up a full study to properly assess CAR-

T cell effectiveness and its impact on animal survival.    

6.1.2 TNBC model in NSG mice: first study shows superior activity of 
i-CAR 

For the first study, treatment groups were as follow: ROR1 CAR-T cells only 

(n=6), ROR1 i-CAR-T cells (n=6), combination therapy with the mAb clone 

used for in vitro studies (Biolegend, 3x doses of 250µg/mouse, n=6) and 

untransduced (UT) CAR-T cells (control, n=3), all from the same donor and 

normalised for transduction efficiency before injection. Mice received one 

intravenous dose of 4x106 CAR-T cells and tumours were monitored via BLI 

and digital calliper. As observed with the pilot studies, a single dose of i-CAR-

T cells resulted in superior tumour control compared to CAR-T cells only, 

with significantly smaller tumours from week 4-5 post treatment (p<0.0001). 

Specifically, at day 28 we measured almost half signal from tumours either 

with combination therapy or with i-CAR-T cell therapy (averages of 1.67e7 

versus 2.89e7, p<0.005, Figure 6-3 top panel).  

Similar observations were made with the digital calliper measurements, 

where tumour volumes were more than doubled in ROR1 CAR-treated mice 

at day 28 compared to the two other treatment groups (p<0.0001). 

Interestingly, from week 5 post treatment (day 35), we observed a significant 

decrease in efficacy of combination therapy as tumours reached almost the 

same average size as ROR1 CAR treatment group (0.85±0.39cm3 and 

1.1±0.41cm3, respectively), while i-CAR-T cells were still able to control 

tumour growth (0.4±0.31cm3, p<0.0001, Figure 6-3 bottom graph). We were 

surprised to see this substantial decrease in anti-tumour effect by 

combination therapy over time.  
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6.1.2.1 αPD-1 mAb plasma levels drop weeks after the last treatment 

We therefore decided to investigate this long-term loss of efficacy by 

combination therapy. We set up a parallel experiment where one mouse 

received the same mAb treatment as combination therapy, followed by blood 

collections at multiple time points to monitor the presence of αPD-1 mAb in 

the plasma. We wanted to monitor the antibody plasma levels over time for a 

possible correlation with the observed reduced anti-tumour activity. Plasma 

from multiple time points was assessed via in-house anti-PD-1 ELISA, where 

Figure 6-3 Tumour measurements via BLI and digital 
calliper. Tumours were monitored via BLI imaging once a 
week for 4 weeks total. Data were normalised and the 
average radiance is showed for all mice (mean+SD of 
n=6/treatment). 2way ANOVA was performed using ROR1 
CAR as comparator arm, p<0.005 for both treatment groups. 
Bottom graph is showing parallel measurements using a 
digital calliper. 2way ANOVA performed with multiple 
comparisons, p<0.0001. 
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we found a sharp decrease in concentration at week 4 post last injection, 

which corresponds to 5 weeks post CAR-T cell treatment and to when 

combination therapy seems unable to control tumour growth. We therefore 

hypothesise a correlation between the sharp loss in plasma levels and the 

inability of combination therapy to control tumour growth (Figure 6-4).  

 

6.1.2.2 Survival monitoring show significant benefit for i-CAR-T cell 

treatment group 

When we looked at survival, we observed a correlation with the superior 

antitumor activity of i-CAR-T cell treatment. All mice were sacrificed due to 

endpoint or tumour size limit (1.5cm) by day 61 (median survival: 56 days 

and 58 days for ROR1 CAR-T cell and combination therapy groups), while 

1/3 of i-CAR-treated mice were still alive up to 95 days post treatment 

(median survival 71 days, Figure 6-5, p=0.0138). Combination therapy did 

not improve survival of mice compared to ROR1 CAR-T cells only, suggesting 

that despite the initial promising anti-tumour effect, a long-lasting 

therapeutic effect is needed to positively impact survival.  

Figure 6-4 Plasma concentration of the αPD-1 
antibody. One mouse was injected i.p 3x with 250µl of 
anti-PD1 mAb (clone EH12.2H7) on days 0, 3 and 7. Blood 
samples were collected at the time points showed in the 
graph. Plasma was analysed via in-house PD-1 ELISA 
with the standard curve made of the same purified mAb 
used for the treatment.   
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We concluded that our ROR1 CAR-T cell therapy is showing anti-tumour 

effect, which is remarkably enhanced with PD-1 blockade as observed with 

in vitro studies. Given the significant superior activity of i-CAR-T cells 

especially from week 5 post treatment, we hypothesise that local and 

potentially long-lasting production of checkpoint blockade is offering superior 

effects, such as extended i-CAR-T cell persistence, compared to systemic 

administration, where no remarkable therapeutic effect was seen at late stage 

compared to monotherapy. This is in line with the study by Cherkassky and 

colleagues where by adding a second cycle of anti-PD-1 mAb treatment they 

restored the anti-tumour efficacy of mesothelin-directed CAR-T cells, suggest 

that CAR-T cell efficacy was short lived and reliant upon repeated αPD-1 mAb 

administration (78). 

6.1.3 Second TNBC xenograft study with a different donor confirms 
preliminary results 

In order to confirm that these findings were not donor-specific, we set up a 

second study with the same protocols and settings, using a different donor-

derived CAR-T cells. This time we used CAR-T cells expressing the irrelevant 

CD19 CAR as control.  

