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1 
ABSTRACT 

ABSTRACT 
 

English 

Chimeric antigen receptor (CAR) T cells have yielded impressive remission rates in treatment-

refractory B cell malignancies (B-ALL and B-lymphomas) by targeting CD19, resulting in CAR T 

cell therapies entering into clinical practice. However, the utility of CAR T cells for acute myeloid 

leukaemia (AML) remains a challenge. CAR T cells against AML-associated antigens are typically 

hampered by cytotoxic effects against normal haematopoietic progenitor cells and by CAR T cell 

exhaustion. Current clinical trials using CAR T cells that target various antigens in AML have 

resulted in either transient leukaemia cell clearance, or complete clearance of leukaemia at the 

expense of severe on-target off-tumour toxicities. In this thesis, third-generation anti-CD123 

CAR T cells were developed with a humanised binding moiety for CD123 incorporating two 

intracellular signalling domains. The CAR developed in this project demonstrated strong anti-

AML activity without elimination of the healthy haematopoietic system or epithelial tissue 

damage in mouse xenograft models. However, a sustained and long-term tumour eradication was 

not observed in the mice. In the clinical setting, this would mean that patients have suboptimal 

responses to the CAR T cells and may relapse.  

 

The AML microenvironment is immunosuppressive by employing a variety of mechanisms to 

escape the host immune surveillance, which may hamper the efficacy of CAR T cell therapy. To 

improve the long-term efficacy of the CAR T cells, combination therapy with DNA 

methyltransferase inhibitors, such as azacitidine (AZA), was explored. AZA has previously been 

shown to upregulate the expression of leukaemia-associated antigens on AML thereby inducing 

more effective T cell responses. AZA was therefore combined with CD123 CAR T cells and 

evaluated in AML xenograft models. Priming of AML cells with AZA increased the expression of 

the target antigen, CD123, on the cell surface. CD123 CAR T cells were more effective at 

eliminating AML cells in vivo and induced long term eradication. Interestingly, the combined 

treatment strategy induced a CTLA-4negative CD123 CAR T cell population. Functionally, these 

CTLA-4negative CD123 CAR T cells exhibited superior cytotoxicity against AML cells with 

sustained tumour necrosis factor (TNF) production and higher proliferative capacity compared to 

CTLA-4positive CD123 CAR T cells. Furthermore, AML xenograft mice treated with CTLA-4negative 

CD123 CAR T cells survived longer than CTLA-4positive CD123 CAR T cell treated mice, and 

demonstrated recall immunity in secondary AML xenograft recipients. Mechanistically, when 

AML cells were primed with AZA, the CAR T cells demonstrated increased intracellular 



	

	
	

2 
ABSTRACT 

retention of CTLA-4 and reduced extracellular expression upon exposure to the AML cells. The 

decreased expression of extracellular CTLA-4 was associated with decreased numbers of 

regulatory CAR T cells. Normally, high extracellular CTLA-4 expression prevents the 

phosphorylation of Lck and Zap70; intracellular molecules required for effective T cell induction 

and function. In this case, a higher phosphorylation level of these molecules was observed in the 

CAR T cells exposed to AML cells previously primed with AZA compared to without priming.  

 
The findings in this thesis project indicate that AZA increases the target antigen, CD123, on 

AML cells, allowing enhanced recognition and elimination by cytotoxic CTLA-4negative CD123 

CAR T cells.  These novel findings pave the way for a clinical trial combining AZA and CD123 

CAR T cells for AML treatment. 
 

German 

Chimäre Antigen Rezeptor T-Zellen (CAR T-Zellen) mit Zielantigen CD19 konnten 

beeindruckende Remissionsraten in therapierefraktären B-Zell Erkrankungen (B-ALL und B-Zell 

Lymphomen) erzielen, weshalb entsprechende CAR T-Zell Therapien bereits zum Einsatz in der 

Patientenversorgung kommen. Allerdings stellt die Anwendung von CAR T-Zellen bei der 

akuten myeloischen Leukämie (AML) weiterhin eine Herausforderung dar. CAR T-Zellen mit 

AML assoziierten Zielantigenen werden typischerweise von zytotoxischen Effekten normaler 

hämatopoetischer Vorläuferzellen und der CAR T-Zellerschöpfung in ihrer Wirkung 

gehemmt. Aktuelle klinische Studien, welche CAR T-Zellen mit verschiedenen AML spezifischen 

Zielantigenen nutzen, zeigten entweder nur eine zeitweilige Beseitigung leukämischer Zellen, oder 

die vollständige Beseitigung der Leukämie unter Inkaufnahme schwerwiegender toxischer 

Nebenwirkungen durch gleichzeitiger Wirkung an nicht leukämischen Zellen mit Ausprägung 

desselben Zielantigens. In dieser Doktorarbeit wurden anti-CD123 CAR T-Zellen der dritten 

Generation entwickelt, welche mit einem humanisierten Bindungsstück für CD123 und zwei 

intrazellulären Signaldomänen ausgestattet sind. Der chimäre Antigen Rezeptor dieser Arbeit 

zeigte eine ausgeprägte anti-AML Aktivität in Maus Xenograft Modellen ohne dabei das gesunde 

hämatopoetische System zu unterdrücken oder dem epithelialen Gewebe zu schaden. Allerdings 

konnte bisher keine nachhaltige und langfristige Tumoreradikation in Maus Modellen beobachtet 

werden. Für den klinischen Einsatz würde dies bedeuten, dass behandelte Patienten ein 

suboptimales Ansprechen auf die CAR T-Zellen aufweisen und Rezidive auftreten könnten. 

	

Um der Immunabwehr des Wirtorganismus zu entgehen, verwendet das AML Mikromilieu 

verschiedene immunsuppressive Mechanismen. Diese Mechanismen behindern wiederum die 
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Effektivität der CAR T-Zell Therapie.  Daher wurde zur Verbesserung der langfristigen 

Effektivität der CAR T-Zellen eine Kombinationstherapie mit DNA-Methyltransferase 

Inhibitoren wie Azacitidin (AZA) erforscht. Vorherige Studien zeigten, dass AZA die Expression 

leukämieassoziierter Antigene der AML hochreguliert und dadurch eine effektivere T-Zell 

Antwort auslöst. In dieser Arbeit wurde daher AZA mit CD123 CAR T-Zellen als 

Kombinationstherapie in AML Xenograft Modellen eingesetzt und evaluiert. Die Bahnung und 

Vorbereitung von AML Zellen durch AZA erhöhte die Expression von CD123, des Zielantigens, 

auf der Zelloberfläche. CD123 CAR T-Zellen waren effektiver in der Eliminierung von AML 

Zellen in vivo und induzierten eine langfristige Tumoreradikation. Interessanterweise induzierte 

besagte Kombinationstherapie die Bildung einer CTLA-4negativen CD123 CAR T-Zellpopulation. 

Diese CTLA-4negativen CD123 CAR T-Zellen zeigten, insbesondere im Vergleich mit CTLA-4positiven 

CD123 CAR T-Zellen, eine ausgeprägtere Zytotoxizität gegen AML Zellen, nachhaltige TNF 

Produktion und erhöhtes proliferatives Potential. Des Weiteren überlebten jene AML Xenograft 

Mäuse länger, welche mit CTLA-4negativen CD123 CAR T-Zellen behandelt wurden. Zudem wiesen 

sie ein Immunitätsgedächtnis in sekundären AML Xenograft Empfängern auf. Unter der 

Behandlung von AML Zellen mit AZA in der Kombinationstherapie zeigten die CAR T-Zellen 

bei Exposition mit entsprechenden AML Zellen eine verstärkte intrazelluläre Retention und eine 

erniedrigte extrazelluläre Expression von CTLA-4. Die erniedrigte extrazelluläre Expression von 

CTLA-4 ging mit einer erniedrigten Anzahl an regulatorischen FOXP3+ CAR T-Zellen einher.  

Normalerweise verhindert eine hohe extrazelluläre Expression von CTLA-4 die 

Phosphorylierung von Lck und Zap70, intrazellulären Molekülen welche für die effektive T-Zell 

Induktion und Funktion notwendig sind. In dieser Arbeit konnte beobachtet werden, dass CAR 

T-Zellen, welche durch die Gabe von AZA vorher gebahnt worden waren, im Vergleich zu CAR 

T-Zellen ohne verherige AZA Behandlung der AML Zellen, ein erhöhtes 

Phosphorylierungsniveau dieser Moleküle nach Exposition mit AML Zellen aufwiesen.  

 

Die Ergebnisse dieser Doktorarbeit legen nahe, dass AZA die Expression des Zielantigens 

CD123 auf AML Zellen erhöht, wodurch die gesteigerte Erkennung und Eliminierung maligner 

Zellen durch zytotoxische CTLA-4negativen CD123 CAR T-Zellen ermöglicht wird.  Diese neuen 

Erkenntnisse ebnen den Weg für klinische Studien mit Einsatz von AZA und CD123 CAR T-

Zellen in der AML Therapie.	
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INTRODUCTION 
 

1.1. From Haematopoietic Stem Cells to Leukaemic Stem Cells 
 

Haematopoietic stem cells (HSCs) are multipotent, self-renewing blood progenitor cells 

which are found mainly in the bone marrow (BM) of the adult, and constitute approximately 

0.2% of the BM composition (Riether et al., 2015). Haematopoietic cells and their mature 

progeny in the peripheral blood (PB) and tissues have a finite lifespan and must, therefore, be 

continuously replaced throughout life (Il-Hoan & Kyung-rim, 2010). HSCs infrequently divide, 

giving rise to transient-amplifying multipotent and lineage-restricted progenitors (MPPs) that 

proliferate extensively. HSCs are quiescent cells that warrant genomic integrity as frequent 

chromosomal replications may introduce oncogenic deoxyribonucleic acid (DNA) mutations. 

Quiescence, therefore, protects the cells from uncontrolled proliferation.  

Furthermore, self-renewal is a hallmark and a defining characteristic of HSCs, and this capacity 

arises from the ability of the HSCs to divide asymmetrically; ensuring one daughter cell remains a 

HSC. The haematopoietic system is therefore critically dependent on three fundamental cellular 

processes: survival, proliferation, and differentiation. These processes are tightly regulated by 

many factors, pathways, and supportive niches of the BM microenvironment to maintain a 

steady-state level of functional HSCs (Noll et al., 2012) (Jagannathan-Bogdan & Zon, 2013).  

HSCs possess non-exhaustive replication and proliferation capacities that can be initiated in stress 

situations, such as after cytotoxic chemotherapy, irradiation, or during infections. Normal 

haematopoiesis is impaired when leukaemic cell expansion occurs following neoplastic 

transformation of immature haematopoietic cells which may have marked morphological, 

aberrant genetic, and functional heterogeneity (Huntly & Gilliland, 2005) (Reya et al., 2001).  

Leukaemic stem cells (LSCs) are the small population of cells within the bulk of leukaemia cells 

with stem cell characteristics that propagate the disease (Riether et al., 2015). LSCs produce more 

differentiated and heterogenic leukaemic progeny with a high proliferative potential, failure of 

terminal differentiation, and inhibition of molecular cues that promote apoptosis, or possess 

senescence mechanisms which lead to blast accumulation and clinical disease (Seshadri & Qu, 

2016). LSCs are thought to originate from HSCs which have undergone leukaemia-initiating 

events. Conversely, some studies demonstrated that in certain leukaemias, more mature 

progenitor cell types, or even cells expressing lineage markers can also serve as leukaemia-

initiating cells (LIC) that give rise to LSCs (Figure 1.1)(Jamieson et al., 2004). This nurtured the 
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idea that the LICs or the stage of haematopoiesis for leukaemic transformation varies between 

the types of leukaemia.  

Much like HSCs, LSCs depend on similar interactions with the BM supportive niche for their 

survival, persistence, and renewal. Therefore, during leukaemogenesis, LSCs ‘hijack’ the niche 

and signalling molecules, consequently suppressing the development of normal HSCs. Colmone 

and colleagues (Colmone et al., 2008) demonstrated that transplanted leukaemia cells 

preferentially migrate to C-X-C motif chemokine ligand 12 (CXCL12)-expressing vascular niches.  

It has been found that the effect of transforming growth factor β (TGF-β) on LSC quiescence, 

for example, varies in different types of leukaemia. For instance, TGF-β is found to be a crucial 

regulator of protein kinase B (AKT/PKB) activation thereby maintaining LSCs and inducing the 

quiescent G0 state of the cell cycle. In doing so, LSCs become invasive and insensitive to anti-

growth and apoptosis signals. It is now widely accepted that the ability of the LSCs and its 

progeny to evade the immune system is also a fundamental hallmark of leukaemic disease 

(Hanahan & Weinberg, 2011).   

Taken together, it is evident that LSCs depend on similar signals from the same supportive BM 

niches as HSCs do, although the signals harnessed by the LSCs may differ between the subtypes 

of leukaemia. One such leukaemia that causes BM failure due to the impairment of normal 

haematopoiesis is acute myeloid leukaemia (AML).  
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Figure 1.1. The aberrant transformation of haematopoietic stem cells to leukaemic stem cells.  
During normal haematopoiesis, HSCs with unlimited self–renewal capacity differentiate into multipotent 
progenitors (MPPs) with limited self-renewal capacity. MPPs further differentiate into oligo-potent lineage-
restricted (OPPs) progenitors (common lymphoid or myeloid progenitors; CLP and CMP, megakaryocyte-
erythrocyte progenitor and granulocyte-macrophage progenitors; MEP and GMP) which have lost self-renewal 
capacity. These lineage restricted progenitors produce terminally differentiated mature blood cells with intense 
proliferative capacity e.g. T-, B-, and natural killer (NK) cells of the lymphoid lineage; platelets (P), erythrocytes 
(E), monocytes (M) and granulocytes (G) of the myeloid lineage. Leukaemic transformation can occur at 
various stages of the haematopoietic hierarchy. (A) For some leukaemias, a genetic chromosomal change can 
occur from an HSC giving rise to all downstream blood lineages harbouring the same malignant phenotype. 
(B) In other leukaemias, LSCs exhibited immunophenotypes similar to that of MPPs or OPPs suggesting more 
differentiated cells can also give rise to LSCs after re-acquisition of self-renewal capacity. (C) There is 
increasing evidence suggesting LSCs can arise from mature terminally differentiated blood cells with the ability 
to also re-acquire self-renewal capacity. (D) In the ‘pre-leukaemic’ phase, genetically unstable LSCs clonally 
expand and differentiate allowing the accrual of further mutations. (E) The accrual of further mutations in the 
‘pre-leukaemic’ phase then leads to the development of different terminally differentiated leukaemic clones. 
(Illustration by Riether et al., 2015). 
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1.2. Acute Myeloid Leukaemia  

1.2.1. AML Disease Epidemiology & Pathogenesis 
 

AML is a heterogeneous clonal disorder characterised by the proliferation and infiltration 

of aberrantly differentiated immature haematopoietic cells, called AML blasts, into the blood and 

other peripheral tissues, which consequently causes BM failure. AML represents the most 

common acute leukaemia in adults, accounting for approximately 80% of cases. The incidence of 

AML increases with age, from 1.3 per 100,000 population in patients younger than 65 years of 

age, to 12.2 cases per 100,000 population in patients over 65 (Döhner et al., 2015). The median 

age of diagnosis is 69 in Australia. AML was incurable up until the last few decades, and is now 

cured in ~35-40% of patients aged ≤60, and 5-15% of patients aged ≥60 with intensive 

chemotherapy. AML patients in Australia have a 5-year relative survival of only 26.8% at 

diagnosis (Australian Institute of Health and Welfare, 2017). The majority of patients present 

with a combination of leucocytosis and signs of BM failure, of which, anaemia and 

thrombocytopenia are the most common. In addition, patients often experience symptoms such 

as fatigue, anorexia, and weight loss. Infection, bleeding, and organ failure are common 

complications of AML and without prompt medical intervention; death usually ensues within 

weeks to months of diagnosis (E. H. Estey, 2012). A patient is said to be diagnosed with AML 

when there is a presence of 20% or more blasts in the BM or PB, or in combination with 

documented genetic abnormalities (Döhner et al., 2010).  

Diagnosis is made through morphologic assessment of BM specimens and blood smears, analysis 

of cell-surface or cytoplasmic markers by flow cytometry, identification of chromosomal findings 

by means of conventional cytogenetic testing or fluorescence in situ hybridisation (FISH), and 

screening for selected molecular genetic lesions for disease classification. Under the World Health 

Organization (WHO) Classification of Tumours of Hematopoietic and Lymphoid Tissues, AML is 

categorised into 7 groups: AML with recurrent genetic abnormalities, AML with myelodysplasia-

related changes, prior therapy-related AML, AML not otherwise specified, myeloid sarcoma, 

Down-syndrome related myeloid proliferations, and undifferentiated/bi-phenotypic acute 

leukaemia (Döhner et al., 2015).  

The pathogenesis of AML is therefore a complex process. Gilliland and colleagues proposed a 

simplified ‘two-hit’ model, resulting from two consequent genetic events, for the development of 

AML (Fröhling et al., 2005)(Kelly & Gilliland, 2002)(Kihara et al., 2014).  