 Figure 6-5 Survival of treated mice. Survival was assessed 
using GraphPad Prism, where survival tables were generated 
with Log-rank (Mantel-Cox) test used to compare survival curves.  
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As confirmed with all our in vivo studies, no treatment-related toxicities were 

observed (Figure 6-6 for lack of substantial variations in mouse weight). 

In terms of tumour growth over time, we observed the same trend as the 

previous study via BLI imaging (Figure 6-7) and via calliper measurements, 

with smaller tumours measured 5 weeks post treatment in mice receiving 

PD-1 blockade (averages of 0.6±0.42cm from combination and 0.35±3cm 

from i-CAR-T cells) compared to ROR1 CAR-T cells (0.79±0.45cm, Figure 6-

8). These findings correlated with the previous study outcomes, particularly 

in confirming the reduced efficacy of combination therapy over time.   

 

Figure 6-6 Mouse weight over time. Mice were weighted 
before and after treatment (arrow for CAR-T cell injection) to 
assess eventual treatment-derived toxicity resulting in weight 
loss higher than 10%.  

 

 Figure 6-7 BLI of tumour bearing mice over time. BLI imaging up to 4weeks post 
treatment and overall normalisation were performed. Top row is showing pre-
treatment images of 3-4 representative mice/treatment group. Second and third 
rows are showing 2week and 4week time points, respectively. 
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In terms of survival, we confirmed significant benefit only for the i-CAR-T cell 

treated group, where once again at day 82 only a fraction of i-CAR-T cell-

treated mice were still alive (p=0.0025, Figure 6-9).  

 

Overall, the TNBC xenograft models show superior activity of the i-CAR-T cell 

treatment over combination and monotherapy ROR1 CAR-T cell therapy, 

where with a single dose we were able to control tumour growth especially 

long-term after treatment. This resulted in significantly improved survival for 

these mice compared to all other treatment groups where no difference was 

 

Figure 6-8 Tumour volumes 5 weeks post 
treatment. 35 days post-treatment timepoint is 
showed with mean+SD of 6mice/treatment (3 for 
control). 1way ANOVA was performed with 
multiple comparisons, p=0.0175 and p=0.0026 

 

 Figure 6-9 Survival of mice. Kaplan-Meyer survival curve 
of second study, n=6 mice/treatment group. 
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observed. We hypothesise that the observed lack of long-term efficacy by 

combination therapy is correlated to the drop in circulating antibody levels 

in the plasma; we assume that this might reflect a decreased intratumoral 

mAb level, which in turn may negatively impact CAR-T cell fitness and 

function. One possible explanation for this hypothesis, or an alternative 

mechanism for the observed poor efficacy, was showed by the recent study 

from Arlauckas and colleagues, where they used live imaging to show that 

αPD-1 mAbs that effectively bind PD-1+ tumour-infiltrating CD8+ T cells are 

captured within minutes from the T cell surface by PD-1- tumour-associated 

macrophages, unveiling a new mechanism of resistance to checkpoint 

blockade therapy (363).   

6.2 Ex-vivo validation: Immunohistochemistry of tumour sections 

When mice were sacrificed, tumours and spleen were collected. Tumours 

were then paraffin embedded, sectioned and stained (Institute of Neurology). 

We aimed at assessing the tumour infiltrating CAR-T cells to find potential 

differences between treatment groups that can support or explain the 

significant anti-tumour effect by i-CAR-T cells compared to the other 

treatments. 

6.2.1 ROR1 staining reveals expression after ROR1 CAR-T cell 
treatment 

We started with ROR1 expression. A few studies reported ROR1 expression 

in patient derived TNBC tissues, with the study from the Riddell group 

measuring ROR1+ on 57% of their samples, of which 56% expressing high 

levels and 74% showing homogenous staining (306). As antigen 

downregulation is a key mechanism of tumour escape, and we observed that 

all mice eventually became refractory to ROR1 CAR-T cell treatment, we 

wanted to see whether tumours downregulated ROR1 expression. We 

confirmed that, regardless of the treatment and the time the tumour was 

collected (e.g. 5 versus 9 weeks post treatment), ROR1 was still expressed 

homogenously although not at high level by all tumours (Figure 6-10 for 

representative snapshots). This suggests that other mechanisms are likely 

hampering CAR-T cell anti-tumour activity. 
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6.2.2   Human CD8 staining and quantification 

We then focused our attention on the CAR-T cells. We checked the expression 

of human CD8 to assess the infiltration levels of cytotoxic T cells in the 

tumours. We confirmed positive staining on multiple tumour sections from 

all treatment groups (Figure 6-11 for representative images), with visible 

greater positivity from PD-1 blockade-treated mice that was confirmed by 

manual counting of positive staining (233±180cells/mm2 from i-CAR-T 

treated, 208±110cells/mm2 from combination-treated and 161±106 

cells/mm2 from ROR1 CAR-T treated, Figure 6-11). 

 Figure 6-10 IHC staining for human ROR1 expression on tumours. 
Staining for ROR1 was performed on paraffin-embedded tumour tissues. 
Representative sections from each treatment group are showed at 20x 
magnification with white arrows pointing at positive staining. 
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These findings suggest a PD-1 blockade mediated increase in cytotoxic T cell 

infiltration in the tumours, but as the increased infiltration is not significant, 

we hypothesise that other factors are influencing the CAR-T cell-mediated 

anti-tumour effect. For instance, we do not know the status of these CD8+T 

cells (e.g. fitness, cell stage), nor the relative percentage of CAR-T cells versus 

untransduced T cells.     

 
Figure 6-11 IHC staining and quantification for human CD8. Staining was 
performed on paraffin embedded tumour tissues. Representative snapshots from 
all treatment groups show positive staining (white arrows) for ROR1 CAR-treated 
mice compared to negative control (untreated tumour). CD19-treated tumours 
showed very low positivity. Staining was performed on 5 areas/tumour, 5-6 
tumours/treatment group and quantified blindly by a collaborator. Results are 
mean+SD of all staining, expressed in cell number/mm2. 
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6.2.3 mCherry and FOXP3 

We therefore assessed the expression of two additional markers: mCherry 

(CAR-T cells) and FOXP3 (Tregs). Staining for FOXP3 revealed a small number 

of positive cells, with most tumours being negative. This suggests that, if TILs 

are exhausted or hypofunctional, it may not be through Treg mechanisms.  

Regarding CAR-T cell detection, mCherry+ staining was observed in all 

tumours, although at lower amounts than CD8. This suggests that both CAR-

T cells and non-transduced T cells can infiltrate the tumours. Next, for 

mCherry, the quantification was performed blindly by our collaborator Dr 

Elena Miranda (UCL Pathology). Using the positive cell counting algorithm 

(QuPath image analysis software) on the whole section, she counted a 

significantly higher infiltration of i-CAR-T cells compared to ROR1 CAR-T 

cells only (44 versus 12 cells/mm2, p<0.5, Figure 6-12). Quantification of 

tumours from the combination therapy group was 22cells/mm2, which is 

twice the count of CAR-T cells only; this suggests that even if the PD-1 

blockade-mediated effect was more transient than the induced secretion from 

the i-CAR, it was still able to increase CAR-T cell infiltration. 
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Overall, the IHC staining revealed the presence of high numbers of TILs in all 

ROR1 CAR-treated tumours, with much lower numbers in the CD19-treated 

ones. Specifically, we looked at key markers such as CD8 for cytotoxic T 

lymphocytes, FOXP3 for Tregs and mCherry for CAR-expressing cells. The 

only significant difference was in the numbers of infiltrating CAR-T cells, 

which for the i-CAR-treated tumours were almost 4 times than ROR1 CAR-T 

cells only. Similarly, CD8+ TILs were increased in both i-CAR- and 

combination-treated tumours. Tregs were barely detected in all tumours. 

This suggests that in these in vivo settings, the injected Tregs, if present in 

higher amounts at the time of administration, somehow failed to infiltrate the 

tumour and/or to engraft and survive long-term. Overall, these findings 

highlight the presence of an effector T cell-based immune response against 

these tumours, which is likely increased by PD-1 blockade.  

6.3 Ex-vivo analysis via Flow cytometry reveal higher numbers of i-

CAR-T cells 

After reaching endpoint, we collected the spleens from the treated mice, to 

which we extracted the T cells for downstream assessment via Flow 

 
Figure 6-12 IHC showing staining for mCherry. The same tumour sections (1 
section/tumour, 5 tumours/treatment group) were stained for mCherry to assess 
CAR-T cell infiltration. Representative snapshots show positive staining for ROR1 
CAR-treated tumours (bottom panels). Quantification was performed and is sowed 
as positive cell number/mm2. 
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Cytometry. The aim was once again to address any difference between 

treatment groups. To note, spleens were processed fresh, therefore at 

different time points depending on when the animals were sacrificed. This 

means that direct comparisons between treatment groups are difficult to 

make as time can impact results (e.g. spleens collected on day 55 versus day 

85). 

The first parameter we measured was CAR-T cell numbers extracted from the 

spleens. The spleen is often considered as reservoir of large quantities of 

lymphocytes, and their status in the spleen has been shown to correspond 

with their function in vivo (364). We measured more than doubled CAR-T cell 

numbers in the i-CAR-treated spleens compared to ROR1 CAR-T cells only, 

which suggests better engraftment in these mice, especially considering that 

some spleens were processed up to 80+days post- CAR-T cell treatment 

(Figure 6-13C). We then stained the CAR-T cells for the following surface 

markers: CD4, CD8, PD-1, CCR7, and CD45RO. Results, in line with the IHC 

staining for the tumours, show increased %CD8+ CAR-T cells (60% versus 

42%) and slight decrease in PD-1+ CAR-T cells (48% versus 41%) compared 

to parental CAR treatment (Figure 6-13A for gating strategy and 6-13B, 

mean+SD of four spleens/treatment).  

When we looked at T central memory (TCM, CD45RO+CCR7+) versus T 

effector memory (TCM, CD45RO+CCR7-) we did not find any remarkable 

difference between treatments, with about 50/50 ratio between the two. We 

specifically looked at the TCM phenotype as it has been showed to be more 

long-lived, to better control tumours and to engraft better than effector 

memory cells (365, 366).  
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For downstream analysis using Nanostring technology (next section), we 

isolated TILs from fresh tumours which were harvested at the same time (4-

weeks post treatment). Cells were collected at this time point as it previously 

showed noticeable differences between the two therapeutics in mice. TILs 

were sorted for CAR-T cells (mCherry and CD3 expression). We observed that 

the numbers of sorted cells were substantially different between treatment 

groups, where the average of sorted i-CAR-T cells was more than double 

compared to ROR1-CAR-T cells (33,000 versus 15,000 CAR-T cells, mean of 

two donor-derived CAR-T cells, Figure 6-14). This suggests better 

engraftment and/or homing to the tumour by i-CAR-T cells compared to 

monotherapy.  