	

	
	

10 
INTRODUCTION 

The model proposes that a healthy blast can transform to an AML blast by the acquisition of two 

types of mutations. The first type of genetic mutation consists of constitutively active cell-surface 

receptors involved in the tyrosine kinase receptor signalling pathways such as Ras, FMS-like 

tyrosine kinase 3 (FLT3), c-Kit, Janus kinase 2 (JAK2), and tyrosine-protein phosphatase non-

receptor type 1 (PTPN1) resulting in the activation of pro-proliferative pathways thereby driving 

phosphatidylinositol 3-kinase/protein kinase-B (PI3K-Akt), Ras-mitogen activated proten kinase 

(Ras-MAPK), or signal transducer and activator of transcription (STAT) pathways. Besides 

cellular proliferation, these mutations can induce anti-apoptotic genes belonging to the B cell 

lymphoma 2 (Bcl-2) family conferring a survival advantage thereby allowing the expansion of 

leukaemic blast progenitor cells (Franke et al., 2003)(Bose et al., 2012)(Nosaka, 1999). The 

second genetic event is exemplified by chromosomal aberrations resulting from the 

overexpression of homeobox (HOX) genes, the formation of onco-fusion proteins such as runt-

related transcription factor 1/ RUNX1 translocation partner 1 (RUNX1/RUNX1T1), 

promyelocytic leukaemia/retinoic acid receptor alpha (PML-RARA), and molecular changes in 

transcription factors such as CCAAT/enhancer-binding protein alpha (C/EBPα) and RUNX1 

which impair and block normal haematopoietic differentiation (Fröhling et al., 2005).  

The understanding of AML has vastly improved within the past decade, with various studies 

mapping the complex genetic landscape of AML with the advent of next generation sequencing 

(NGS) (Lindsley et al., 2015)(Marcucci et al., 2011). These studies demonstrated that the presence 

or absence of specific gene mutations, or changes in gene expression can be correlated with the 

patients’ prognosis.  Key molecular abnormalities (Figure 1.2, Table 1.1) are now used to predict 

outcome and help guide treatment regimens for AML patients. 
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Figure 1.2. Functional Categories of Genes Frequently Mutated in Acute Myeloid Leukaemia.  
(A) Mutations in the genes of class III tyrosine kinase receptor gene FLT3 confer a proliferative advantage 
through aberrant RAS-RAF, JAK-STAT, and PI3K-AKT signalling pathways. (B) Tumour suppressor (TP) 
genes e.g., TP53 mutations result in transcriptional deregulation and impaired degradation through the mouse 
double minute 2 homologue (MDM2) and the phosphatase and tensin homologue (PTEN). (C) DNA 
methylation gene mutations such as Tet methylcytosine dioxygenase 2 (TET2), DNA methyltransferase 3A 
(DNMT3A), and Isocitrate dehydrogenase 1/2 (IDH1/2) (acting through the 2-hydroxyglutarate (2HG) 
oncometabolite production, leads to the deregulation of DNA methylation (hmC 5-hydroxymethyl-cytosine and 
mC 5-methylcytosine). (D) Mutations in myeloid transcription factors such as RUNX1 and transcription factor 
fusions by chromosomal rearrangements, such as RUNX1-RUNX1T1 lead to deregulation and impaired 
haematopoietic differentiation. (E) Cohesion complex gene mutations such as stromal antigen-2 (STAG2) and 
double strand break repair protein 21 (RAD21) may impair accurate chromosome segregation and 
transcriptional regulation. (F) Additional sex comb-like 1 (ASXL1) and enhancer of zeste homolog 2 (EZH2) 
are genes associated with epigenetic homeostasis of cells. Mutations lead to deregulation of chromatin 
modification e.g. H3 and H2A histone methylation on lysine residues, impairing other methyltransferases such 
DOT-1 like histone H3K79 methyltransferase (DOT1L). (G) The Nucleophosmin 1 (NPM1) gene encodes a 
multifunctional nucleocytoplasmic shuttling protein and mutations result in aberrant cytoplasmic localisation of 
NPM1 and NPM1-interacting proteins. (H) Mutations of spliceosome-complex genes such as SRSF2, SF3B1, 
U2AF1, and ZRSR2 are involved in deregulated ribonucleic acid (RNA) processing. (Illustration by Döhner et al., 
2015) 
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TABLE 1.1. Clinical Significance of Frequent and Recurrent Gene Mutations in AML. 

Mutated 
Gene 

Frequency            
(% of patients) Clinical Significance 

NPM1 25-35 

Most frequent in cytogenetically normal AML, often associated with 
other mutations. In younger patients, it is associated with good 
prognosis with chemotherapy and there is no benefit from allo-
hSCT. Older patients benefit from conventional induction 
chemotherapy. In cases with other genetic aberrations e.g. Flt3-ITD, 
patients have poor OS. (Falini et al., 2007) (K. Döhner et al., 2005). 

CEBPA 6-10 

Most commonly associated with del (9q) mutations. Incidence 
decreases with age and cytogenetically normal AML. CEBPA bi-
allelic mutation or double mutations are found in half of CEPBA 
cases and confers a higher CR and favourable OS. A favourable 
outcome can be achieved with conventional induction 
chemotherapy. 

RUNX1 5-15 

Incidence increases with age and is often associated with other 
mutations. This mutation is often present with trisomy 13 or 21 
mutations. Mutation often occurs in secondary AML evolving from 
MDS. RUNX1 are often predictors of resistance to induction 
chemotherapy in young and older patients and is often related to 
poor prognostic outcome.   

FLT3-ITD ~20 

Strongly expressed in HSCs and drives cellular proliferation and 
survival through JAK-STAT, MEK/MAPK and PI3K signalling 
pathways. Associated with a very poor outcome if they have a high 
mutant-to wild type ITD ratio. ITD in the JM domain or mutations 
in the second TKD of the flt3 gene are found in ~25% of cases. 
These patients may benefit from allo-hSCT in first complete 
remission however relapse is still frequent. (Kelly & Gilliland, 2002)  
 (Daver et al., 2019) 
 

c-KIT <5 
Mostly associated with core-binding factor AML with t(8;21) and 
inv(16)  and other fusion genes. cKIT mutations are shown to confer 
higher relapse and poor OS. cKIT can be targeted using TKIs. 

NRAS ~15 
Mostly frequent in cytogenetically normal AML, AML with inv(16) 
and inv(3). Mutant RAS may be predictive of sensitivity to 
cytarabine. 

DNMT3A 18-22 

Incidence increases with age. Occurs most frequently in 
cytogenetically normal AML and is associated with NPM1 and 
FLT3-ITD mutations. Patients with this mutation have a moderate 
adverse outcome 

ASXL1 5-17 

Incidence increases with age and is often associated with secondary 
AML evolving from MDS. ASXL1 mutations predictive of inferior 
outcome as it occurs with concurrent mutations (e.g. RUNX1, 
SRSF2 and IDH2).  

IDH1 and 
IDH2 7-20 

Isocitrate dehydrogenases are homodimeric enzymes involved in 
diverse cellular processes, including adaption to hypoxia, histone 
demethylation and DNA modification. IDH1 resides primarily in the 
cytosol, whereas IDH2 is primarily mitochondrial. Mutant IDH 
enzymes have neomorphic activity, catalysing NADPH-dependent 
reduction of α-KG to an oncometabolite, D-2-hydroxyglutarate (2-
HG). 2-HG results in downstream DNA hyper-methylation and a 
block in myeloid cell differentiation Incidence increases with age and 
most frequently seen in cytogenetically normal AML. Found in up to 
20% of cases and incidence increases with age. IDH2 mutations 
occur more often than IDH1 mutations. There is an association with 
NPM1, DNMT3A and Flt3 mutations. Prognostic significance is 
dependent on mutational context and whether there are concurrent 
mutations. Some confer poor prognosis and some confer favourable 
prognosis. (Reitman et al., 2010) (Losman & Kaelin, 2013) (Fathi et 
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*Abbreviations: OS- overall survival, CR- complete remission, PTD-partial Tandem duplication, MDS- 
Myelodysplastic syndrome, ITD- Internal tandem duplication, allo-hSCT-allogeneic stem cell transplantation, 
JM- juxtamembrane, TKD- tyrosine kinase domain, TKI- tyrosine kinase inhibitors, α-KG-alpha ketoglutaric 
acid. (Table adapted from Döhner et al., 2015)  
 

 

In the majority of cases, AML appears as a de novo malignancy. However, genetic mutations have 

been implicated in the development of AML in more than 97% of these cases. Progression from 

pre-existing haematopoietic disorders, such as myelodysplastic syndrome (MDS) and aplastic 

anaemia to AML is also sometimes seen in newly diagnosed AML patients. Additionally, up to 

15% of AML patients develop the disorder following cytotoxic treatment for other cancers or 

diseases with a median latency of 5-10 years. These patients have disease more resistant to 

intensive chemotherapy than de novo AML patients (Sill et al., 2011). 

 

 

 

 

 

 

 

 

al., 2015) (Döhner et al., 2015) (DiNardo et al., 2015) (Figueroa et al., 
2010) (Lu et al., 2012)  

TET2 7-25 

Incidence increases with older age. Tet2 loss leads to increased HSC 
self-renewal and skewed differentiation towards the monocytic cell 
lineage. Mutually exclusive of IDH1 and IDH2 mutations. 
Associated with inferior survival among patients with cytogenetically 
normal AML. Associated with clonal haematopoiesis in healthy 
elderly persons. 

KMT2A-PTD 5 

Associated with cytogenetically normal AML and trisomy 11. 
Translocations associated with the KMT2A gene leads to aggressive 
acute lymphoid and myeloid leukaemia. Generally has a poor 
outcome with higher relapse rate and poor OS. However, this is 
dependent on several factors.  

TP53 ~8-14 

Incidence increases with older age. Predominantly detected in AML 
with complex aberrant karyotype (e.g. -5 or del(5q), -7 or del(7q)) 
TP53 confer very poor outcome and patients are generally resistant 
to conventional induction therapies and/or relapse following allo-
hSCT. 
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1.2.2. AML Risk Stratification/Disease Prognosis 
 

In 2010, the European LeukemiaNet (ELN) classification scheme was created to standardise 

risk stratification in adult AML by dividing patients into four risk groups based on their 

cytogenetic and known molecular abnormalities (Döhner et al., 2010). These risk groups include: 

favourable, intermediate I, intermediate II, and adverse (poor) (Table 1.2). Patients with 

favourable prognosis harbour genetic and cytogenetic alterations such as t(15;17)(q22;q12), 

t(8;21)(q22;q22), inv(16), mutated NPM1 without Flt-3 ITD, and bi-allelic mutated CEBPA. 

Intermediate I and II categories include mutated NPM1 with Flt-3 ITD, wild-type NPM1 with or 

without Flt-3 ITD and t(9;11). Complex karyotypes, inv(3), -5 or del(5q), -7 or abnormal (17p), 

and monosomal karyotype are associated with poor survival. In particular, patients with 

monosomal karyotype have the worst survival prognosis with only a 5-year overall survival (OS) 

of 4%. Furthermore, patients older than 60 years of age generally have poorer outcomes 

regardless of their ELN classification (Döhner et al., 2010)(Mrózek et al., 2012)(Medeiros et al., 

2010). 

#complex karyotype is defined as three or more chromosome abnormalities 
 
 

TABLE 1. 2. ELN current risk stratification of molecular, genetic and cytogenetic alterations.	 
 

 

Risk Group 

  
Subsets 

  

Favourable  
t(8;21)(q22;q22); RUNX1-RUNX1T1; inv(16)(p13.1q22) or 

t(16;16)(p13.1;q22); CBFB-MYH11; Mutated NPM1 without Flt3-
ITD (normal karyotype); Bi-allelic mutated CEBPA (normal 

karyotype) 

  

Intermediate I  Mutated NPM1 and Flt3-ITD (normal karyotype); Wild-type 
NPM1 and Flt3-ITD (normal karyotype); Wild-type NPM1 without 

Flt3-ITD (normal karyotype) 

Intermediate II  t(9;11)(p22;q23); MLLT3-KMT2A; Cytogenetic abnormalities not 
classified as favourable or adverse 

  

Adverse  Inv(3)(q21q26.2) or t(3;3)(q21;q26.2); GATA2-MECO (EV11); 
t(6;9)(p23;q34); DEK-NUP214; t(v;11)(v;q23); KMT2A re-

arranged; -5 or del(5q); -7; abnormal(17p); complex karyotypes# 
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1.2.3 Standard Treatment Regimen  
 

The general treatment regimen for AML patients has not changed substantially in the past 

40 years. The majority of clinically fit patients will undergo intensive chemotherapy. 

Chemotherapy is generally curative for AML patients with favourable cytogenetics. The ‘7+3’ 

regimen of cytarabine and anthracycline, consisting of either daunorubicin or idarubicin, is the 

standard intensive induction chemotherapy. Complete remission (CR) is achieved in 65%-73% of 

young de novo AML patients but is only 38%-62% in patients over 60 years of age (Cheson et al., 

2003)(Döhner et al., 2010). For de novo patients who are medically unfit for intensive 

chemotherapy, DNA hypomethylating agents (HMAs) such as azacitidine (AZA) and decitabine 

(DEC) are the common off-study agents used for treatment. Patients over the age of 65 treated 

with AZA demonstrated a longer median survival than patients treated with conventional care 

regimens (Seymour et al., 2017).  

Consolidation therapy is given following induction therapy to prevent disease relapse and to 

eradicate minimal residual disease (MRD) in the BM (Grimwade & Freeman, 2014)(Kohlmann et 

al., 2014). There are two main strategies for consolidation therapy; chemotherapy (with or 

without targeted agents) and allogeneic haematopoietic stem cell transplantation (allo-hSCT). The 

exact treatment regimen is tailored to the patient taking into consideration several factors, 

including the risk profile of the AML, the general ‘fitness’ of the patient, and the availability of a 

stem cell donor (Döhner et al., 2015). The cumulative incidence of relapse in patients following 

induction and consolidation therapy approaches 60% in the favourable-risk category and exceeds 

85% in the adverse category. Early relapse following treatment (within 6 months after achieving 

CR) portends a poor overall patient survival. Salvage chemotherapy regimens include a range of 

different agents (cytarabine, mitoxantrone, idarubicin and fludarabine) and the combination is 

dependent on the patient’s cytogenetic risk profile (Döhner et al., 2015). The likelihood of 

achieving a second CR is best in younger patients with favourable cytogenetics and a long first 

remission.  
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1.2.4. Molecular Targeted Therapies & Other Approved Agents 
 

Despite the standard treatment regimens, over 50% of patients relapse and ultimately will 

succumb to the disease. The increased understanding of AML pathobiology, classification, and 

genomic landscape over the years has contributed to the development of novel therapeutic 

agents. These agents have demonstrated promising clinical activity which has led to Food and 

Drug Administration (FDA) approval. The most noteworthy and recently approved molecular 

targeted agents are described below.  

FMS-Like Tyrosine Kinase 3 (FLT3) Inhibitors 

Patients with FLT3 mutations have a higher relapse rate and are generally more likely to become 

chemo-refractory. Given the high frequency with which FLT3 mutations occur in AML, FLT3 

tyrosine kinase inhibitors (TKIs) have been developed to disrupt the oncogenic signalling 

initiated by FLT3.  

Several first-generation multi-targeted TKIs such as midostaurin and sorafenib have entered 

clinical practice. Midostaurin is a multi-targeted kinase inhibitor and was FDA approved on the 

basis of the Phase III RATIFY trial conducted in newly diagnosed young patients <60 years of 

age with a FLT3 kinase domain mutation (Stone et al., 2017)(Stone et al., 2018). Patients were 

either treated with midostaurin as front-line therapy or the standard induction and consolidation 

chemotherapy regimen. The results showed improved OS and event-free survival (EFS), with a 

22% reduction in death for those patients treated with midostaurin. This survival benefit 

persisted in patients who were ineligible for allo-hSCT, highlighting that it is possible to achieve 

CR and possibly cure patients without transplant. Importantly, 50% of patients in this study 

survived at a median follow-up of 59 months highlighting the survival benefit of this FLT3 TKI 

(Stone et al., 2017)(Stone et al., 2018). As a result, midostaurin (in combination with standard 

induction chemotherapy) was approved by the FDA in 2017 for the treatment of adult patients 

with newly diagnosed flt3-mutated AML.  

Sorafenib is used as an off-label agent in combination with AZA for relapsed/refractory (r/r) 

AML or for older unfit FLT3 AML patients that are ineligible for transplant (Döhner et al., 

2017). Randomised trials demonstrated that sorafenib significantly increased EFS and relapse free 

survival (RFS) but not OS (Röllig et al., 2020). Sorafenib has also shown promise as a 

maintenance therapy for FLT3-ITD mutant AML patients following allo-hSCT demonstrating 

improved OS (Brunner et al., 2016).   
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First-generation TKIs, in general, lack specificity for the mutated FLT3-ITD where acquired 

resistance-conferring point mutation or gatekeeper mutations commonly occur following a few 

months of treatment resulting in loss of response. Gilteritinib, a next-generation TKI targeting 

both of the inactive and active conformational states of the FLT3 kinase domain, was developed 

to overcome this hurdle (N. Daver et al., 2015).   

In a randomised phase III trial (ADMIRAL) (NCT02421939), gilteritinib showed improved 

survival for patients with r/r AML when compared with standard chemotherapy regimens. 

Patients treated with giltertinib had a CR rate of 40% compared to those treated with 

chemotherapy (15.3%). At the final analysis, patients who received gilteritinib were found to have 

a 36% reduction in risk of death compared to those treated with standard chemotherapy. At 12 

months, 37% of patients were alive in the gilteritinib treated arm compared to those treated with 

chemotherapy (16.7%) (Gorcea et al., 2018)(Perl et al., 2017)(Perl et al., 2019). The survival data 

combined with gilteritinib’s relatively low toxicity resulted in FDA approval in November 2018 as 

a monotherapy for r/r AML with FLT3 mutations. 