 

   a)                                                

 

 

b)                                                        c)                                                  

Figure 6-13 Flow cytometry gating and assessment of spleen-derived CAR-T 
cells. Spleens were harvested, digested and lymphocytes were extracted on the 
same day, with staining for surface markers. a) Gating strategy for %live mCherry+ 
cells; b) %positive cells based on CAR-T cell population, mean+SD of 4-5spleens 
from 2 donor-derived CAR-T cells with total n=7/treatment group; c) CAR-T cell 
numbers normalised to recorded counting beads, n=4 spleens/treatment group. 
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Figure 6-14 Tumour infiltrating CAR-T cell numbers. CAR-T cells were extracted 

from fresh tumours and sorted based on mCherry expression. Cells were needed for 

further experiment and therefore precise counts of sorted cells (2 donor-derived CAR-

T cells) were noted. Student t test was performed. 

6.4 Ex-vivo validation: Nanostring technology 

In order to obtain a high-throughput and robust immune profiling analysis, 

we used the Nanostring technology which allows for direct single mRNA 

molecule counting to assess variations in gene expression. We used the CAR-

T Characterization Gene Expression Panel to compare tumour-derived i-CAR-

T cells versus parental ROR1 CAR, and to compare the in vivo versus in vitro 

setting (ex-vivo CAR-T cells versus CAR-T cells from 72h co-culture).   

We focused on cell type abundance measurements (Figure 6-15), where genes 

previously shown to be characteristic of specific cell populations are used to 

measure these populations' abundance. Results, summarized as heat map, 

show linear cell type scores.  

When we compared in vitro-derived CAR-T cells versus TILs, the most striking 

differences were in the CD4+ Th1 (4.4. versus 14.4), Treg (3.1 versus 18.8) 

and exhausted T cell (1.3 versus 20.7 linear score) compartments, which were 

close to absence compared to the TIL counterpart. The difference in Treg 
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presence between gene expression and IHC might be due to the different time 

points the cells were assessed (3 weeks post infusion versus 5-10 weeks, 

respectively). We were expecting to find a more exhausted phenotype with an 

increase in inhibitory cells, given the very different environments and times 

these cells were exposed to (in vitro for 72h, versus in vivo for 3 weeks). 

Specifically, we assume that the TME in live and growing tumours would be 

much more immunosuppressive due to the additional components such as 

stroma and suppressor cells. This, combined with the much more extended 

exposure time to inhibitory cells, is likely hampering the persistence and 

fitness of the CAR-T cells. However, some cells were expanded in the TILs 

group compared to in vitro: NK CD56dim cells (16.4 versus 3.2) which are 

reportedly cytotoxic, CD8+ T cells (33 versus 18) and cytotoxic T cells (22 

versus 9), suggesting a potentially stronger cytotoxic anti-tumour response 

in vivo.  

When we compared i-CAR-T cells versus parental CAR-T cells, we found 

several striking differences: for instance, despite having slightly less CD8+ T 

cells (23.5 versus 28.9 from ROR1 CAR), the T cells are more cytotoxic (19.7 

versus 14.4) and much less exhausted (8.5 versus 15.14), which may be 

linked to the increased Treg population in ROR1 CAR-T cell samples (17.2 

versus 13 from i-CAR-T cells). These results, which combine both ex-vivo and 

in vitro CAR-T cells, suggest that both CAR-T cells can mount an effective 

cytotoxic response at early stages. However, after long-term antigen 

exposure, parental CAR-T cells seem to be more exhausted and hypo 

functional than i-CAR-T cells. We hypothesise that, especially in vivo, the 

CAR-T cell tendency towards a hypo functional state is developing at much 

faster rates compared to the i-CAR-T cell counterpart. This would explain the 

significant improvements in long-term tumour growth management and 

increased survival by i-CAR-T cell treated mice versus ROR1 CAR-T cell-

treated mice, as well as the increased infiltration observed with the IHC 

staining. 
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Our assumptions are supported by the increased expression we observed in 

key genes in i-CAR-T cells compared to parental CAR-T cells (baseline, Table 

5): IL2 receptors (p=0.002), granzyme B (p=0.006), IFN receptors (p=0.04), 

CD45RO (p=0.008) and CCR7 (p=0.02) receptor and several chemokines such 

as CCL1, CCL4, CXCR5 and CCL5 (Table 5). In terms of exhaustion markers, 

we found upregulated expression of genes for CTLA-4 (p=0.005), LAG3 

(p=0.02) and Tim3 (p=0.008) in i-CAR-T cells compared to CAR-T cells. We 

hypothesise that because of the increased expression of many genes involved 

in activation, co-stimulation and metabolism, a percentage of these markers 

may be functioning as activation markers during early-stage activation, 

rather than exhaustion markers with inhibitory function. 

 Figure 6-15 Summary of raw cell type abundance measurements via nSolver 
advanced analysis. Briefly, for TILs we harvested tumours at the same time 
(3tumours/CAR-treatment, 2 donors), extracted TILs and double positive cells for 
CD3 and mCherry were sorted at the Core Facility. Cells were immediately lysed in 
RLT buffer prior storage at -80°C. CAR-T cells were run on the cartridge using the 
CAR-T Characterization Panel codeset from Nanostring. For CAR-T cells from in 
vitro co-cultures, we did the same sorting and downstream procedure (3 donors 
used). After the advanced analysis report was generated, we selected specific 
information (cell type abundance) and compared ROR1 CAR versus ROR1 i-CAR 
(left heat map, n=9samples/condition), and in vitro T cells versus ex vivo TILs (right 
heat map, n=9samples/condition). QC flagged samples were excluded from the 
analysis. 
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Table 6: List of representative genes with significant increase in fold change. 
Comparison of i-CAR-T cell gene expression versus baseline of ROR1 CAR-T cells. 

Gene Linear fold change p value Function 

FOSB, 

CD45R0, 

CXCR5 
11.3, 5.11 0.001 Activation, TCR signalling 

IL2RB 

6.1 0.002 

Activation, Interleukin Signalling, JAK-STAT, 

MAPK and PI3K Signalling, Phenotype, Th2, 

Toxicity 

FOXP3 6.77 0.005 Cell Types, Phenotype, Th17, Treg 

CTLA4, 

TNFRSF18, 

CTSW 
4.99 0.005 

Activation, Costimulatory Molecules, 

Exhaustion, T-cell exhaustion markers, TCR 

signalling 

IL16, CCL1, 

DOCK2 
4.25 0.005 Activation, Interleukin Signalling, Toxicity 

GZMB 

5.31 0.006 
Apoptosis, Cell Types, Cytotoxicity, Exhaustion, 

Innate-like T-cells, Notch, Phenotype, Toxicity 

GRK2, CCR7 3.21 0.007 Activation, Chemokine Signalling, Toxicity 

HAVCR2 

(TIM3) 2.62 0.008 
Activation, Costimulatory Molecules, 

Exhaustion, T-cell exhaustion markers 

IL10RA 
3.2 0.009 

Activation, Interleukin Signalling, JAK-STAT, 

Phenotype, Toxicity, Treg 

GADD45B, 

CARD10, 

FKBP1A 
3.54 0.012 

Activation, Apoptosis, Cell Cycle, Exhaustion, 

MAPK and PI3K Signalling, Metabolism, NF-kB, 

Toxicity 

PTPN6, 

OAS2, EGR1, 

IFNGR2/R1 
3.2 0.013 

Activation, Toxicity, Type I interferon signalling, 

Type II interferon signalling 

LAG3 

3.05 0.02 

Activation, Antigen processing & presentation, 

Cell Types, Costimulatory Molecules, 

Exhaustion, T-cell exhaustion markers 

STAT4/1, 

SOCS4 
1.87 0.023 Activation, JAK-STAT, Phenotype, Th1 

BCL6 2.52 0.026 Phenotype, Tfh, Th1 

LCK and LTB 
1.99 0.027 

Activation, Cytotoxicity, NF-kB, TCR signalling, 

Toxicity 

CCL4/L1, 

CCL22, 

TRAF5 
3.6 0.03 

Activation, Chemokine Signalling, Innate-like T-

cells, NF-kB, Phenotype, Toxicity 

PRKCB, 

RAC2, HLA-E 1.53 0.031 

Activation, Cell Cycle, MAPK and PI3K 

Signalling, Metabolism, mTOR, NF-kB, 

Persistence, Phenotype, T-cell migration, Toxicity 

IL12RB2, 

CCL5 
1.85 0.036 

Activation, Interleukin Signalling, JAK-STAT, 

Phenotype, Th1, Toxicity 

ITGAM, 

CD38, 

CDC42 
2.65 0.038 Persistence, T-cell migration 

6.5 Conclusion  

Currently there are several strategies that involve the use of checkpoint 

inhibitors combined with CAR-T cell therapy. Two promising examples 

include the work by Gargett et al, where they showed that PD-1 blockade 

enhanced survival of their GD-2-redirected CAR-T cells and promoted killing 

of PD-L1+ tumour cell lines (150); additionally, Tanoue and colleagues  

document the superiority of local versus systemic production of PD-L1 mini-
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body combined with an oncolytic adenovirus and administration of tumour-

directed CAR-T cells to control the growth of solid tumours in a HER2+ 

prostate cancer xenograft model (350). 

Additionally, two independent studies showed that by engineering CAR-T 

cells to constitutively secrete checkpoint blockade they achieved significant 

tumour eradication and survival of the animals compared to monotherapy in 

multiple mouse models (156, 367).  

Our approach was to combine our anti-ROR1 CAR-T cell therapy with anti-

PD-1 blockade through inducible secretion of a blocking scFv. In this way, 

we aim to boost the CAR-T cell responses against solid tumours by interfering 

with the PD-L1-mediated local immunosuppression while reducing the risk 

of unwanted cell activation and side effects that could arise from the constant 

release of checkpoint inhibitors, especially in an in vivo setting.  