Additionally, quizartinib, a more selective and potent inhibitor of FLT3 wildtype (WT) and ITD 

with significant inhibition of cKIT was investigated for use as a single agent treatment in a large 

phase II clinical trial on patients with r/r AML. The majority of the patients were FLT3-ITD 

positive and demonstrated a composite CR (cCR) rate of 50% and CR’s were rarely achieved as 

most patients remained cytopenic. Interestingly, a cCR of >30% was achieved in the patients 

with FLT3-WT. These promising results allowed 35% of the younger patients to receive allo-

hSCT (J. Cortes et al., 2018). In the Phase III QuANTUM-R study, 367 r/r FLT3 ITD+ AML 

patients were randomised to receive either quizartinib or salvage chemotherapy. Patients 

receiving quizartinib demonstrated significant but limited improvement of OS (median 6.2 vs 4.7 

months). The authors of this study speculate this limited survival benefit may be due to the 

selection or adaptation of both cell-intrinsic and stroma-mediated resistance to FLT3 inhibition 

(J. E. Cortes et al., 2019).  

Overall, the use of FLT3 inhibitors, compared to previous standard of care prior to their 

emergence, has demonstrated substantial clinical benefit in r/r AML. This promising treatment 

strategy offers flt3 mutated patients an alternative salvage therapy where there was previously 

none. 

 

 



	

	
	

18 
INTRODUCTION 

Isocitrate Dehydrogenase IDH1/IDH2 Inhibitors 

It is well known that AML and other neoplasms can arise from frequent mutations in genes 

involving DNA methylation and chromatin modifications. One of the most promising new 

targets is the inhibition of the mutant metabolic enzymes IDH1 and IDH2 in AML.  

Enasidenib (AG-221) is a selective, oral inhibitor of the IDH2 enzyme approved in 2017 by the 

FDA following a clinical study (Stein, 2015) demonstrating an overall response rate (ORR) of 

40.3% and an average CR rate of approximately 20% in r/r AML. The drug is found to be well 

tolerated with an average duration of response of about 6 months. However, there are responders 

with continuous remissions of more than 2 years (Stein et al., 2017). Currently, trials using 

combination treatment of enasidenib with induction chemotherapy in newly diagnosed AML 

with mutational IDH2 are ongoing (Stein et al., 2017).   

Ivosidenib (AG-120) is a first-in-class potent and reversible inhibitor of IDH1. A phase I dose 

escalation and expansion study evaluated ivosidenib as a monotherapy for patients with IDH1 

mutations with advanced haematologic malignancies (NCT02074839). In this trial where the 

majority of participants were r/r AML, an ORR was achieved in 36% and CR was achieved in 

18% of the cohort.  Clearance of the IDH1 mutant was seen in 21% of patients, which equated 

to a longer duration of remission and longer OS. Ivosidenib was generally well tolerated, 

although the majority of patients experienced side effects which were alleviated with steroid or 

hydroxyurea administration. These impressive and promising results led to FDA approval in 2018 

for r/r AML and, again, in 2019 for newly diagnosed AML with IDH1 mutations (Nassereddine 

et al., 2018)(Saygin & Carraway, 2017).  

Venetoclax 

Venetoclax is an oral and potent inhibitor of BCL-2. In AML, BCL-2 it is a key regulator of the 

mitochondrial apoptotic pathway leading to the survival of AML blasts (Pan et al., 2014). 

Inhibition of BCL-2 is thought to overcome chemotherapy resistance while normal HSCs remain 

unaffected. As a single agent therapy, venetoclax demonstrated little activity with a CR rate of 

19% and a median OS of 4.9 months in r/r AML patients (Konopleva et al., 2016). In patients 

with IDH mutations, a higher rate of CR (33%) was achieved.  

In combination with HMAs such as AZA or DEC, an OR was significantly higher in treatment-

naïve patients over the age of 65 who were also ineligible for standard induction chemotherapy 

(NCT02203773). In this study, 67% of patients achieved CR with a median OS of 17.5 months. 

The results from this trial served as the foundational basis for accelerated approval of this 
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treatment combination by the FDA in November 2018 (DiNardo et al., 2019). Patients in the 

high-risk subgroups also benefitted from the combination therapy. In particular, a CR of 65% 

was observed in patients older than 75 years with adverse genetics or in patients with secondary 

AML. Furthermore, patients harbouring NPM1 or IDH1/2 mutations appeared to have 

particularly salutary outcomes with CR rates of 91% and 71%, respectively (DiNardo et al., 2019).  

In combination with low-dose cytarabine, a CR rate of 54% was observed in newly diagnosed 

patients with a median response of 8.1 months and a median OS of 10.1 months 

(NCT02287233). Additionally, 89% of patients with NPM1 mutations achieved CR with 

venetoclax combination with HMAs. In comparison, patients with more adverse genetics such as 

Flt3 and TP53 mutations had a CR rate of 44% and 30%, respectively (Wei et al., 2019).  

CPX-351 

CPX-351 is a dual liposomal formulation containing a 1:5 molar ratio of daunorubicin and 

cytarabine. The dual drug increased synergy between them and promoted leukaemia cell killing in 

pre-clinical models. Phase I-III trials in AML demonstrated prolonged drug exposure in patient 

plasma compared to the standard ‘7+3’ induction therapy. Furthermore, the anti-leukaemic effect 

was superior to the conventional induction therapy due to CPX-351 liposomes accumulating 

preferentially in the BM relative to other tissues (H. P. Kim et al., 2011)(Tardi et al., 2009). 

Moreover, CPX-351 conferred a superior OS advantage in older patients with secondary AML 

(AML evolving from prior haematologic disorders such as MDS) compared to standard induction 

therapy (Lancet et al., 2018). Patients treated with CPX-351 had a higher median OS of 4 months 

and a higher CR rate of 12%. However, CPX-351 treatment was associated with increased 

bleeding events and delayed count recovery but decreases in other side effects including colitis, 

diarrhoea, and hair loss compared to traditional induction therapy. Nevertheless, CPX-351 has 

been FDA approved for adults older than 18 years of age with primary or secondary AML, and 

may replace the conventional induction therapy in the future. 

While the inclusion of these new agents into the treatment regimen for AML has vastly improved 

the outcomes of patients with poor cytogenetic survival outcomes, they are not universal for all 

AML patients. 
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1.3. Mechanisms of Immune Escape in AML 
 

In the 1970s, the proposed hypothesis of cancer immunosurveillance was that a healthy 

immune system could recognise and destroy nascent transformed cells, and that in order for the 

cancer to develop and thrive, it must learn to evade or shutdown the immune system of the host 

(Burnet, 1970). Leukaemia and other cancer entities often adapt via one or multiple mechanisms 

that increase central and peripheral tolerance to evade surveillance of the host’s immune system.  

Increased understanding in the past decades has demonstrated the critical role the immune 

system plays in maintaining equilibrium between physiological immune recognition and tumour 

growth known as ‘immunoediting’. Under physiologic conditions, proteins of the human 

leukocyte antigen (HLA) encoded by the major histocompatibility complex (MHC) play a pivotal 

role in allowing the adaptive immune system to recognise foreign antigens. Both MHC class I and 

II proteins present peptides on the surface of nucleated cells for recognition by T cells. Peptides 

presented by MHC I found on the surface of all cells are recognised by CD8+ cytotoxic T cells, 

whereas peptides presented by MHC II on the surface of antigen-presenting cells (APCs) such as 

macrophages, dendritic cells, or B cells are recognised by CD4+ T helper (Th) cells. Appropriate 

immune responses are elicited due to the differentiation of Th effector cells towards Th1, which 

augment cytotoxic T lymphocyte responses, or Th2 cells, which are associated with humoral and 

allergic responses (Murphy & Reiner, 2002). In doing so, foreign antigens can be eliminated.  

Under normal conditions, activated T cells are inactivated by signalling through inhibitory 

receptors following the clearance of an invading pathogen to prevent unwanted T cell-mediated 

damage to the host tissues. By contrast, tumour cells ‘hijack’ the hosts’ immune system to its 

advantage and upregulate the expression of immunosuppressive molecules to avoid elimination 

by cytotoxic T cells (Blank et al., 2005).  

The genetic instability of AML cells or other tumour cells allows for immune evasion from T 

cells by downregulating or altering its surface MHC molecules (Algarra et al., 1997). Diminished 

MHC I expression on the tumour cell can be attributed to the regulatory defects affecting 

downregulation of genes encoding MHC I complex along with the components of antigen 

processing and presentation, or due to structural defects of the MHC I complex as a result of 

chromosomal aberrations (del Campo et al., 2012). Furthermore, the loss of mismatched HLA 

haplotype in relapsed AML patients during transplantation settings is found to be an immune 

escape mechanism employed by the leukaemic cells in order to avoid killing by the immune cells 

from the graft (Vago et al., 2009)(Villalobos et al., 2010)(Toffalori et al., 2019). 
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Tumour cells have also been shown to release factors such as interleukin(IL)-6, IL-1b IL-10, 

TGF-β, and prostaglandin E2 (PGE2) in order to drive the accumulation and inhibitory function 

of myeloid derived suppressor cells (MDSCs) to the tumour microenvironment thereby 

polarising the immune response away from Th1 cells leading to an ineffective immune (and often 

tumour promoting) response (Rosenberg, 2001)(Movahedi et al., 2008)(Ostrand-Rosenberg & 

Fenselau, 2018).  

In a wide variety of cancers, including leukaemia, Th17 cells have also been shown to promote 

tumour growth by releasing the immunosuppressive compound adenosine, or converting to T 

regulatory (Treg) cells (Gagliani et al., 2015). Furthermore, the increased release of indolamine 2,3, 

dioxygenase (IDO) as well as the upregulated expression of inducible T cell co-stimulator ligand 

(ICOSL) on AML blasts stimulates T cells through the inducible T cell co-stimulator (ICOS) 

leading to differentiation and expansion of Treg cells and inhibition of expansion of T effector 

(Teff) cells (Han et al., 2018). In patients, large populations of Treg cells have been observed in 

tumour tissue, lymph nodes, and PB, and have been associated with diminished T cell activity, 

disease recurrence, and decreased patient survival.   
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1.4. Immune Therapies for AML 

1.4.1 Allogeneic Stem Cell Transplanation (allo-hSCT) 
	

Cancer immunotherapies have transformed the therapeutic platform to treat r/r AML 

patients, in which its application is not dependent on their cytogenetic or molecular profile. Allo-

hSCT is still arguably the first, most successful and curative form of immune based therapy, 

demonstrating the potent ability of the immune system to target the malignant clone, as 

evidenced by the powerful graft-versus leukaemia (GvL) phenomenon (Jenq & van den Brink, 

2010). The procedure involves the transfer of MPPs (from the BM or PB) which have the 

capacity for self-renewal as well as cellular differentiation into various types of blood cells. The 

stem cells are derived from either the patient’s own body (autologous), a donor with the same 

genetic background (syngeneic), or in most cases, from a genetically different donor (allogeneic) 

(Tuthill & Hatzimichael, 2010). The GvL effect is mediated by donor-derived NK and T cells 

which recognise minor histocompatibility antigens or tumour-associated antigens on the surface 

of the recipient cells.  

Intensive chemotherapy regimens are known to cause BM toxicity in patients who are older, in 

patients who were initially heavily pre-treated, and in patients with co-morbidities leading to 

treatment-related mortality. These patients would benefit from allo-hSCT with a less toxic 

reduced intensity conditioning therapy to overcome such treatment-related toxicities. Despite the 

impressive curative rates in patients, allo-hSCT is still associated with relapses in a significant 

portion of patients. Additionally, most encounter pathogenic immune responses, with varying 

severity, against the non-haematopoietic tissues known as graft-versus-host-disease (GVHD), 

which is fatal in 15% of transplant recipients (Bleakley & Riddell, 2004) (Kolb, 2008).  

1.4.2 Monoclonal Antibody Drug Conjugates 
	

Monoclonal Antibodies (mAbs) specifically target surface antigens expressed on the 

leukaemia cell. While various myeloid surface antigens are being explored as potential targets for 

mAb therapies, CD33 (Siglec-3) is the antigen most commonly targeted to date.  

The first mAb used for the treatment of AML is Gemtuzumab ozogamicin (GO or CMA-676), a 

humanised anti-CD33 monoclonal antibody conjugated to a DNA-damaging toxin, 

calicheamicin. GO was first FDA approved in 2000 based on a phase II trial demonstrating a 

30% response rate with a RFS of 6.8 months in-first relapsed AML patients who previously 

received induction therapy (Bross et al., 2001)(Larson et al., 2005)(Burnett et al., 2012). However, 
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a confirmatory study indicated that the addition of GO to induction therapy or GO used as a 

post-consolidation therapy had no significant improvement in CR, RFS or OS, but was in fact 

associated with a higher incidence of induction therapy mortality. In addition, GO was associated 

with hepatotoxicity and was therefore withdrawn from the market (Petersdorf et al., 

2009)(Nabhan et al., 2004). More recently, new clinical trials with altered dosing of GO 

demonstrated an improvement in RFS and event-free survival in combination with induction 

therapy. These results were particularly profound in elderly patients considered ineligible for 

chemotherapy and in adult patients with favourable and intermediate cytogenetics. GO was re-

approved by the FDA in September 2017 (Castaigne et al., 2014).  

A newer anti-CD33 antibody conjugated to pyrrolobenzodiazepine, SGN-CD33A, demonstrated 

cytotoxicity in AML cell lines irrespective of multidrug-resistant status. In a Phase I r/r CD33+ 

AML trial, almost 50% of patients demonstrated blast clearance with 27% achieving CR, of 

whom 73% were negative for MRD. In treatment-naïve patients, the efficacy was even greater 

with 54% achieving CR. Furthermore, SGN-CD33A has shown synergism with HMAs such as 

AZA, with a recently reported phase II study revealing >60% of patients achieving CR with an 8-

week mortality of 5% in the older patients (Sutherland et al., 2010)(Fathi et al., 2015). In addition, 

IMGN779, another conjugated CD33 antibody has shown marked activity in pre-clinical studies. 

Most interestingly, its activity seems to be more selective to LSCs while sparing normal HSCs, 

suggesting potential for reduced myelosuppression. It is currently in a phase I trial for patients 

with r/r AML (NCT02674763) (Whiteman et al., 2014)(Krystal et al., 2015).   

1.4.3 Bi-specific T cell Engager Antibodies 
	

Bi-specific T cell engager (BiTE) antibodies are fusion protein constructs that consist of 2 

single-chain fragment variants from 2 antibodies. One binds to the T cells via the CD3 receptor 

whereas the other binds to the tumour cell via a tumour-specific antigen. BiTE antibodies 

effectively recruit T cells and bring them in proximity to tumour cells thereby effectuating T cell 

mediated cytotoxic responses against tumour cells, independent of MHC I presentation or co-

stimulatory molecules (Baeuerle & Reinhardt, 2009)(Nagorsen et al., 2009). Following the FDA 

approval of Blinatumomab, a CD19/CD3 BiTE antibody for the treatment of precursor B cell 

acute lymphoblastic leukaemia (B-ALL), a novel BiTE construct targeting CD33 was developed 

for AML, known as AMG 330. AMG 330 has demonstrated potent pre-clinical activity in CD33+ 

AML with a Phase I clinical trial evaluating the efficacy of CD33/CD3 BiTE antibody therapy 

currently ongoing (NCT02520427) (Aigner et al., 2013)(Laszlo et al., 2014)(Harrington et al., 

2015).  
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1.4.4 Immune Checkpoint Inhibitors 
 

The most extensively studied immunosuppressive molecules are cytotoxic T lymphocyte 

antigen-4 (CTLA-4) and programmed cell death-1 (PD-1) which belong to the CD28 receptor 

family and bind to distinct members of the B7 family of ligands.  

PD-1 is a surface glycoprotein cell receptor. PD-1 interaction with its ligands, namely 

programmed death-ligand 1 (PD-L1), also known as CD274 or B7-H1, prevents auto-immunity 

by inducing apoptosis of autoantigen-specific T-cells or by inhibiting Treg apoptosis. PD-1 is also 

commonly expressed on B cells and NK cells (Yamazaki et al., 2002)(Giannopoulos, 2019). In 

AML, PD-1 expression was observed in CD4+ effector, Tregs, and CD8+ effector T cells both in 

untreated patients and in those with recurrent disease (Williams et al., 2019). The increased 

expression on these cells may explain the dysfunction and inhibition of the immune response 

during progressive AML. Moreover, PD-L1 has been detected on AML blasts. The upregulation 

of PD-L1 is possibly a result from pro-inflammatory cytokines such as interferon gamma (IFN-γ) 

produced by tumour infiltrating lymphocytes, and was associated with the negative course of the 

disease (Annibali et al., 2018)(Dong et al., 2002). Daver and colleagues (N. Daver et al., 2016) 

evaluated treatment-naïve and relapsed primary tumour samples to identify the expression of a 

variety of checkpoint receptors and ligands on the T cells and blasts from BM and PB and 

compared this to healthy donors (HD). In BM aspirates, patients with AML had significantly 

higher expression of PD-1, CD134 (OX40) and ICOS on T-cells compared to HD. This same 

group of investigators (N. Daver, Schlenk, et al., 2019) conducted a study combining the PD-1 

inhibitor, nivolumab, with AZA, which produced an ORR of 34% in patients with r/r AML. 