For the in vivo studies we selected the breast cancer cell line MDA-MB-231 

that has been engineered to express Luciferase. The aim was to establish a 

TNBC orthotopic model via subcutaneous injection of tumour cells in the 

mammary fat pad of NSG mice (Charles River). This mouse strain was chosen 

for its feasibility to engraft tumour xenografts and for allowing long-term 

analysis such as survival of the animals treated with human T cells. These 

assessments would have not been possible in a humanised model, such as 

the CD34 humanised mouse where CD34+ stem cells seed into the BM after 

adoptive transfer. T progenitor cells originating from these CD34+ cells 

migrate into the thymus and undergo positive selection and negative selection 

(under mouse MHC, instead of human HLA) in mouse thymus. After injecting 

human breast cancer cells into CD34 humanised mice, the T cells might 

reject them even before correct engraftment (xenogeneic response), and may 

also reject the inoculated human CAR T cells. An alternative would be to 

perform a PBMC humanisation (with the same donor as the CAR-T cells that 

will be used), however GvHD would become a concern. Additionally, as proof 

of concept, we were interested in looking at the PD-1 blockade effect 

specifically on T cells, which would have not been possible in an 

immunocompetent model.  
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Overall, with pilot studies and subsequent studies, we succeeded in 

establishing consistent xenografts and confirmed no treatment-related side 

effect manifestations in weight drop, behaviour and visible signs. This was 

particularly important given the homology between mouse and human ROR1, 

and the antigen expression on healthy tissues (368, 369).  

We compared treatment efficacy between parental ROR1 CAR, combination 

therapy and ROR1 i-CAR in two independent studies with two donor-derived 

T cells. Results were reproducible and showed that with a single dose, ROR1 

i-CAR-T cells were able to significantly slow down tumour growth when 

compared to either ROR1 CAR or, to a less extent, combination therapy. 

While there are many examples of checkpoint blockade-mediated increased 

efficacy of CAR-T cells in vivo, some reports showed no significant advantage 

in tumour reduction or survival (154, 350, 370), highlighting that factors 

such as tumour target, CAR-T cell construct and protocols such as 

continuous mAb injections throughout the experiment can influence the 

checkpoint blockade effect on anti-tumour activity. Moreover, CAR-T cells 

harbouring the CD28 costimulatory domain showed to respond better to 

checkpoint blockade therapy as opposed to 41BB constructs (78) which is 

likely due to the activated PD-1 inhibitory effect on CD28-mediated signalling 

(371). This may explain further the marginal improvement we observed with 

our 41BB CAR constructs with combination therapy.   

Compared to all other treatment groups, we also detected increased i-CAR-T 

cell numbers in the spleens and increased CD8+T cells and CAR-T cells 

(mCherry+) within the tumours, suggesting better persistence of the i-CAR-T 

cells which also resulted in significantly prolonged survival of i-CAR-treated 

mice.  

We then performed additional CAR-T cell profiling using the targeted gene 

expression screening technology from Nanostring. We observed a more 

exhausted phenotype for parental CAR-T cells with increased exhausted 

CD8+ T cells and regulatory T cells. These findings were confirmed by 

differential gene expression measurements, where i-CAR-T cells showed 

significantly higher expression of several genes related to activation, survival 
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and effector functions such as IL-2 and IFN receptors, granzyme B, CCL1 and 

CD45RO. These results confirm our assumption that, compared to parental 

ROR1 CAR-T cells, the i-CAR-T cells have increased effector functions which 

ultimately lead to better and longer anti-tumour effect resulting in significant 

survival benefit for the treated mice.  
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 Summary and future work 

Adoptive transfer of T cells expressing chimeric antigen receptors (CARs) is 

an innovative form of immunotherapy in which autologous T cells are 

genetically modified to express synthetic receptors enabling recognition of 

cancer cells in an HLA-independent manner. CAR T cells raise the possibility 

of achieving long term disease control even after a single infusion, as it has 

been showed in the context of CD19+ haematological malignancies (94, 133). 

The lack of efficacy observed in the context of solid tumours paved the way 

to multiple approaches to bolster CAR-T cell therapy. Some promising 

strategies include: CAR-T cells harbouring two scFv targeting two different 

tumour antigens at the same time, making the response more targeted and 

decreasing chances of tumour escape via downregulation of one targeted 

antigen (101, 141); combination therapy with therapeutic antibodies (150) or 

oncolytic viruses (350); and CAR-T cells secreting therapeutics such as pro-

inflammatory cytokines (136) and checkpoint blockade molecules to bolster 

the anti-tumour response from infiltrating immune cells (367).  

Like canonical T cells, CAR-T cells are also susceptible to immunoregulatory 

checkpoints and acquire a differentiated and exhausted phenotype resulting 

in loss of effector functions (78, 150, 372). PD-1/PD-L1 blockade, either in 

combination or directly secreted by CAR-T cells has shown to enhance 

cytotoxicity (78, 151), and to improve survival in murine models (156, 367, 

370). Combination therapy is actively investigated in the clinic despite the 

side effects that may arise from systemic administration of checkpoint 

inhibitors (238, 346).  

We believe that a spatially targeted checkpoint blockade delivery may 

enhance CAR-T cell effectiveness against solid tumours whilst limiting off-

target toxicity (238, 332). We therefore combined CAR-T cell therapy with a 

localized delivery of PD-1 blockade to overcome the local 

immunosuppression. To our knowledge, this is the first evaluation of the 

checkpoint blockade effect on CAR-T cell therapy in the context of ROR1.  
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ROR1 is an attractive therapeutic target due to its overexpression on a wide 

range of aggressive tumours with unmet therapeutic need including breast 

and lung cancers, as well as cancer initiating cells. Given its low expression 

on several healthy tissues, careful monitoring for on-target off-tumour side 

effects will be fundamental. So far, clinical evaluation showed safe 

administration but limited efficacy using either CAR-T cells or a therapeutic 

antibody (373), with the report by Specht and colleagues highlighting the 

upregulation of inhibitory receptors in expanding ROR1 CAR-T cells (322). 