Furthermore, these treated patients remained in CR for more than a year. PD-1 inhibitors are 

also being examined in various other clinical trials for its efficacy as maintenance therapy, post-

induction or consolidation therapy for high-risk AML patients ineligible for allo-hSCT, as a 

combination regimen with induction chemotherapy in younger patients, and post-allo-hSCT 

relapsed patients (NCT02532231; NCT02464657; NCT01822509). Zeidner and colleagues 

(Zeidner et al., 2017) reported a 42% OR following administration of pembrolizumab after high-

dose cytarabine salvage chemotherapy in patients with relapsed disease. Three of the twenty-six 

patients proceeded to allo-hSCT in CR or morphologic leukaemia free state (MLFS). However, 

anti-PD1 treatment following allo-hSCT showed modest efficacy, with some patients showing 

transient response and the remaining patients experiencing disease progression (Kline et al., 

2018). 
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CTLA-4 is expressed on activated T cells, including Treg, and regulates and mediates inhibitory 

signals to T cells. Additionally, it is also expressed on B cells and NK cells and binds to the 

ligands, B7.1 (CD80) and B7.2 (CD86). CTLA-4 is an important mediator of self-tolerance and 

tolerance to tumour antigens (Stojanovic et al., 2014)(Sage et al., 2014). Furthermore, 

overexpression of PD-1 and CTLA-4 on T-cells is reportedly associated with more aggressive 

leukaemia (Salik et al., 2020). Analysis of AML patient samples revealed 80% of tested samples at 

diagnosis constitutively expressed CTLA-4 on T cells (Laurent et al., 2007). Studies have shown 

that blockade of CTLA-4 enhances activation and amount of AML-targeting T cells. In support, 

another study showed that deletion or inhibition of CTLA-4 dampens the growth of murine 

myelogenous leukaemia through the induction of CD8+ T cell immunity if the AML cells 

expressed the B7 molecules (LaBelle et al., 2002). A humanised anti-CTLA-4 monoclonal 

antibody, ipilimumab, is currently under clinical evaluation for patients with r/r AML 

(NCT01757639) or patients with progressive AML after allo-hSCT (NCT0822509, 

NCT00060372) following the FDA approval and favourable outcomes in metastatic melanoma 

and other solid tumour entities (Hodi et al., 2010)(Robert et al., 2011)(Calabrò et al., 2010). 

Davids and colleagues (Davids et al., 2016) reported that ipilimumab induced complete responses 

in five AML patients who mainly had leukaemia cutis or extra-medullary relapse after allo-hSCT 

as a single agent therapy and three of these patients remained in remission for more than a year.  

More recently, the lymphocyte-activation gene-3 (LAG-3), T cell immunoglobulin (Ig) domain 

and mucin domain 3 (TIM-3) and the thymocyte selection-associated high mobility group box 

factor (TOX) have shown potential as alternative immunosuppressive molecules that can be 

targeted for treatment.  

LAG-3 is a transmembrane protein homolog of CD4, expressed on NK cells, Treg cells, γδ T 

cells, activated αβ T cells and B cells and binds to MHC II. PD-1+LAG-3+ expression on T cells 

exhibit an exhausted phenotype (Triebel et al., 1990)(Kisielow et al., 2005)(Huard et al., 1994). 

Interestingly, LAG-3 blockade on T cells demonstrated synergism with anti-PD-1 blocking 

suggesting the two signalling pathways have non-redundant and synergistic functions in 

dampening T cell responses (Anderson et al., 2016). In support of this, AML patients were found 

to exhibit higher PD-1+LAG-3+ T cells in the BM compared to HD (Williams et al., 2019). 

Furthermore, blockade of LAG-3 but not PD-1 in chronic lymphocytic leukaemia (CLL) patients 

revived T cell activation and function (Shapiro et al., 2017). A soluble form of LAG-3 (IMP321) 

which binds to MHC II and activates cytotoxic T cells has been evaluated in various solid tumour 

entities but not in AML (Teague & Kline, 2013).  
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TIM-3 shares a similar expression pattern as PD-1 and is expressed on Th1 cells and Th17 cells 

and binds to Galectin-9 inhibiting effector cytokine responses (Zhu et al., 2005). PD-1+TIM-3+ T 

cells were functionally deficient and strongly associated with leukaemia relapse in AML patients 

following allo-hSCT (Sakuishi et al., 2010)(Kong et al., 2015). Additionally, inhibition of TIM-3 in 

a mouse model demonstrated improved survival while combinatorial treatment of anti-TIM-3 

and anti-PD-L1 were shown to induce synergistic effects.   

Most recently, TOX has been identified to initiate the fate commitment, epigenetic and 

transcriptional programming of exhausted T cells. TOX is necessary for inducing canonical 

features of exhausted T cells, including the upregulation of inhibitory receptors, impaired 

cytolytic function and the expression of other transcription factors required for cell exhaustion 

(Khan et al., 2019)(Alfei et al., 2019). Epigenetic analysis revealed that exhausted T cells differ 

from Teff and memory T cells (Tmem) and are therefore a distinct cell type (Sen et al., 2016). 

Moreover, Teff and Tmem cells were able to form without the expression of TOX, whereas 

exhausted T cells could not (Khan et al., 2019). In support, recent mass cytometry studies of 

human CD8+ T cells revealed that TOX was expressed in the vast majority of exhausted T cells 

from human immunodeficiency virus (HIV) or lung cancer patients (Bengsch et al., 2018). These 

observations are yet to be reported in other malignancies. However, these studies already provide 

a strong foundation for new therapeutic possibilities that modulate TOX and/or TOX-

dependent epigenetic changes in exhausted T cells. 
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1.5 Chimeric Antigen Receptor (CAR) T cell Therapy  
 

The effectiveness of cancer immunotherapies is based on antigen specificity of the T cells. 

Normally, the cytotoxic T cell response to a foreign entity is initiated through the T cell receptor 

(TCR) complex. This complex consists of the TCRa/b chains and the CD3γ/δ/ε/ζ subunits, 

which associate through hydrophobic interactions (Hedrick et al., 2005)(Malissen et al., 1984). 

Somatic DNA recombinations enables the generation of unique TCRa/b chains which are then 

responsible for the recognition of specific peptide MHC complexes (Saito & Germain, 1987). In 

order to elicit a response, antigen recognition triggers a signal through the TCR, specifically, the ζ 

subunit. The signal is transmitted through immunoreceptor tyrosine-based activation motifs 

(ITAMs) in the cytoplasmic tail (Letourneur & Klausner, 1992). The ITAMs are subsequently 

phosphorylated by protein tyrosine kinases, such as Lck, which recruit other intracellular effector 

molecules to interact with the TCR complex (Bu et al., 1995)(Courtney et al., 2018).  

In the context of immunotherapies, the specificity for an antigen can be further enhanced by 

genetic modifications and redirection of the T cells towards antigens that are overexpressed on 

tumour cells. This approach aims to address the limitations associated with central and peripheral 

tolerance, enhancing the power of the immune response by generating T cells more efficient at 

targeting tumours without the requirement for de novo T cell activation in the patient (Sharpe & 

Mount, 2015). CAR T cells are currently the most notable and promising type of immune 

therapy. Its success has been demonstrated in certain types of leukemia, and is currently being 

explored for AML.  

CARs are artificial TCRs that redirect the specificity, function, and metabolism of generic T cells 

following genetic modification using viral (retro-, lenti- or adenoviral) or non-viral technologies 

(electroporation, transposon-based, or gene-editing systems). The CAR comprises an extracellular 

domain consisting of the antigen binding moiety and a spacer region. There are various forms of 

the antigen binding moiety. However, the most commonly used is a single-chain fragment 

variable (scFv) derived from mouse mAb, humanised Abs or fully humanised Abs with the 

responsibility of recognising and binding to tumour-associated antigens (TAAs), expressed on the 

surface of the malignant cell. Unlike normal TCRs, the affinity and avidity is much higher 

between the interaction of the scFv and its target surface ligand. Furthermore, CARs recognise 

unprocessed antigens, as well as carbohydrate and glycolipid structures, typically expressed on the 

malignant cell surface irrespective of the patient’s HLA type and antigen presentation through 

MHC. In bypassing MHC Class I and II restriction, both CD4+ and CD8+ CAR T cells can be 
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recruited for redirected recognition of the target cell (Figure 1.3) (Schmidt-Wolf et al., 1991)(Vitale 

et al., 2005).  

The spacer or hinge region is derived from either CD8 or IgG4 molecules that support the 

ligand-binding domain. The hinge is crucial for CAR expression on the cell surface as it affects 

the flexibility of the ScFv and hence their interaction with target cell ligand. The length of the 

hinge region can directly influence the quality of interaction between the T cell and target cell, 

depending on the position of the epitope to the target antigen. This suggests that there may be an 

optimal linker length between the two surfaces (Guest et al., 2005). The spacer region is 

connected to the transmembrane domain (TM) which, in turn, is connected with the intracellular 

signalling moiety. The most stable TM domain is CD28. Once the CAR engages the epitope on 

the target cell, a signal is transmitted to the intracellular signalling moiety. The intracellular 

portion consists of the concomitant co-stimulatory domain(s), which are critical for the increased 

secretion of cytokines, expansion and persistence of the CAR T cell, and the most important 

component being the CD3 ζ chain derived from the generic T cell which stimulates activation 

and cytolytic functions (Gill & June, 2015).  

 
Figure 1.3. The difference between endogenous TCR and CAR T cell structure.  
The endogenous TCR recognises the antigen which is processed endogenously and presented on the cell 
surface in the context of the specific HLA (left). The CAR recognises intact overexpressed cell surface proteins 
on the tumour cell and is based on the recognition machinery of a mAb, independent of HLA (right). The 
signalling domain of the CAR harnesses the ζ subunit of the endogenous TCR. Illustration modified from Fujiwara 
H. 2014, International Journal of Hematology. 
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Twenty-five years ago, the first publication (Eshhar et al., 1993) describing the genetic redirection 

of T cells to specific surface antigens only incorporated the CD3 ζ chain with no co-stimulatory 

molecule within the endodomain, and was termed the first-generation CAR (Maude et al., 

2015)(Zhang et al., 2017)(Singh et al., 2016). It was only in recent years that co-stimulatory 

molecules were incorporated into the CAR structure, giving rise to second generation CARs 

(Finney et al., 1998). Second generation CARs are characterised by the dual signal for T cell 

activation: one triggered by the antigen recognition and another produced by the co-stimulatory 

molecule, the most common being CD28 or 4-1BB (CD137). The addition of the co-stimulatory 

molecule was shown to augment the effects of the CD3 ζ chain signalling by enhancing IL-2 

synthesis to complete the activation of T cells, proliferation, persistence and avoid apoptosis 

(Figure 1.4) (Milone et al., 2009)(Singh et al., 2016)(Song et al., 2011)(Hombach et al., 2012).  

Third generation CARs demonstrated enhanced responses by combining two co-stimulatory 

signals, most notably CD28, 4-1BB, OX40 (CD134) and CD27, with the CD3 ζ chain (Tammana 

et al., 2010)(Hombach et al., 2013). However, these enhanced responses may not necessarily 

result in better patient outcomes when compared to the second generation CARs. There are only 

few third generation CARs that are currently in clinical studies and therefore further studies are 

required to explore the potential benefits over second generation CARs as well as their safety and 

efficacy (Sadelain et al., 2013)(Priceman et al., 2015).  

Recently, new models of CARs have emerged, such as CAR T cells redirected for universal 

cytokine killing (TRUCK cells). TRUCK cells produce and then release a transgenic product, 

such as IL-12 or IFN-γ. For instance, IL-12 activates innate immune responses against tumour 

cells while IFN-γ contributes to antigen-independent destruction of tumour cells through IFN-γ 

receptor on the tumour stroma (Yu et al., 2017)(Curran et al., 2015). Other models include dual 

or bi-specific CARs in order to bypass antigen loss and tumour escape. Bi-specific CARs are 

single transgenic receptors which recognise two distinct antigens, offering synergistic killing and 

enhanced function. The binding moieties for the two different antigens are in tandem and 

separated by a flexible hinge.  

The idea is that if one target antigen is downregulated or mutated, the CAR is still functional and 

preserves the cytolytic capacity by targeting the second antigen (Grada et al., 2013). Studies by 

Wilkie and Kloss (Wilkie et al., 2012) (Kloss et al., 2013), investigated dual/bi-specific CARs in 

which two different CARs are co-expressed on the same T cell, each recognising a different 

tumour antigen and provides complementary signals. The premise is that only double-antigen 

positive tumours are eliminated. One CAR provides suboptimal CD3 ζ chain mediated activation 

while the other CAR that recognises the second antigen incorporates only the co-stimulatory 
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molecule. T cell activation and effector functions only occur as soon as both CARs’ targets are 

met. This provides CAR T cell specificity and prevents off-target effects (Ruella et al., 

2016)(Wilkie et al., 2012)(Zah et al., 2016). 

 

 
 
Figure 1.4. Chimeric antigen receptors currently under active investigation. 
First generation CARs consist of the zeta-signalling domain of a TCR/CD3 receptor complex. In second and 
third generation CARs, one or co-stimulatory signalling domains are added (usually CD28, 4-1BB (CD137), 
OX40 (CD137), or ICOS) within the intracellular domain, respectively. More recently, new CAR designs are 
being tested. Dual-targeting CARs express two different antigen-specific CARs, whereas bi-specific CARs bear 
two linked ScFv within one CAR construct. Suicide CARs were designed as control mechanisms for better 
toxicity management of CAR T cells. The most notable is inducible caspase 9 (iCasp9). To address human 
leukocyte antigen (HLA)-presented antigens, TCR-mimic CARs directing the ScFv domain against a peptide-
HLA complex are now being studied. Illustration modified from (Hofmann et al., 2019).  
 

 



	

	
	

31 
INTRODUCTION 

1.5.1 Anti-CD19 CAR T Cell Therapy: The Pioneer of CAR Technology 
 

The breakthrough of CAR T cell therapy emerged in 2010 when several institutes developed 

a CAR targeting the CD19 antigen on B cells. Its use has engendered long-term anti-tumour 

efficacy and survival in pediatric and adult patients with r/r B cell malignancies, namely ALL, 

CLL, and B cell non-Hodgkins lymphoma (NHL). Kochenderfer and colleagues (Kochenderfer 

et al., 2010) at the National Cancer Institute (NCI) were the first to report on significant clinical 

responses in patients with advanced B cell malignancies using autologous CD19 CAR T cells. 

Phase I/II clinical trials revealed a 92% ORR, where 67% achieved CR. Furthermore, 4/7 

patients with diffuse larger b-cell lymphoma achieved CR with CAR T cell treatment 

(Kochenderfer et al., 2015). The joint phase 1 clinical trial conducted at the Children’s hospital of 

Philadelphia (CHOP) and the University of Pennsylvania (UPENN) pioneered the success of 

CD19 CAR T cell therapy with 90% (27/30) of heavily pre-treated paediatric and adult B-ALL 

patients achieving CR. This is a second generation CAR T cell product incorporating the 4-1BB 

co-stimulatory molecule (Imai et al., 2004). Subsequent dose-escalation studies using other 

second generation CD19 CAR T cells incorporating the CD28 co-stimulatory molecule 

performed at the NCI and the Memorial Sloan Kettering Cancer centre (MSKCC) validated the 

data seen at CHOP/UPENN with 70% (14/20) and 88% (14/16) of patients achieving CR/CRi 

(CR with incomplete count recovery), respectively (Maude et al., 2014)(D. W. Lee et al., 

2015)(Davila et al., 2014) despite the differences in CAR construct design between these studies. 

This remarkable clinical result is credited to the high and ubiquitous expression of the CD19 

antigen on the surface of the target cells which are B cells (Zhang et al., 2017)(Porter et al., 

2011)(Grupp et al., 2013)(Kochenderfer et al., 2012). The expression of CD19 is also found on 

normal tissues, but is confined to the B cell lineage. Therefore, the predicted on-target off-

tumour activity would be limited to B cell aplasia, a side effect which can be mitigated with 

periodic immunoglobulin-replacement therapy (June & Sadelain, 2018).   

FDA approval of the first two CD19 CAR T cell products tisagenlecleucel (Kymriah, Novartis) 

and axicabtagene ciloleucel (Yescarta, Kite Pharma) was given in 2017. Tisagenlecleucel has been 

approved for r/r B-ALL in patients up to age 25, whereas both tisagenlecleucel and axicabtagene 

ciloleucel have been approved for patients with r/r large B cell lymphoma who have failed at 

least two lines of conventional therapy (Yip & Webster, 2018). The third CD19-targeted CAR T 

cells, lisocabtagene maraleucel (Breyanzi, Bristol Myers Squibb), was FDA approved in February 

2021 for r/r large B cell lymphoma following two or more lines of therapy. 
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The successful proof-of-principle in utilising CAR T cells for the eradication of large tumour 

burdens is not accomplished without accompanied toxicities. Cytokine release syndrome (CRS) 

has been clinically documented as common complication following infusion of CAR T cells 

(Brudno & Kochenderfer, 2016)(Bonifant et al., 2016). Activated CAR T cells initiate the release 

of cytokines such as IFN-γ, tumour necrosis factor (TNF), granulocyte macrophage-colony 

stimulating factor (GM-CSF), and IL-2 in response to target antigen engagement on the tumour 

cell. This effect is manifested as physical symptoms in the patient such as fever, haemodynamic 

compromise and the production of IL-6 and other cytokines by activated macrophages (Lee et 

al., 2015). It is reported that the severity of CRS varies between patients, and directly correlates 

with the tumour burden. Clinically, CRS is currently managed by blocking IL-6 signalling with the 

IL-6 antagonist, tocilizumab or by suppressing cytokine production by immune cells with 

dexamethasone (Brudno & Kochenderfer, 2016)(Bonifant et al., 2016)(Murthy et al., 

2019)(Maude et al., 2014)(Turtle et al., 2016)(Porter et al., 2011)(Sterner et al., 2019).  

Furthermore, neurologic toxicities have been observed concurrently with or following CRS in a 

select number of patients where, in some instances, the cases have been fatal (Brudno & 

Kochenderfer, 2016)(D. W. Lee et al., 2015). The exact pathogenesis of neurotoxicity remains 

unclear. However, some studies have suggested that the elevated pro-inflammatory cytokines 

secreted by the CAR T cells and/or the activated macrophages contribute to increased 

endothelial activation thereby affecting the blood brain barrier permeability (Kochenderfer et al., 

2012)(Maude et al., 2014)(Turtle et al., 2016).  

1.5.2 CAR T cells for the Treatment of AML  

 
The success of CAR T cells in B cell malignancies has encouraged the translation of this 

immune therapy approach to other haematological and solid organ malignancies. For AML, only 

few CARs have been clinically investigated to date. The vast majority of possible targetable 

antigens have only been investigated pre-clinically. An overview of the antigen candidates under 

clinical investigation are discussed below (Figure 1.5).  

CD33 

Based on the FDA approval of the above-mentioned GO drug-conjugated antibody, anti-CD33 

CAR T cell therapy has been investigated extensively.  

The MD Anderson Cancer Centre (MDACC) in the U.S are treating r/r AML patients with 

CD33 CAR T cells (NCT03126864) and will include paediatric patients if the treatment is safe 

and the dosage of infused cells is tolerable. The NCI and CHOP are developing a Paediatric 
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Bone Marrow Transplantation consortium-sponsored CD33 CAR T cell trial for children, 

adolescents, and young adults with r/r AML. Various clinical centres in China, mainly Beijing and 

Jiangsu, are assessing the safety of second-generation CD33 CAR T cells in patients with r/r 

AML (NCT02799680, NCT01864902, NCT02944162) (Hofmann et al., 2019)(Wang et al., 2015). 

To date, one report of a patient with r/r AML has been documented. The patient who was 

treated with anti-CD33 CAR T cells experienced pancytopenia and CRS, and had disease 

progression nine weeks following infusion (Wang et al., 2015). The patient’s pancytopenia is 

unsurprising, as although the expression of CD33 is found in up to 90% of leukaemic blasts, it is 

also expressed on healthy myeloid progenitor and mature cells. In 2018, Kim M and colleagues 

(M. Y. Kim et al., 2018) demonstrated that genetic deletion of CD33 from normal 

haematopoietic stem and progenitor cells could allow AML specific CD33 CAR T cell anti-

leukemic targeting without myelotoxicity.  

Lewis Y  

Lewis Y (LeY) is a carbohydrate antigen over expressed in a variety of epithelial and 

haematological cancers, while expressed at low levels on normal tissue. Peinert and colleagues 

(Peinert et al., 2010) reported the first Phase 1 clinical trial with anti-LeY CAR T cells for r/r 

AML patients. Four patients received an infusion of 1.3x109 total T cells (CAR expression 

ranging from 14-38%). No severe toxicity was observed. One patient experienced transient 

cytogenetic remission, while the other patients showed transient blast reduction or stable disease. 

All patients relapsed within 23 months of CAR T cell infusion.  

At the Peter MacCallum Cancer Centre in Melbourne, four adult AML patients have received a 

single dose of radioactively labelled second generation CAR T cells with specificity towards LeY 

(NCT01716364). Three patients exhibited MRD at the commencement of the study, while the 

fourth patient had 70% blast count in the BM at the time of CAR T cell infusion. Up to 1x109 

CAR T cells (transduction efficiency of 14-38%) were infused and single photon emission 

tomography imaging (SPECT) and quantitative polymerase chain reaction (qPCR) were used to 

track the CAR T cells and monitor the PB transgene levels. These analyses demonstrated 

localisation of the CAR T cells in the spleen and BM. Although transient responses or leukaemia 

reduction was observed in all patients, they all eventually relapsed (Ritchie et al., 2013).  

NKG2D 

More recently, other CAR T cell trials for r/r AML have emerged across the globe (Nikiforow et 

al., 2016)(Lonez et al., 2017). The most promising of these targets the transmembrane natural 

killer group 2D (NKG2D) C-type lectin-like receptor, or the NKG2D ligands (NKG2DL). While 
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NKG2DL has limited expression on healthy tissues on physiologic conditions, various types of 

cellular stress can up-regulate NKG2DL on normal tissues thereby potentially reducing 

specificity of NKG2D CARs for the malignant tissues (Sheppard et al., 2018). The Dana-Farber 

Cancer Institute reported a Phase I clinical trial where autologous NKG2D CAR T cells were 

infused into seven patients with AML. Interestingly, their construct is a first generation construct 

using the naturally-occurring NKG2D receptor as the antigen-binding domain, with endogenous 

DAP10 expression to provide the co-stimulation. CAR T cells were administered at varying doses 

without prior lymphodepletion. Unfortunately, persistence of the CAR T cell population was 

limited and no objective clinical responses were observed, with all patients requiring alternative 

therapies to manage AML progression (Baumeister et al., 2019). A subsequent trial for AML and 

MDS was conducted. Of the AML patients, one patient achieved a clinical response and 

proceeded to allo-hSCT, remaining in CR to date. An additional trial has been planned to 

investigate the combination of NKG2D CAR T cells in combination with AZA in allo-hSCT or 

intensive chemotherapy ineligible patients (NCT03612739).  

CD123 

CD123, a 360-amino acid containing glycoprotein, is composed of a 287-amino acid residue 

extracellular domain involving an Ig-like domain, two FnIII domains, a transmembrane domain 

of 30 amino acid residues and an intracellular domain of 53 residues. It is the transmembrane α-

chain subunit of the IL-3 receptor. CD123 is the primary binding subunit for IL-3, and its high 

binding affinity with CD131 leads to the activation of the IL-3 receptor which promotes cell 

survival and proliferation (Testa et al., 2014).  

The City of Hope, UPENN, Weill Cornell Medicine, MDACC, and Beijing medical centres are 

conducting Phase I/II CAR T cell trials targeting CD123. The initial study at the UPENN centre 

used a second generation CD123 CAR T cell harbouring the 4-1BB co-stimulatory molecule and 

demonstrated promising results where the majority of patients reached CR within a month 

following CAR T cell infusion. Unfortunately, this result was paired with significant on-target off-

tumour toxicities, with the trial being terminated as a result. The protocol was later modified 

where the second UPENN study (NCT02623582) administered biodegradable RNA 

electroporated autologous CD123 CAR T cells every 48-72h in five adults with r/r AML. The 

premise of this study was to use the CD123 CAR T cells as a pre-conditioning treatment in place 

of chemotherapy prior to transplant. In addition, manufacturing feasibility, safety, and 

myelotoxicity side effects were studied. Unfortunately, CAR T cell production using RNA 

electroporation was suboptimal. Furthermore, all treated patients had leukaemia progression 

within a month of cell infusion (Cummins et al., 2017). As expected, the T cells did not persist 
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given the short half-life of the messenger ribonucleic acid (mRNA) transduced cells. Interestingly, 

all patients experienced CRS necessitating tocilizumab treatment to manage the toxicity. No 

haematologic or neurologic side effects were observed. Given the lack of efficacy, the trial was 

terminated with new plans for the development of an inducible lentiviral based CD123 CAR T 

cell trial to be used as a bridge-to-transplant conditioning regimen (Cummins et al., 2017).  

More notably, the City of Hope centre has currently infused six adults with relapsed AML 

following allo-hSCT with either 5x107 or 1x108 lentivirally transduced second generation CD123 

autologous CAR T cells, containing the CD28 co-stimulatory molecule (MB-102), following 

lymphodepleting chemotherapy. If necessary, a second infusion was granted in select patients. 

One of two patients treated with the lower dose achieved a MRD level disease response 

following two infusions of CAR T cells. Two of four patients treated at the higher dose achieved 

CR following one infusion and subsequently underwent a second allo-hSCT. The other two 

patients treated at the higher dose only experienced a partial response. No dose limiting toxicity 

including myeloablation was observed in any of the patients and low-grade CRS was seen in some 

of the patients. A patient with blastic plasmacytoid dendritic cell neoplasm (BPDCN) was also 

treated at the City of Hope centre with CD123 CAR T cells. This patient also experienced CR 

and has not exhibited any toxicity to date (Xue & Budde, 2020). This CD123 CAR T cell, named 

MB-102, was granted orphan drug designation by the FDA for AML in July 2019. 

Other Targetable Antigens Enrolled for Clinical Investigation 

In China, cancer centres in Shenzhen and Guangdong are testing the safety of CD38, CD56, 

CD117, or Muc-1 CAR T cells in children and adults with r/r AML. These trials are currently 

ongoing and no data is available as yet (Figure 1.5). 
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Figure 1.5. Potential targetable antigens for CAR T cell therapy in AML. Antigens are either recently 
identified and/or under investigation pre-clinically and clinically. 

 

1.5.3 Bench to Bedside Challenges of CAR T cells for AML 
 

Despite the numerous pre-clinical and clinical studies demonstrating highly efficacious 

cytotoxic potential of various AML antigen-targeting CAR T cells, this has not been reflected by 

any FDA approval. The successful utilisation of immunotherapies, in particular for targeted 

cellular approaches such as CAR T cell therapy, firstly requires the identification of a suitable 

target antigen. Ideally, the target antigen should possess attractive therapeutic features; most 

importantly, it should be universally and stable expressed at high levels on the malignant cell 

surface of all patients in order to induce clinically meaningful anti-tumour effects by the CAR T 

cells and be absent on the healthy hematopoietic cells in order to avoid hematotoxicity (Cheever 

et al., 2009).  

The ideal target antigen should, therefore, be restricted to and be highly expressed on patient 

malignant cells, especially on malignant stem cells where they were previously refractory to other 

modes of treatment. This highlights inherent challenges and risks that hinder the success of CAR 

T cell treatment for patients with AML because these challenges are, in most part, due to the 

heterogeneous nature of the disease and therefore the paucity of identifying well-defined TAAs. 

While most patients may exhibit high expression levels of one targetable antigen, others may 
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express that same antigen at much lower levels. Additionally, the current identified library of 

targetable antigens on AML blasts and LSCs, while over-expressed, are not exclusively restricted 

to the malignant cells and have been shown to overlap with normal haematopoiesis (Cheever et 

al., 2009).  

As a consequence, it is possible for CAR T cells to damage tissues that express the antigen 

recognised by the CAR on normal cells. This phenomenon is called on-target off-tumour toxicity 

(Brudno & Kochenderfer, 2016). Targeting such antigens with CAR T cells raises safety concerns 

as the severity of off-tumour toxicities is unpredictable. In one study, CARs targeting carboxy-

anhydrase-IX for patients with metastatic renal cell carcinoma resulted in liver toxicities while 

CEA-specific CAR T cells in colon cancer patients induced severe colitis (Lamers et al., 

2006)(Parkhurst et al., 2011). In addition, high antigen load on tumour as well as healthy tissues 

can also elicit severe side effects such as CRS when targeted with highly reactive T cells. For 

example, CAR T cells targeting human epidermal growth factor receptor 2 (HER2) caused fatal 

CRS due to the recognition of low levels of HER2 expressed on the surface of normal lung 

epithelial cells (Liu et al., 2017). In consideration of these serious consequences reported in these 

studies and various other clinical trials, methods to reduce on-target off-tumour toxicity are 

currently under investigation.  
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AIMS & SIGNIFICANCE 

  

Phase I clinical trials using CAR T cells that target various antigens in AML have resulted 

in either transient leukaemia cell clearance or complete clearance of leukaemia, however, at the 

expense of severe on-target off-tumour toxicities.  

Based on the information provided from previously published data on CAR T cells for AML at 

the commencement of the project, this thesis addresses four specific aims, which attempt to 

enhance the feasibility and employment of CAR T cell therapy for AML. Specifically, these aims 

use a systematic approach in developing a third generation CAR capable of enhancing the 

inherent anti-tumour immunity of the T cells without propagating additional on-target off-

tumour toxicities. The high relapse rates and treatment resistance in r/r AML patients is 

associated with significant mortality.  

Furthermore, patients who are unable to receive allo-hSCT and have failed other therapeutic 

treatments have significant unmet clinical need. Given the attractiveness of CAR T cell 

technology, this project will ensure that the preparation of therapeutic immune cells will be 

sufficiently robust, scalable, effective, feasible, and safe for wider use in patients with CD123+ 

malignancy.  

 

Specific Aim #1: To determine the feasibility of employing CAR T cells for AML by targeting the 

CD123 antigen.  

The hypothesis of this aim is that CD123 is over expressed on AML stem and progenitor cells and 

remains as the most suitable target for development of third-generation CARs.  

Expression of CD123 will be analysed on BM mononuclear cells (BMMNC) from AML patients 

and compared to healthy BMMNC samples. Current therapies are effective at eliminating bulk 

leukaemia cells but inefficient at targeting the stem cells that are capable of re-populating disease 

once therapies are ceased. It is therefore important to ensure that the target antigen is expressed 

at high levels on the primitive cells of AML samples, and is absent or has low expression on HD 

samples.  
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Specific Aim #2: To optimise the humanised mRNA based anti-CD123 CAR constructs for 

AML using a lentiviral delivery approach as a clinical platform for delivery into individual human 

T cells.  

The hypothesis of this aim is that optimisation of the conditions required for lentiviral delivery will 

allow for consistent and high-scale production of anti-CD123 CAR T cells. 

The humanised CSL362 (CD123) mAb has previously been established and evaluated pre-

clinically and clinically against AML, with promising results. In collaboration with this group, the 

CSL362 sequence was constructed into a ScFv. The ScFv will subsequently be cloned into 4 

third-generation CD123 specific CARs signaling through (i) extended IgG4-CD28-OX40 and 

CD3x (CD123-CD28-OX40-LF), (ii) short IgG4-CD28-OX40 and CD3x (CD123-CD28-OX40-

SF), (iii) extended IgG4-CD28-41BB and CD3x (CD123-CD28-41BB-LF), and (iv) short IgG4-

CD28-41BB and CD3x (CD123-CD28-41BB-SF), using lentiviral based delivery for stable CAR 

expression in T cells. The process for cloning, lentivirus production, and transduction of T cells 

will be optimised to ensure efficient and consistent production of the CD123 CAR T cells.   

Specific Aim #3: To investigate the in vitro functional attributes of the anti-CD123 CAR T cells.  

The hypothesis of this aim is that CD123-specific CARs will re-direct the specificity of T cells to 

target AML cells and induce AML clearance while sparing healthy cells.  

To address this aim, the 4 CAR constructs will be transduced into HD human T cells and 

subjected to multiple functional assays to assess whether the CD123 CAR T cell function is 

specific for CD123. Additionally, the results will reveal which of the 4 CAR constructs is most 

suitable for further development and evaluation in vivo. To achieve this, the following 

experiments will be conducted to evaluate CAR specificity in response to CD123+ targets 

compared to CD123_ targets as negative controls.  

1. CD107a T cell degranulation assay 

2. T cell proliferation  

3. T cell cytokine production  

4. T cell cytotoxicity 

5. Colony formation assay 

6. Phenotypic analysis of CD123 specific CAR T cells 
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Specific Aim #4: To investigate the short and long term in vivo efficacy of the anti-CD123 CAR T 

cells. 

The hypothesis of this aim is that the most functionally superior CD123 specific CAR identified 

from the in vitro evaluation is capable of leukaemia cell clearance and establishing a T cell 

repertoire in vivo responsible for long term tumour surveillance and prolonged remission.  

CD123+ leukaemia xenografts will be established in immunocompromised Rag2–/–Il2rγ–/– 

recipients which will be treated with CD123 CAR T cells to evaluate leukaemia clearance in vivo. 

Additionally, the CD123 CAR T cells will be extensively evaluated for CD4 or CD8 T cells 

following in vitro expansion, prior to infusion in mice and following infusion into mice. Sub-

phenotypic analysis will also be performed to evaluate the memory and effector cell populations 

and whether changes in these cell populations contribute to leukaemia clearance and propagate 

long term control of AML. If required, the application of combined treatment with 

demethylating agents will also be explored with the aim of enhancing long term survival.  
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AML TUMOUR SAMPLES 

 

2.1 Introduction  
 

Based on published literature, CD123 represents an attractive target for the treatment of 

r/r AML patients given its preferential overexpression on the majority of CD38+ leukaemic blast 

progenitor cells, including CD34+ CD38– primitive LSCs (Jordan et al., 2000)(Testa et al., 2004). 

These studies reported that CD34+ CD38– CD123+ cells purified from primary AML samples 

were able to initiate and maintain the leukaemic process when introduced into immunodeficient 

mice, and therefore act as LSCs (Jordan et al., 2000). Testa and colleagues (Testa et al., 2004) 

further demonstrated that CD38+ leukaemic blasts overexpressing CD123 exhibited higher 

cycling activity and increased resistance to apoptotic triggering elicited by growth factor 

deprivation. More importantly, the overexpression of CD123 on AML blasts was associated with 

increased cellularity at diagnosis and was associated with poor risk features (e.g. Flt-3 ITD 

mutations) which conferred a poor prognosis (Rollins-Raval et al., 2013).  

Riccioni and colleagues (Riccioni et al., 2011), demonstrated that the enhanced and deregulated 

signalling conferred by IL-3R and Flt-3 contributed to the survival and proliferation of CD123hi 

expressing leukaemic blasts in AML patients. Interestingly, high CD123 expression correlated 

with IL-3R βc and GM-CSFRα expression, suggesting a concomitant overexpression of IL-3R 

and GM-CSFR (Riccioni et al., 2009). These findings provide convincing evidence that CD123 is 

an attractive therapeutic target for AML patients, mainly due to the antigen overexpression on 

LSCs and its association with patients with high-risk disease.    