7.1 Previous results 

We have previously reported the generation of a fully humanized ROR1-

targeted scFv and showed superior activity compared to the other two binders 

tested in the clinic, both in a BiTE and in a second-generation CAR formats. 

This enhanced efficacy might be due to our targeted epitope (Frizzle versus 

Ig-like), as a more-proximal position on the membrane of the epitope has been 

shown to activate CAR-T cells more efficiently (374). When we tested the same 

three binders in the context of solid tumours, we observed the same trend 

but overall lower effectiveness, which is in line with the reported poor 

performance of CAR-T cells in the context of solid malignancies (150, 367, 

375). 

7.2 Summary of this project findings 

Overall, with this work we show the generation of a new and improved ROR1-

targeted therapeutic, made of CAR-T cells secreting αPD-1 scFv upon 

activation. Through a thorough and extended in vitro characterisation, we 

first demonstrated the safety and efficiency of the inducible system; this was 

followed by showing a PD-1 blockade-mediated effect on improved targeted 

cytotoxicity, pro-inflammatory cytokine secretion and proliferation using a 

panel of ROR1+ and PD-L1+ cell lines.  

Due to the limitations of in vitro characterisation using cell lines, it would be 

interesting and more informative to use better translational models such as 

3D tumorspheres (376), patient-derived samples and organoid technology 

(377, 378). 
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Finally, when we tested this system in a TNBC xenograft mouse model, we 

confirmed the preliminary in vitro findings as we observed a significant benefit 

for mice receiving a single dose of i-CAR-T cells compared to ROR1 CAR-T 

cells only or combination therapy. We showed that this increased efficacy is 

due to better i-CAR-T cell engraftment, better tumour infiltration and a less 

inhibited/exhausted phenotype compared to ROR1 CAR-T cells only.  

7.3 Further preclinical assessments 

7.3.1 In vitro 

As we successfully generated a robust, long-lasting and specific inducible 

system, our platform gives the possibility to pair CAR-T cell therapy with 

other therapeutics including other targeted scFvs, cytokines, chemokines, 

enzymes and so on. 

A feature of exhausted T cells versus activated, memory-like CD8+ T cells is 

their altered long-term survival: in the absence of the targeted antigen, 

exhausted T cells are unable to proliferate and to persist long term (24). While 

we do observe increased proliferation by i-CAR-T cells in vitro, the comparison 

of proliferative capacities long-term and following removal of ROR1 might 

provide valuable information. 

The anti-inflammatory cytokine IL-10 is often induced in chronic infections 

and cancer (23). It has been shown that IL-10 blockade can prevent and/or 

reverse T cell exhaustion (25). Although we did not perform any screening for 

this cytokine, if present, as combination strategy it would be interesting to 

pair PD-1 blockade with IL-10 blockade to evaluate the effect on CAR-T cell 

effector functions. This approach has already been tested in the context of 

chronic viral infection, where robust effector responses, functional memory T 

cells, and effective control of viral replication were reported (23, 379). 

At the same time, we are planning to further increase the strength of the 

promoter, for example via codon-optimisation of the coding sequence for the 

scFv and using a different minimal promoter. In case of unwanted/non-
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specific activation of the inducible promoter, we could test pharmacological 

inhibitors FK506 (tacrolimus) and cyclosporin A (CsA) to block activation and 

secretion as reported by Uchibori and colleagues (353). 

7.3.2 In vivo  

One of the preliminary experiments that should follow should be testing the 

CAR-T cells in a different tumour model (e.g. NSCLC) to confirm that the effect 

is not limited to the model and cell line that we used. Moreover, as for the in 

vitro assessment, cell lines may not necessarily represent the complexities of 

the original tumours, including heterogeneity in terms of clonal evolution 

leading to differential antigen expression (positive or negative), absolute 

expression levels, mutated antigens and differences in immune cell infiltrate 

(380, 381). One solution could be the use of patient-derived tumour samples 

(382), which would provide more robust evidence of the therapeutic effect of 

ROR1-targeted CAR-T cells. Moreover, it would be interesting to assess 

whether a single dose with more CAR-T cells, or multiple injections of CAR-T 

cells would increase the anti-tumour effect which may lead to tumour 

eradication. 

Despite the very promising findings, we are aware of some limitations of the 

NSG strain: firstly, the lack of a functional immune system, despite allowing 

monitoring of long-term survival, prevented the assessment of the PD-1 

blockade effect on other immune cells exploiting this pathway. One clear 

example is given by the report from Lin et al., where they demonstrated a loss 

of therapeutic effect by PD-L1 blockade in immunodeficient mice, suggesting 

that PD-L1+ macrophages and dendritic cells may play a role in shaping and 

predicting clinical efficacy of PD-1/PD-L1 blockade (383). This may also 

explain the lack of efficacy by combination therapy that we observed.  

The use of wild type mouse models is excluded, considering that our ROR1 

binder is humanized and therefore could cause allergic reactions; moreover, 

the PD-1 binder recognises human PD-1 but may not recognise murine PD-

1, considering that the two genes share 60% homology at the amino acid level 

(384).  
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Humanised mouse models could offer an attractive alternative to observe the 

broader effect that our therapy would have, specifically on other cells of the 

immune system. Moreover, humanised models offer a better recapitulation of 

the TME, as well as using donor-matched conditions (CD34+ stem cells and 

CAR-T cells derived from the same donor). One example of a strain that could 

be utilised is the SGM3 mouse (JAX), also to see enhanced myeloid 

engraftment including PD-1 expressing macrophages. 