CD123, on the other hand, is reportedly expressed at low levels on some subsets of normal 

myeloid haematopoietic cells such as monocytes, myeloid dendritic cells and eosinophils, 

although others suggest otherwise (Jordan et al., 2000). For example, many studies have explored 

the expression of CD123 on normal CD34+ cells, progenitor cells and various sub-populations 

isolated from various sources, including foetal liver, cord blood (CB), BM and PB. Sato and 

colleagues demonstrated that a portion of CD34+ cells isolated from CB express CD123 and that 

the expression increases following the growth of these cells in the presence of cytokines. 

However, the primitive population of heamatopoietic progenitor cells (HPCs) expressed low or 

absent CD123 levels (Sato et al., 1993). Furthermore, other studies defined three subsets of 

CD34+ cells with differing CD123 expression. Cells that were CD123bright were myeloid and B-

lymphoid progenitors, and CD123negative cells were erythroid progenitors. CD123low expressing 
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cells contained a heterogeneous population of early and committed progenitor cells (Huang et al., 

1999)(Manz et al., 2002). More recently, Testa and colleagues (Testa et al., 2014)., demonstrated 

similar results showing that CD123 expression during haematopoietic differentiation was 

sustained in the granulocytic lineage and moderately decreased in monocytic differentiation. In 

contrast, other studies (Jordan et al., 2000) (Al-Mawali et al., 2017) argue that CD123 is very 

lowly expressed on normal CD34+CD38– BM stem cells, in particular, the regenerating stem cells. 

Jordan and colleagues (Jordan et al., 2000) demonstrate clearly that approximately 7% of total 

normal BM expresses CD123, with 1% of these cells expressing the antigen at high levels. 

Furthermore, CD123 expression on bulk CD34+ cells were readily evident (12%). However, the 

primitive CD34+CD38– compartment showed <1% CD123 expression.  

Nevertheless, a variety of therapeutic methods to target CD123 in myeloid malignancies have 

been developed. Initials studies were based on using the natural ligand of IL-3, fused with a 

cytotoxic drug. SL-401 (Tagraxofusp) is a genetically engineered fusion toxin composed of the 

first 388 amino acids of the diphtheria toxin fused with a His-Met linker, and fused to human IL-

3. Pre-clinical studies showed that the level of cytotoxicity was directly proportional to CD123 

expression on leukaemic cells. Furthermore, cells with LSC properties were also vulnerable to SL-

401(Yalcintepe et al., 2006)(Testa et al., 2005) . Recent studies have reported that SL-401 induced 

potent cytotoxic activity against CD123+ AMLs and myelodysplastic syndrome blast cells. 

However, some activity against normal haematopoietic progenitor cells was observed (Mani et al., 

2018).    

The development of the humanised IL-3R mAb, CSL362 (Taclotuzumab), displayed capacity to 

neutralise IL-3, with potent antibody-dependent cytotoxicity against AML cells (Busfield et al., 

2012). In patients, CSL362 was insufficient for the treatment of r/r AML as a monotherapy (Xie 

et al., 2017). Pharmacodynamic studies of the mAb revealed dose-dependent decreases of 

peripheral basophils and plasmacytoid dendritic cells (pDCs). No effect on the haematopoietic 

progenitor/stem cells was observed (Lee et al., 2012). Currently, combination treatments, such as 

with demethylating agents, are being explored. Furthermore, the development of the CD123-

targeting antibody drug conjugate, IMGN632, demonstrated potent anti-leukaemic effects both in 

vitro and in vivo and was shown to be >40 fold less cytotoxic to normal myeloid progenitors than 

its native comparison counterpart. Importantly, the doses used that exerted anti-leukaemic effects 

were well below those causing cytotoxic effects to myeloid progenitors (Kovtun et al., 2018). In 

support of these findings, a phase I evaluation (NCT03386513) for r/r CD123+ haematological 

malignancies demonstrated response in 33% of patients. Additionally, the antibody drug 

conjugate was well tolerated and no major myeloablative or adverse events were observed (N. G. 
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Daver et al., 2018). The development of a bi-specific fusion anti-CD123 and anti-CD3 mAb, on 

the other hand, was found to decrease CD14+CD123+ monocytes but had minimal effect on 

CD34+ progenitors in vitro. These observations were mirrored in r/r AML patients (Al-Hussaini 

et al., 2016).   

As previously mentioned, CD123 has been explored as a possible target for CAR T cell therapy. 

To date, all developed anti-CD123 CAR T cells, albeit second or third generation, exhibited 

potent anti-leukaemic activity in pre-clinical and clinical evaluation. However, the inhibitory 

effect on normal BM cells was variable. Tettamanti and colleagues introduced their third 

generation CAR into cytokine induced killer (CIK) cells and exhibited limited myeloablative 

effects on BM stem and progenitor cells in humanised xenograft models (Pizzitola et al., 

2014)(Tettamanti et al., 2013). As previously mentioned, Mardiros and colleagues (Mardiros et al., 

2013) similarly did not observe any depletive effect on normal haematopoietic progenitors by 

their second generation CAR. In contrast, Gill and co-workers reported a marked inhibition of 

normal haematopoietic cells in a model of humanised immunodeficient mice. This myeloablative 

effect was subsequently reflected in their phase I clinical trial (Gill et al., 2014).  

The contrasting findings reported by the different pre-clinical and clinical work has caused a 

continued debate as to whether targeting CD123 on leukaemic cells occurs at the expense of 

prolonged off-target toxicity of specific normal myeloid cell subsets. There is emerging data that 

speculates that these off-target toxicities are, in some part, associated with CAR design and not 

necessarily only due to its low expression on certain haematopoietic cells (Drent et al., 

2017)(Drent et al., 2019). These studies suggest that in such cases where there is low expression 

of the antigen on normal cells, the CARs can be, in fact, affinity tuned thereby maintaining 

cytotoxic capacity against tumour cells while sparing normal cells (Drent et al., 2017)(Drent et al., 

2019)(Mardiros et al., 2013)(Arcangeli et al., 2017)(Bôle-Richard et al., 2020). 

2.2 Rationale of the Chapter 
	

This chapter investigates the expression levels of CD123 on key primary AML leukaemic 

populations, including LSCs, in order to develop CAR T cell therapy for the treatment of r/r 

AML. The expression of CD123 on AML leukaemic populations are also compared to that of 

HD samples to ensure that the target antigen exhibits a discriminatory expression pattern and, 

therefore, the propensity for off-tumour toxicity is significantly reduced. In addition, this chapter 

validates if the expression levels of this antigen on AML and HD cells are concordant with 

previously published literature.  
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2.3 Materials & Methods 
 

Patient and HD Samples. Cryopreserved AML patient samples were obtained from the South 

Australian Cancer Research Biobank (SACRB), Adelaide, Australia. Using patient clinical notes, 

AML patient samples with a high percentage (⩾50%) of myeloblasts at diagnosis were selected 

for immunophenotypic analysis. For data comparison, HD mononuclear cells were obtained 

from aspirated BM which had undergone Lymphoprep (STEMCELL Technologies, Vancouver, 

BC, Canada) density gradient centrifugation (Appendix 6.4.3) and cryopreserved until use. The 

study was approved by the Australian institutional Human Research Ethics Committee (Ethics 

approval no. R20150526 HREC/15/RAH/221) and conducted in accordance with the Declaration 

of Helsinki.  

Flow Cytometry. The following antibodies (Appendix 6.2.3) were purchased from BD 

Biosciences, San Jose, CA, USA, Biolegend, San Diego, CA, USA or Beckman Coulter, Fullerton, 

CA, USA, and used for phenotypic analysis on freshly thawed BMMNC (Appendix 6.4): Live 

dead Aqua-V500, CD13-PeCy7, CD33-V450, CD34-AF700, CD38-ECD, CD90-BV650, Lin- 

cocktail (CD3, CD14, CD16, CD19, CD20, CD56)-PB, CD123-PerCPCy5.5, and CD45RA-

PeCy7. Cells were washed twice with ice cold FACS Buffer (general) (Appendix 6.3) and 5x106 

cells were aliquoted for the full stain panels, unstained, and fluorescence minus one controls 

(FMO). Live dead aqua fixable viability stain (LDA) was used to define viable cells. For surface 

staining, cells were incubated with titrated antibody (Table 2.1) for 30mins on ice in the dark. Cells 

were washed twice with ice cold FACS buffer (general) and re-suspended in 200µL FACS buffer 

(general). Cells were acquired with the BD LSR FortessaTM X-20 (BD Biosciences). Data 

acquisition was performed using FACSDiva software (BD Biosciences) and data analysis via 

FlowJo v10.1 (FlowJo, LLC, Ashland, OR, USA). Instrument setup including fluorescence 

amplification (voltages) and compensation was optimised using compensation beads (BD 

Biosciences). Flow cytometer performance was checked regularly using CS&T beads (BD 

Biosciences). Cell populations of interest were reported as a proportion of total lymphocytes, 

derived from side scatter (SSC) vs. forward side scatter (FSC) gated lymphocytes, with doublet 

exclusion (FSC-A vs FSC-H), and dead cell discrimination (LDA–). A minimum of 1x106 events 

were acquired for the full panel stained tubes. Unstained and FMO controls were used to identify 

gating boundaries.  
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Table 2.1.  HD and AML Immune Phenotyping Staining Panel 

 

 

 

 

 

 

 

 

 

 

 

Data Representation & Statistical Analysis. Statistical analysis and graphs were prepared using 

GraphPad Prism v7 software (GraphPad software Inc, La Jolla, CA, USA). Unpaired Student’s t-

test (Mann-Whitney test) was used for comparing differences between groups. P-value of ≤.05 

was considered significant.  

 

 

 

 

 

 

 

 

 

 

 

Antibody Fluorochrome 
Titrated antibody 
volume/test (µL) 

Live Dead Aqua V500 2 

CD34 Alexa Fluor 700 4 

CD38 ECD 5 

CD123 PerCP-Cy5.5 15 

CD13 PeCy7 5 

CD33 V450 5 
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2.4 Results 

2.4.1 CD123 Expression in AML versus HD BM Primitive Cell Populations 
	

In order to investigate the practicality of CD123 for CAR T cell therapy against AML, the 

expression of this antigen was investigated on bulk AML cell populations and LSCs on 32 

primary BM diagnostic samples from patients who subsequently had r/r AML. The antigen 

expression on AML cells was compared with 10 BM HD samples. The AML samples had varying 

disease cytogenetics and were classified as either intermediate or poor risk prognosis based on the 

ELN classification (Döhner et al., 2010) (Table 2.2.). 

 

Table 2.2. Patient Characteristics of the Primary AML BM Samples. 

Patient Cytogenetics Risk Group 
1 Normal Intermediate 
2 Normal Intermediate 
3 Normal Intermediate 
4 Normal Intermediate 
5 Monosomy 7q Poor 
6 Normal Intermediate 
7 Normal Intermediate 
8 Trisomy 8 Intermediate 
9  Normal Intermediate 
10 Normal Intermediate 
11 t(5,10); tri21 Intermediate 
12 Trisomy 8, trisomy 19, 

11q- and marker 
chromosome X 3 

Poor 

13 Normal Intermediate 
14 Del9q; trisomy21 Intermediate 
15 Normal Intermediate 
16 Normal Intermediate 
17 Normal Intermediate 
18 Normal Intermediate 
19 Normal Intermediate 
20 Normal Intermediate 
21 11q23 rearranged, trisomy 

21 
Intermediate 

22 Del6q Intermediate 
23 Normal Intermediate 
24 Normal Intermediate 
25 Flt3-ITD+ Poor 
26 Trisomy 8 Intermediate 
27 Flt3-ITD+ Poor 
28 Flt3-ITD+ Poor 
29 Normal Intermediate 
30 Normal Intermediate 
31 Del5q; Monosomy 7 Poor 
32 Trisomy 11 Intermediate 
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Multiple tumour cell subpopulations were assessed according to the gating strategy depicted in 

Figure 2.1. CD123 expression was analysed in the following AML and HD populations: viable 

CD13+CD33+, CD34–, CD34+, CD38+ blasts, CD34+CD38– LSCs/HSCs and CD34+CD38+ 

progenitor cells (Figure 2.2-A).  

CD34 is a primitive stem cell marker, whose positive expression is determinant of poor prognosis 

in AML, in particular, following allo-hSCT. Expression of CD34 is found on leukaemic blasts in 

a small subset of AML patients, and this is dependent on the maturation stage and lineage 

commitment of the leukaemic cells. Of the 32 AML samples, 44% were CD34+ presenting with 

>20% positive cells, while the remaining 56% had CD34– blast cells. The bulk CD38+ blasts 

exhibited a median CD123 expression of 54.4% (range 8.3%-96.9%). 

 

 

                            

 

c
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Figure 2.1. Representative flow cytometry gating strategy used to evaluate CD123 expression on AML 
and HD stem and progenitor cells.  
Gates were first set on bulk AML or HD cells (SSC v FSC), following this; viable single cells were defined 
based on FSC-A v FSC-H and exclusion of dead cells by live dead aqua viability stain (LDA–). Cells were then 
gated for bulk CD34+ or CD34– and analyzed for their CD123 expression. Subsequently CD34+ cells were 
further analyzed for their CD123 expression on primitive populations: CD38+ blasts, CD34+CD38+, and 
CD34+CD38–.  
 

In the CD34+ population, the median CD123 expression level was 68.9% (range: 17.7%-96.1%) 

while the CD34– cell population exhibited median CD123 expression of 50.2% (10.4%-95.2%) 

(Figure 2.2-B and D). In HD samples, it is expected that the majority of cells are phenotypically 

CD34– rather than CD34+ (Lemos et al., 2018). Of the 10 samples, the median CD34– expression 

was 94.3% (range: 90.5%-98.5%) whilst the median CD34+ expression was 2.2% (range: 0.5%-

3.4%). Within the CD34– cells, the median expression of CD123 was 1.03% (range: 0.4%-4.8%) 

while the CD34+ population showed a median CD123 expression of 2.3% (range: 0-6.3%). The 

results demonstrate that CD123 was expressed at significantly lower levels in the HD cohort than 

in the AML cohort (Figure 2.2-B and D).  

The CD34+ population was further differentiated into CD34+CD38– stem cells and CD34+CD38+ 

progenitor cells to determine if there were differences in the CD123 expression in these 

populations. CD34+CD38– AML LSCs revealed a median CD123 expression of 68.6% (range: 

11.1%-97.5%). The more mature CD34+CD38+ progenitor cells revealed a similar median CD123 

expression of 66.9% (range: 18%-96.9%). In the HD cohort, the overall CD123 expression was 

significantly lower in the HSC and progenitor cell populations compared with the AML samples 

(Figure 2.2-C and E).  
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Figure 2.2. Differential expression of CD123 in AML patients compared to HD.  
(A) Schematic of myeloid lineage haematopoiesis depicting the basic immune-phenotypic changes during differentiation.  Primitive and differentiated cell populations from 
relapsed/refractory AML patient BMMNC samples (n=32) at diagnosis were analysed and compared to HD (n=10) BMMNC samples for CD123 expression on (B) CD34+ bulk primitive 
cells, (C) CD34+CD38– HSC/MPP populations, (D) CD34– bulk mature/differentiated cells and (E) CD34+CD38+ CMP populations by flow cytometry. Gates were set on bulk AML or 
HD cells (SSC v FSC), following this; viable single cells were defined based on FSC-A v FSC-H and exclusion of dead cells by live dead aqua viability stain (LDA-). Bars denote the median, 
with significance defined as p≤0.05.   
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2.4.2 CD123 Expression in Bulk AML Myeloid Cells versus HD 
	

In addition to these data, AML and HD cells were gated for CD13+CD33+ cells, 

which represent the bulk myeloid cell population.  Differential expression of CD123 was 

analysed in this population.  From the live bulk myeloid population, AML samples exhibited 

a median CD123 expression of 60.4% (range: 18%-97.8%). By contrast, the median CD123 

expression (0.63%, range: 0-2.96%) was minimal in the HD cohort (Figure 2.3). 

 

 A        B 

 

 

 

  

 

 

 

Figure 2.3. Differential expression of CD123 in AML patients compared to HD on bulk myeloid 
cells.   
(A) Representative flow cytometry gating strategy used to evaluate CD123 expression on AML and HD 
CD13+CD33+ myeloid cells. (B) Bulk myeloid cells (CD13+CD33+) from relapsed/refractory AML 
patient BMMNC samples (n=32) at diagnosis were analysed and compared to HD (n=5) BMMNC 
samples for CD123 surface expression by flow cytometry. Gates were set on bulk AML or HD cells (SSC 
v FSC), following this; viable single cells were defined based on FSC-A v FSC-H and exclusion of dead 
cells by live dead aqua viability stain (LDA–). Bars denote the median, with significance defined as p≤0.05. 
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2.4.3 Association of CD123 Expression with Poor Risk Cytogenetic AML Patients  
 

Relapse of AML is thought to reflect the failure of current therapies that adequately 

target the rare and resistant LSCs, which are presumed to be responsible for maintenance of 

leukaemia, and typically enriched in the CD34+CD38– cell population. The propensity to 

relapse following treatment is also higher in patients with poor risk cytogenetics (E. Estey, 

2016). The mean CD123 expression was therefore examined and compared in 7 out of the 

32 AML patients who had poor-risk cytogenetics. CD34+ AML blasts were observed in 4/7 

patients while 3/7 patients displayed a CD34– blast phenotype. On AML CD38+ blasts, 

CD123 expression was high in 3/7 patients, ranging from 56.6%-93.5%, moderate in 3/7 

patients (20.2%-38%) and low in 1 patient (9.7%) (Table 2.3).  