7.3.3 Toxicology assessments 

To further characterise the CAR-T cell effect in vivo, it will be fundamental to 

perform toxicology studies with dose-escalating CAR-T cell infusions to 

assess potential on-target off-tumour toxicity in mice which has been 

reported by other groups (369, 385, 386). In case toxicity is observed (such 

as in the liver and lungs), H & E staining could be performed to quickly assess 

tissue damage. 

The other two published ROR1 binders, cirmtuzumab (mAb) and R12 CAR-T 

cells, have been tested in non-human primates with reported lack of toxicity, 

which is at odds given the presence of ROR1 on healthy tissues such as  

adipocytes (306). In the case of cirmtuzumab, this may be due to its primary 

function as signalling inhibitor instead of mediating cytotoxicity. 

Additionally, CAR T cell administration in nonhuman primates, which 

present an ROR1 expression pattern in normal tissues similar to humans, 

showed no evidence of toxicities (319). Poor trafficking of CAR T cells to these 

ROR1 positive healthy tissues and/or insufficient level of antigens to trigger 

CAR-T cell trafficking and activation might explain the lack of toxicity. 

Ongoing clinical trials with both reagents reported safe profile: for 

cirmtuzumab, Kipps’ group recently reported preliminary results of the 

clinical trial where 26 CLL patients received the mAb (up to 20 mg/kg) with 

no dose-limiting toxicities observed (373). Regarding the CAR-T cell trial, 

clinical reports show lack any significant on-target, off-tumour toxicities such 

as severe neurotoxicity, severe CRS, or tumour lysis syndrome in the 7 ROR1-

expressing TNBC patients that were treated (387). Importantly, they reported 
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an exhausted phenotype for the engrafted second-generation ROR1 scFv-4-

1BB-CD3ζ cells. Further results with a wider treated population are awaited 

from both trials as they would be very informative especially for the toxicity 

profile. 

It is important to remember that CAR-T cell-derived toxicities may be 

confined to a specific construct and/or binder, as demonstrated by 

independent studies (114, 388). Nevertheless, we will have to carefully plan 

and assess our constructs for potential on-target off-tumour cytotoxicity to 

allow for a low-risk and successful ROR1-targeted therapy, as well as 

anticipation and management of the potential side effects. 

7.3.4 Ex-vivo characterisation 

Regarding the ex-vivo characterisation, one of the first important 

assessments to perform is the quantification of the released scFv and the 

mAb in the TME of treated mice. This could be done via IHC, ELISA or via 

labelling of the PD-1 blockers. Our attempt to detect via BLI the scFv tagged 

with a luciferase in mice had failed, possibly due to weak signal; alternatively, 

other ways for live tracking such as radiolabelling could be explored via 

collaborat6ion with the CABI imaging facility at the Cancer Institute. In 

determining the intra-tumoral mAb concentration, we could assess for 

potential poor trafficking into the tumour as the plasma concentration drops, 

or potentially determine the mAb uptake by tumour-associated macrophages 

via their FcγR as our mAb is a mouse IgG. For the scFv, it would be interesting 

to confirm the hypothesised long-lasting production by long-lived and 

engrafted i-CAR-T cells.  

Additionally, we could also label and track CAR-T cells, to determine useful 

information such as where else the infused T cells might go (lung, etc.), the 

duration of tumour infiltration, overall CAR-T cell persistence or engraftment 

and so on (389, 390). 

For the in vivo settings, an interesting point of discussion is whether the 

targeting of the PD-1:PD-L1 pathway is truly reversing exhaustion, since in 
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mouse tumour models injections are usually performed at early stages of 

treatment, when full T cell exhaustion may not have developed yet. Instead, 

what may be happening is that PD-1 blockade is impacting priming and/or 

preventing the development of exhaustion (24).  

This scenario may be happening in our TNBC xenograft model, where the 

combination therapy treatment group received 3 injections of PD-1 blockade 

only at beginning of treatment (day 3, 7 and 10 post treatment). We could 

evaluate the exhaustion profile of tumour infiltrating CAR-T cells: in case of 

exhaustion signatures on parental CAR-T cells only, we could hypothesise 

that combination therapy at such early stage is impairing exhaustion 

development. We can perform this ex-vivo experiment via multicolour flow 

cytometry or DNA/RNA sequencing.  

Moreover, in the in vivo settings, it remains unclear whether PD-1 blockade 

is directly impacting intratumoral T cells or it may also reinvigorate T cells in 

the secondary lymphoid organs (24). We could therefore consider 

characterising T cells from the tumour draining lymph nodes via ex-vivo 

multicolour flow cytometry. 

Moreover, given the powerful Nanostring technology in assessing for gene 

expression, it would be interesting to use a different kit, such as the 

PanCancer IO 360 Gene Expression Panel which allows for a multifaceted 

characterization of cancer biology and interrogation of the mechanisms of 

immune evasion. This analysis would be particularly informative in the 

setting of a CAR-T cell-treated PDX.  

Following on from the superior i-CAR efficacy that we observed compared to 

parental CAR-T cells and confirming the lack of limiting toxicities, we would 

be much more confident of the potential to safely administer ROR1 i-CAR T 

cells to generate long-lived and effective responses against ROR1+ solid 

malignancies difficult to treat such as TNBC and NSCLC. 
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