Within the CD34+CD38– AML LSCs, 5/7 patients had high CD123 expression (58.8%-

86.8%), including one patient with 5q- and monosomy 7 cytogenetics while the remaining 2 

patients expressed moderate CD123, 36.7% and 48.9% (Table 2.3).  

 

Table 2.3. Comparison of CD123 expression on blasts and stem cells in poor risk cytogenetic 
AML patients. 

Patient Genotype/Cytogenetics Risk 
Group 

%CD123 Expression 
 Blasts        Stem Cell 

   CD38+    CD34+CD38- 

1 Monosomy 7q Poor 38.0 48.9 
2 Complex 

(tri8, tri19, 11q- and 
marker chr x3) 

Poor 23.8 36.7 

3 Normal 
(secondary AML; 

preceded by CMML) 

Poor 9.7 62.0 

4 Normal (Flt-3 ITD+) Poor 93.5 82.7 
 5 Normal (Flt-3 ITD+) Poor 56.6 86.8 
6 Normal (Flt-3 ITD+) Poor 92.6 82.8 
7 Complex 

(5q- and monosomy 7) 
Poor 20.2 58.8 

  Mean= 47.8 65.5 
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2.5 Conclusion & Discussion 
 

Relapse in AML is defined as the ability of LSCs to perpetuate leukaemic cell 

expansion during treatment (treatment refractoriness) or following the discontinuation of 

treatment. Around 50% of patients in CR will eventually experience a relapse as a result of 

these tumour-initiating LSCs which can evade therapy and lay dormant during conventional 

treatments. It is therefore vital that novel treatments target not only the bulk and circulating 

tumour load but most importantly, these LSCs. For the past several years, many biomarker 

studies have aimed to uncover surface markers strictly found on LSCs. In the context of 

AML, it has become increasingly clear that most reported markers are not unique to LSCs 

but are in fact overexpressed on LSCs whilst being expressed, albeit at very low levels, on 

some healthy tissues.   

This chapter assessed the expression profile of CD123 as a potential target antigen based on 

previous reports and preliminary works demonstrating clear distinctions in expression 

between AML and healthy tissues. Based on the results, the target was subjected to further 

development for CAR T cell therapy and pre-clinical assessment as a potential treatment for 

r/r AML.  

CD123 expression was analysed in several haematopoietic subpopulations including CD34–, 

CD34+, CD38+ blasts, CD34+CD38– LSCs/HSCs, CD34+CD38+ progenitor cells and bulk 

myeloid CD13+CD33+ cells. In AML, the stem cells are contained within the population of 

putative primitive CD34+CD38– cells. It was, therefore, important to verify that the target 

antigen exhibited higher over-expression in this population of cells while ensuring low to 

absent expression of the antigen on normal, healthy cells to avoid potential prolonged 

toxicities.  

CD123 was expressed in 97% of AML patients, regardless of whether the main blast 

population was CD34+ or CD34–. In most of the populations analysed, the majority of AML 

patients had very high expression of CD123, which was consistent with previous reports (Ho 

et al., 2016)(Jordan et al., 2000)(Testa et al., 2004). It is well known that AML is a 

heterogeneous disease, and the expression profile of antigens can vary between patients. 

Therefore, it was unsurprising to observe a widely distributed expression profile in the AML 

cohort for both of these antigens. In 7/32 patients that were classified as having a poor 

prognosis based on their cytogenetic profile, there was also heterogeneity in the expression 

of CD123 in the blast cell and LSC populations. In the HD cohort, CD123 showed minimal 
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expression in the CD34–, CD34+, CD38+ blasts, CD34+CD38– LSCs/HSCs and 

CD34+CD38+ progenitor cell populations. 

CD123 was consistently expressed at low levels in the HD cohort in the majority of the 

populations analysed even though previous findings demonstrated that CD123 is found on 

the surfaces of monocytes, dendritic cells and other healthy tissues of the myeloid lineage 

(Gill et al., 2014)(Mardiros et al., 2013). These studies also acknowledged that targeting 

CD123 may result in off-tumour toxicities because of its expression on these various healthy 

tissues. In the CD34–, CD34+, CD38+ blasts, CD34+CD38+ progenitor and CD13+CD33+ 

myeloid cell populations, the AML sample with the lowest CD123 expression did not 

overlap with the highest CD123 expressions found in the HD cohort. In the CD34+CD38– 

LSC population, with the exception of one HD sample, the CD123 expression also did not 

overlap between the two groups. Based on the data and those previously published 

(Mardiros et al., 2013), it seems unlikely that myelotoxicity should occur if targeting CD123. 

However, this is contrary to studies published by Gill and colleagues (Gill et al., 2014), where 

significant myelotoxicity was encountered when targeting CD123 with anti-CD123 CAR T 

cells.  

Some studies have argued that for myelotoxicity to occur, the minimum antigen density 

threshold or ‘lytic threshold’ needs to be reached (Arcangeli et al., 2017)(Caruso et al., 2015). 

Based on this hypothesis, if the maximum antigen density on the HD cell is lower than the 

‘lytic threshold’ then it is very unlikely for off-tumour toxicities to occur. This is therefore 

dependent on the type of epitope and structural design of the CAR. This could, in part, 

explain the myelotoxicity exhibited by the anti-CD123 CAR T cells in Gill’s publication. The 

antigen densities and lytic thresholds were not assessed or compared in this project for 

CD123 on AML or HD cells. Nonetheless, it is important to clarify whether myelotoxicity 

occurs in an individual setting as the construct design varies between research institutes.  

For pre-clinical and, later, clinical development, it was necessary to ensure that: 1) the antigen 

was highly expressed on leukaemic cells and low on HD cells, 2) there was minimal or no 

overlap in expression between the AML and HD samples, and most importantly, 3) the 

majority of AML samples exhibited overexpression of the antigen on the putative 

CD34+CD38– LSCs.  

The data verified the overexpression of CD123 on primary AML cells, including LSCs, 

thereby deeming it a suitable candidate for further pre-clinical development.  Conveniently, 
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the mAb for CD123 has already been developed and assessed in pre-clinical studies by our 

collaborators, demonstrating its effective anti-tumour activity and minimal off-tumour 

toxicities (Herzog et al., 2012)(Busfield et al., 2012). The CSL362 (CD123) humanised mAb 

was therefore employed in the development of the scFv structure and used to develop the 

anti-CD123 CAR constructs used in the project.  
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IN VITRO FUNCTIONAL CHARACTERISATION OF THE 
THIRD GENERATION CD123 CAR CONSTRUCTS FOR 

AML 

3.1 Introduction  
 

Since the introduction of CAR T cell therapy, the optimal design of the CAR is still, 

at present, a source of debate. Two of the three FDA approved CD19-specific CARs, 

tisagenlecleucel (Kymriah) and lisocabtagene maraleucel (Breyanzi), incorporate CD137 (4-

1BB) as the co-stimulatory endodomain, whereas the third, axicabtagene ciloleucel 

(Yescarta), utilises CD28. While all three CARs have demonstrated striking clinical efficacy, 

the specific co-stimulatory domain used has been shown to critically determine the function, 

differentiation, metabolism, and persistence of these engineered T cells. In the majority of 

the CAR T cell pre-clinical and clinical models to date, the CD28 or 4-1BB are the best-

known signalling domains incorporated into second-generation CAR structures. 

In these studies, all CARs incorporating CD28 or 4-1BB CARs were shown to induce Th1 

cytokine secretion such as IL-2, TNF, IFN-g, and GM-CSF. However, the secretion of these 

cytokines was brisker in CD28 CARs due to the significantly higher levels of IL-2 compared 

to 4-1BB CARs. While IL-2 is a critical cytokine for CAR T cell proliferation and sustains 

effector function, its possible effect on inducing Treg cells, on the other hand, is undesirable 

due to its immunosuppressive effects (Loskog et al., 2006)(Savoldo et al., 2011). CARs 

incorporating CD28 have therefore demonstrated increased T cell proliferation, increased 

cytokine secretion upon target recognition, and improved anti-tumour effects in vivo 

(Kowolik et al., 2006). In contrast, CARs containing 4-1BB elicit cytokine secretion, 

upregulation of anti-apoptotic genes and enhanced in vivo persistence. As a result, CARs 

containing 4-1BB have so far shown the most durable results in patients (Imai et al., 

2004)(Tammana et al., 2010)(Carpenito et al., 2009)(Pulè et al., 2005). Following the 

demonstration that CD28 and 4-1BB motifs are effective in providing co-stimulation, a 

range of other co-stimulatory domains have been assessed including the Ig superfamily 

member, the Inducible T cell co-stimulator (ICOS, CD278), and other members of the 

tumour necrosis factor receptor (TNFR) superfamily members such as OX40 (TNFRSF4, 

CD134).  

CD278 is found to bind its ligand and activates the PI3K/Akt pathway within T cells in the 

same manner that CD28 does (Fos et al., 2008). Compared to CD28, CD278 is found to 
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induce greater PI3K activity but is unable to recruit growth factor receptor-bound protein 2 

(Grb-2) resulting in reduced IL-2 expression (Harada et al., 2003). Pre-clinically, second 

generation CAR T cells incorporating the ICOS co-stimulatory domain demonstrated greater 

PI3K activation compared to CARs using 4-1BB (Finney et al., 2004). Moreover, ICOS-

based CARs demonstrated greater Th1/Th17 polarisation of T cells exhibiting improved anti-

tumour activity and persistence compared to the CARs using CD28 or 4-1BB. Concordant 

to the statement reported by Harada and colleagues (Harada et al., 2003), ICOS-based CARs 

were also found to produce lower levels of IL-2 than CD28-based CARs (Paulos et al., 

2010)(Guedan et al., 2014). Like 4-1BB, OX40 is not involved in the initial T cell activation 

but is found to be essential for T cell proliferation and survival and acts via the PI3K/Akt 

and tumour necrosis factor receptor-associated factor (TRAF) pathways. Moreover, OX40 

co-stimulation has been found to antagonise the activation and development of natural and 

inducible Tregs by supressing CTLA-4, TGF-b, and forkhead box P3 (FOXP3) expression 

(Croft et al., 2009).  

It was therefore postulated that incorporating two co-stimulatory endodomains (third 

generation CARs) could enhance the activity of the CAR T cells. Xenograft studies have 

demonstrated that third generation CAR T cells encompass the tumouricidal capacity of 

CD28-based CARs with the persistence generated by 4-1BB based CARs. Zhao and 

colleagues (Zhao et al., 2015) observed that their third generation CAR, with the CD28 

domain situated proximal to the membrane and the 4-1BB domain distally, led to increased 

Th1 T cell expression, increased CD4+ and CD8+ expansion, and improved tumour 

regression in B-ALL xenografts when compared to second generation CAR T cells. 

Furthermore, lower doses of third generation CAR T cells were required to achieve full anti-

tumour capacity compared to the second generation counterparts.  

In a clinical dose-escalation study, Ramos and colleagues (Ramos et al., 2018) infused a 

combination of second and third generation CAR T cells to patients with r/r B-NHL. In 10 

of the 11 patients, up to a 40-fold greater expansion of third generation CAR T cells was 

observed compared to second-generation CAR T cells with a higher number of third 

generation CAR T cells remaining detectable up to 160 days post-infusion. Furthermore, 

third generation CAR T cells were found to expand significantly following infusion in 

patients who achieved remission following allo-hSCT. This suggested that third generation 

CAR T cells were capable of eradicating minimal residual disease in patients and lead to 

longer remissions (Ramos et al., 2018)(D. W. Lee et al., 2019). Additionally, no treatment-
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related mortality has so far been reported in clinical trials using third generation CAR T cells 

and the toxicity rates (CRS and neurotoxicity) observed are comparable with the second 

generation CAR T cell therapies (Schuster et al., 2019)(Enblad et al., 2018)(Neelapu et al., 

2018). Despite the promising results so far, several clinical factors remain unknown. In 

particular, it remains unknown what the clinically optimal dose of third generation CAR T 

cells are that leads to improved clinical efficacy without increased toxicity risk. The 

combination of the co-stimulatory domains in a single CAR construct might elicit tonic CAR 

signalling, leading to CAR T cell exhaustion, thereby paradoxically reducing activity.  

Hombach and colleagues (Hombach & Abken, 2011) elegantly demonstrated that in the 

absence of IL-2, second generation CAR T cells, against the carcinoembryonic antigen 

(CEA), encompassing different co-stimulatory motifs differentially impact cytolysis. The 

CARs with CD28 or OX40 motifs demonstrated superior target cell lysis compared to CARs 

with 4-1BB. IFN-g secretion was comparable across the various CARs. However, T-cell 

response was increased in the CARs with OX40 whereas the 4-1BB motif can be a negative 

regulator of some T cell functions. Concordant with many published data, 4-1BB was shown 

to be a potent enhancer of clonal CD8+ T cell expansion which led to enhanced persistence 

of CD8+ CAR T cells. Nevertheless, (Hombach & Abken, 2011)(Hombach et al., 2012) 

constructed a third generation CAR with the CD28 and OX40 motifs instead of CD28 with 

4-1BB since OX40 co-stimulation in a combined CAR enforces cytolysis in the absence of 

IL-2 leading to improved differentiation and survival of memory T cells. The third 

generation CAR was able to improve CD28-mediated effector functions and increase naïve 

and memory T cells. In contrast to the second generation CAR T cells, the third generation 

CAR was able to secrete substantially higher levels of IL-2 thereby sustaining T cell 

expansion.  
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3.2 Rationale of the Chapter 
	

It can be appreciated that CAR design can influence the efficacy against target cells 

and therefore should be evaluated on a case-by-case manner. At the commencement of this 

project, third generation CAR T cells, targeting the CD123 antigen, for AML were yet to be 

reported. This project aimed to analyse how differences in the hinge region and the 

incorporation of different combinations of the two co-stimulatory motifs could affect the 

functionality and longevity of the CAR T cell against AML cells. Long hinge spacers have 

been found to provide extra flexibility and allow for better access to membrane-proximal 

epitope whereas CARs bearing a short hinge are more effective at binding membrane-distal 

epitopes (Watanabe et al., 2016). The length of the spacer is therefore crucial in providing 

adequate intercellular distance for immunological synaptic formation. Furthermore, the 

combinations of co-stimulatory signalling domains were compared to determine which 

combination delivered superior efficacy.  

This chapter therefore aimed to directly compare the novel CARs designed for this project. 

Based on the literature, it was hypothesised that the CAR constructs incorporating the short 

hinge and the CD28-4-1BB co-stimulatory motifs would lead to stronger binding capacity, 

elicit superior downstream activation and efficacy against target cells, and promote longevity 

following leukaemia clearance. 

In order to effectively evaluate the efficacy of these constructs, the delivery of such vectors 

into primary human T cells with high efficiency was explored and refined. The chosen 

method of CAR delivery into T cells was using a lentiviral-based system. Replication-

deficient pseudotyped lentiviral vectors have been widely used as a basic tool in biological 

research. These HIV-derived lentiviral vectors are produced in a third generation system, 

with increased biosafety, by transfecting vectors that incorporate a self-inactivating long 

terminal repeat (LTR) regions together with the transgene of interest in one vector, with 

additional transcripts required for packaging, namely, Gag/pol, Reverse Transcriptase (Rev) 

and encapsulation (Env) on separate packaging plasmids (Pistello et al., 2007)(Mátrai et al., 

2010). The ability of recombinant lentivirus to transduce primary human T cells still remains 

a challenge. Efficient gene transfer in primary T cells can therefore be laborious.  While 

methods for lentiviral transduction of CAR T cells are now widely published, the protocols 

and materials used may vary between facilities. Therefore, the standard operating protocols 

always require optimisation. The optimised protocol should therefore result in CAR T cells 
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produced with effective anti-leukaemic capacity as well as the ability to be traceable. 

Furthermore, the protocol should also allow for reproducibility and result in products of 

high quality.  

In this chapter, the CD123 scFv sequence from the humanised CSL362 antibody was 

introduced into four novel third generation lentiviral-based CAR constructs and 

characterised in vitro. This chapter describes the cloning methodology, the optimised delivery 

of the CAR constructs into HD derived T cells via lentiviral-based transduction and finally, 

in vitro evaluation for their ability to target the human CD123+ cell line, KG1a and MOLM-

13, without demonstrating non-specific activity against the CD123– cell line, SUPB15. The 

construct that combined the highest and most effective antigen-specific effector functions 

against AML cells was chosen for further pre-clinical development in vivo.  
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3.3 Materials & Methods 

  
CSL362 scFv Design. CSL362 is a humanised and affinity-matured antibody of 7G3, 

previously established and characterised by the project collaborators (Busfield et al., 2012). 

The CSL362 based scFv amino acid sequence was constructed by collaborators (Dr. Stanley 

Yu) to include a CD8a leader sequence followed by the VL and VH sequence which is 

connected by a (G4S)3 linker sequence (sequence constructed using Benchling Life Sciences 

R&D, San Francisco, USA) (Figure 3.1).  

 

Figure 3.1.The anti-CD123 (CSL362) humanised scFv amino acid sequence incorporated into the 

third generation CAR T cell expression construct.  

 

pPHLV-A Lentiviral Expression Vector. The plasmid DNA encoding for the pPHLV-A 

lentiviral vector (Figure 3.2) was a kind gift from Professor. John Hayball (The University of 

South Australia, Adelaide, Australia) and contains the LTRs of the HIV- type 1, responsible 

for driving transcription of the inserted gene. The vector also contains the psi (ψ) packaging 

signal downstream of the 5’ LTR which is necessary for the encapsulation of the inserted 

genome into viral particles (Rivière et al., 1995).  
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Figure 3.2. Schematic representation of the pPHLV-A lentiviral expression vector. 

 

 

CSL362-based CAR Designs.  

 

Figure 3.3. The anti-CD123 (CSL362) humanised scFv amino acid sequence incorporated into the 
third generation CAR T cell expression construct. 	

 

 

Construction of the CD123-CD28-OX40 CARs. Plasmids encoding for the short hinge 

CD123-CD28-OX40 (OX40-SF) and the long hinge CD123-CD28-OX40 (OX40-LF) CAR 

DNA sequence (Appendix 6.1) were generated by sub-cloning through an intermediate 

vector (pENTRY) and introduced into the pPHLV-A expression vector (Figure 3.2-3.5).  
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Restriction Digestion of plasmids, agarose gel electrophoresis, and gel extraction of CAR 

DNA fragments  

pENTRY anti-CD123-CD28-OX40 LF and SF plasmids were previously generated and 

provided by collaborators (Dr. Stanley Yu, CCB, South Australia). 32µL (5µg) of DNA was 

digested with 4µL of digestion buffer (NEB), and 2µL each of the XbaI and AatII restriction 

enzymes overnight at 16oC. Meanwhile, 32µL of the pPHLV-A expression vector was 

digested with 4µL digestion buffer, 2µL of dH2O and 2µL of EcoRV restriction enzyme. 

5µL of the digested pENTRY plasmid was combined with 2µL loading dye and run on a 

0.8% gel containing 5µL of gel red dye at a speed of 100amp for 45mins-1h. 3µL of the 1kb 

DNA ladder was loaded as reference. The smaller band containing the CAR fragment DNA 

sequences (~2200bp for LF and ~1520bp for SF) was recovered by cutting the band from 

the gel and placed in an eppendorf. The eppendorf was heated at 37oC to melt the gel. The 

plasmids were treated with the polymerase chain reaction (PCR) purification kit as per 

manufacturer’s instructions (Invitrogen) to purify the DNA of interest from any remaining 

dNTPs and enzymes. The digested anti-CD123-CD28-OX40 LF and SF DNA fragments 

were blunted with 10µL buffer, 1µL Klenow and 0.4µL of 10mM dNTP. The mixture was 

incubated at 25oC for 15mins. 2.2µL of 500mM EDTA (final concentration of 10mM) was 

added and the mixture deactivated at 75oC for 20mins. The blunted fragments were re-

treated with the PCR Purification kit. The digested pPHLV-A vector was dephosphorylated 

with 4µL buffer, 1µL antarctic phosphatase and incubated at 37oC for 30mins and 

subsequently inactivated at 80oC for 2mins. The dephosphorylated vector was similarly 

treated with the PCR purification kit. The isolated anti-CD123-CD28-OX40 LF and SF 

DNA fragments were ligated into the pPHLV-A vector (combined 7.5µL of DNA) with 

0.5µL T4 DNA ligase, 2µL ligation buffer, and incubated overnight at 16oC. A no DNA 

template (H2O) was included as a control.  

 

Plasmid transformation of Escherichia coli (E. coli) 

The ligated product was transformed into DH5-a E. coli competent cells. 2µL of ligated 

product was added to 20µL of highly efficient DH5-a cells. The mixture was left on ice for 

30 mins and subsequently heated at 42oC for exactly 30secs. A no DNA template (H2O) was 

included as a control.  The mixture was returned to ice for 5mins before 380µL of SOC 

medium was added and further incubated at 37oC for 1h on a shaking platform (180rpm). 
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The eppendorfs were centrifuged at 4500rpm for 5mins and 320µL of supernatant was 

discarded. The pellet was resuspended in the residual supernatant and transferred to 

ampicillin treated luria broth (LB) growth plates. The cells were spread over the plates until 

dry and incubated at 37oC for 12-16h.  

Mini-plasmid preparation of DNA 

Six to twelve colonies were selected using a sterile tip and each placed in a tube with 5mL LB 

broth with 5µL ampicillin and incubated overnight at 37oC with shaking. One milliliter of 

each colony that was sub-cultured was transferred to an eppendorf and centrifuged at 

13,000rpm for 2mins. The supernatant was decanted and the pellet resuspended first in 50µL 

of lab-made resuspension buffer followed by 50µL lysis buffer and gently mixed. 50µL of 

neutralisation buffer was added before centrifuging at 13,000rpm for 5mins. The pellet was 

resuspended in residual supernatant and the vector was run on a 0.8% agarose gel as 

described above. The subcultures from the clones that match the expected band size were 

extracted from the bacterial clones using a miniprep plasmid extraction procedure using the 

plasmid miniprep kit as per manufacturer’s instructions (Invitrogen). The DNA 

concentration of each clone was quantified using nanodrop. 

Validation of plasmid DNA with restriction enzyme digestion 

Two microlitres of each clone was digested with 1µL buffer, 1µL EcoRV restriction enzyme 

and 6µL dH2O and incubated overnight at 16oC. The digested clones were run on a 0.8% 

agarose gel as previously described in order to select the clones with DNA of interest in the 

correct orientation. The clones in the correct orientation were sent for sequencing for 

confirmation.  

 

 

 

 

 

 

 



	

	
	

66 

IN VITRO FUNCTIONAL CHARACTERISATION 
OF THE THIRD GENERATION CD123 CAR 
CONSTRUCTS FOR AML 

 

Figure 3.4. Exemplar schematic representation of the CD28-OX40-LF CAR introduced into the 
intermediate pENTRY vector via the AatII and XbaI restriction sites. 
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Figure 3.5. Schematic Representation of the anti-CD123 (CSL362) CD28-OX40 SF (top) or LF 
(bottom) CARs cloned into the pPHLV-A expression vector via the EcoRV restriction site.  
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Construction of the CD123-CD28-4-1BB CARs. In order to generate the pPHLV-A 

plasmids encoding for the short hinge (SF) and long hinge (LF) CD123-CD28-4-1BB CAR 

DNA sequences (Appendix 6.1) (Figure 3.6), the co-stimulatory signalling domain from the 

pENTRY anti-CD123-CD28-OX40 LF and SF plasmids were first replaced with the CD28-

4-1BB co-stimulatory signalling domain. The DNA fragments of the CD28-4-1BB signalling 

motifs were generated and provided by collaborators (Dr. Stanley Yu, CCB, South Australia).  

Thirty-two microlitres of DNA were digested with 4µL of digestion buffer (NEB), and 2µL 

each of the BamHI and SacI (NEB) restriction enzymes overnight at 16oC. The digested 

pENTRY plasmid was run on a 0.8% gel containing 5µL of gel red dye for 45mins-1h. The 

larger band was recovered by cutting the band from the gel and placed in an eppendorf. The 

eppendorf was heated at 37oC to melt the gel. A combined 7.5µL of the digested pENTRY 

intermediate vector and CD28-4-1BB DNA fragment was ligated with 0.5µL T4 DNA 

ligase, 2µL buffer, and incubated overnight at 16oC. A no DNA template (H2O) was 

included as a control. The ligated product was transformed into DH5-a E.Coli competent 

cells as described above and plated on kanamycin treated LB growth plates. Six to- twelve 

colonies were selected and cultured in 5mL LB broth with 5µL kanamycin. The selected 

clones were checked for the expected band size, correct orientation, extracted for DNA 

using the miniprep procedure, and sent for sequencing as described above. The successfully 

cloned pENTRY anti-CD123-CD28-4-1BB SF and LF intermediate plasmids were then 

digested and introduced into the pPHLV-A expression vector as described above. The final 

constructs were pPHLV-A encoding the CD123-CD28-4-1BB SF CAR (4-1BB-SF) and the 

CD123-CD28-4-1BB LF CAR (4-1BB-LF).  
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Figure 3.6. Schematic representation of the anti-CD123 (CSL362) CD28-4-1BB SF (top) or LF 
(bottom) CARs cloned into the pPHLV-A expression vector via the EcoRV restriction site. 



	

	
	

70 

IN VITRO FUNCTIONAL CHARACTERISATION 
OF THE THIRD GENERATION CD123 CAR 
CONSTRUCTS FOR AML 

Finalised Protocol: 

HEK-293T Transfection. T75 flasks were coated with Poly-D-lysine at a final 

concentration of 10µg/cm3 for 4-6h at room temperature (RT) under a biosafety cabinet 

hood (BSH). The poly-D-lysine solution was aspirated and the flask was gently washed twice 

with 10mL of 1xPBS. 3.5x106 HEK-293T cells were seeded in 15mL of transfection media 

and incubated overnight at 37oC, 5% CO2. The media was aspirated the next day and 

replaced with 15mL pre-warmed transfection media. Meanwhile, the transfection mixture 

was prepared. For each flask, 5.15µg of each vector DNA (pRSV-Rev, pMD2.G, 

pMDL/pPRRE, anti-CD123) was mixed in a 5mL polypropylene tube with 41.22µL 

(2µL/µg DNA) of P3000 reagent, 30.93µL Lipofectamine 3000 reagent and 1.5mL of Opti-

MEM serum free medium. The solution was gently mixed by pipetting up and down and 

incubated in the BSH at RT for 25mins. The solution was added drop-wise to the flask and 

spread over the cells by gently rocking the flask from side to side. The flasks were incubated 

for 16h at 37oC, 5%CO2. The media was replaced with 15mL pre-warmed HEK-293T 

culture media and incubated for a further 24h to generate virus. Viral supernatant from 

transfected HEK-293T cells was collected, centrifuged at 1400rpm, 5mins at 4oC and 

0.45µM sterile filtered. For a second viral harvest, 15mL of fresh pre-warmed HEK-293T 

growth medium was added to the plates and the process repeated 24h later.   

Concentration of Lentivirus (Ultracentrifugation). 15mL or 30mL of un-concentrated 

virus was placed in a sterile thinwall, polypropylene tube under sterile conditions. The 

amount of virus placed in each tube was dependent on the centrifuge and rotor available. 

The virus was placed in the pre-cooled rotor buckets and centrifuged at 20,000rpm for 

90mins at 4oC. The viral supernatant was very gently decanted and 50µL (for every 15ml of 

unconcentrated virus that was centrifuged) of ice-cold sterile 1xPBS was added. The viral 

pellet was carefully resuspended using a pipette, avoiding the generation of bubbles. The 

tube was left to stand on ice in the BSH for 45mins. The virus was pooled and 50µL of virus 

was aliquoted to each eppendorf. 25µL of crude virus was aliquoted to an Eppendorf for 

viral titer. The concentrated viral aliquots were stored at -80oC until use.  

Lentiviral Titre & Calculation. Titration of lentivirus was carried out by transduction of 

Jurkat T cells.  25µL of concentrated virus was thawed on ice and 1-5-fold dilutions of the 

virus was prepared in Jurkat T cell culture media (Appendix 6.3) in a final volume of 250µL. 

1x105 Jurkat T cells was resuspended in each dilution and plated in a 24-well plate. 6µg/mL 
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polybrene was added to each well to facilitate transduction and plates were spun at 800 x g 

for 1h at 32oC. The plate was incubated for 24h at 37oC, 5% CO2. The plate was centrifuged 

at 400 x g for 10mins, RT to allow cells to adhere to the bottom of the plate. The 

supernatant was gently removed and 750µL of fresh pre-warmed Jurkat T cell culture media 

was added to the cells. The plate was further incubated for 3 days.  

Cells from each well were harvested into separate FACs tubes and washed thrice with ice 

cold 1xPBS. 1µg of Biotinylated Protein-L was added for every 1x106 Jurkat T cells and 

incubated on ice, in the dark for 45mins. Following incubation, the cells were washed twice 

with ice cold 1xPBS. Cells were stained with 1:50 Streptavidin-PE antibody and 5µL of 7-

AAD live/dead antibody and incubated for 30mins on ice in the dark. An unstained control 

and Protein-L (PE) FMO (FMO was defined, here, as the exclusion of the primary antibody) 

was included. Cells were washed twice with ice cold FACs buffer (general) and re-suspended 

in 200ul FACs buffer (general). Cells were acquired with the BD LSR FortessaTM X-20 (BD 

Biosciences). Instrument setup and performance, data acquisition, and data analysis were 

performed as previously described (Chapter 2). Cell populations of interest were reported as a 

proportion of total lymphocytes, derived from SSC vs. FSC gated lymphocytes, with doublet 

exclusion (FSC-A vs FSC-H), and dead cell discrimination (7-AAD–). A minimum of 1x105 

events was acquired for the full panel stained tubes. Unstained and FMO controls were used 

to identify gating boundaries.  

For a simple and universal method to detect the surface expression of CARs on transduced 

lymphocytes, Protein-L staining was employed. Protein-L is an Ig-binding protein that binds 

to the variable light chains of Ig. It can therefore bind to scFv and antigen binding fragments 

(Fab) without interfering with the antigen binding site.  

For titre calculation, the dilution with 10-20% Protein-L PE+ cells were selected. The titre 

was calculated as follows: 

Titre (TU/ml) = (N x P)/(V x D), where: 

N= Cell Concentration in each well at the time of transduction  

P= % of Protein-L PE+ cells 

V= Volume of virus supernatant used for infection (e.g. 25µL was added = 0.025mL) 

D= Dilution fold  



	

	
	

72 

IN VITRO FUNCTIONAL CHARACTERISATION 
OF THE THIRD GENERATION CD123 CAR 
CONSTRUCTS FOR AML 

Primary HD T Cell Isolation, Activation, Transduction, and Expansion  

Isolation and Activation 

HD PBMCs were thawed (Appendix 6.4.2) and incubated at 37oC for at least 4h to promote 

cell recovery. T cells were isolated using the ‘human pan T cell isolation kit’ according 

manufacturer’s instructions (Miltenyi Biotec). Isolated T cells were washed twice with ice 

cold FACS Buffer (general) and 2x105 cells were aliquoted for the full stain panels and the 

unstained and FMO to check for purity of the population. For surface staining, cells were 

incubated with titrated antibody (Table 3.1) for 30mins on ice in the dark. Cells were washed 

twice with ice cold FACS buffer (general) and re-suspended in 200µL FACS buffer (general). 

Table 3.1.  Healthy Donor T Cell Isolation Purity Check Staining Panel 

 

 

 

 

 

 

Cells were acquired with the BD II CANTO (BD Biosciences). Instrument setup and 

performance, data acquisition, and data analysis were performed as previously described. Cell 

populations of interest were reported as a proportion of total lymphocytes, derived from 

SSC vs. FSC gated lymphocytes, with doublet exclusion (FSC-A vs FSC-H), and dead cell 

discrimination (7-AAD–). A minimum of 5x104 events was acquired for the full panel stained 

tubes. Unstained and FMO controls were used to identify gating boundaries. 

For the remainder of the cells, 10ng/µL (50IU/mL) human rIL-2 and 2µL of human 

CD3/CD28 T cell activation dynabeads were added for every 1x105 cells. 1x105 cells were 

plated into each well of a 96-well U-bottom plate in a final volume of 100µL T cell culture 

media (Appendix 6.3). The plate was incubated at 37oC for 48h until transduction.  

 

 

Antibody Fluorochrome 
Titrated antibody 
volume/test (µL) 

Live Dead Aqua V500 2 

CD3 PerCP Cy5.5 3 

CD8 APC 10 
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Transduction (Initial Method) 

250µL of Lenti-X concentrated virus was thawed on ice and a 1-fold dilution of the virus 

was prepared in T cell culture media to a final volume of 2.5mL. 2.5x107 T cells was added to 

the 2.5mL of virus supernatant with 6µg/mL polybrene. 2.5x106 T cells (in 250µL) was 

plated into each well of a 12-well plate. The plate was centrifuged at 400 x g for 10mins and 

incubated at 37oC, 5%CO2 for 24h. The plate was centrifuged at 400 x g for 10mins, RT to 

allow cells to adhere to the bottom of the plate. The supernatant was gently removed and 

1mL of fresh pre-warmed T cell culture media was added to the cells. The plate was further 

incubated for 3 days.  

T cell Transduction (Finalised Method). Twenty-four hours prior to transduction, 24-

well non-treated tissue culture plates were coated with 500µL RetroNectin (recombinant 

human fibronectin fragment) at a concentration of 32µg/mL, parafilmed and incubated 

overnight at 4oC. The RetroNectin was removed and the plate was blocked with 500µL of 

sterile 2% BSA-PBS at RT for 30mins. During the incubation, lentivirus aliquots were 

thawed on ice to transduce T cells at a multiplicity of infection (MOI) 5 per well based on 

the titre calculations. For example, if per well, 5µL of virus supernatant is required to 

transduce the cells at MOI 5, the appropriate amount of total virus required was thawed. The 

appropriate amount of T cell culture medium was added to the lentivirus so that the final 

volume per well was 250µL. The plates were washed once with sterile 1xPBS and 250µL of 

supernatant was added to each well. The plate was centrifuged at 3500rpm for 90mins, 37oC 

with acceleration of 3 and no-brake for de-acceleration. The virus supernatant was aspirated 

and 6x105 T cells in 500µL fresh pre-warmed culture media supplemented with 10ng/µL 

human rIL-2 was added to each well. The plate was centrifuged at 1200rpm for 15mins, 37oC 

to facilitate adherence and contact of T cells to the virus coated plate. The plate was 

incubated overnight at 37oC for 24h. The supernatant was gently removed and 1mL of fresh 

pre-warmed culture media supplemented with 10ng/µL human rIL-2 was added to the cells. 

The plate was further incubated for 5 days with a media replacement every 2 days. 

For the detection or isolation of Protein-L+ CAR T cells, cells were prepared and stained as 

previously described in ‘lentiviral titre and calculation’.  
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T cell Expansion. HD T cells were expanded for 10-14 days following transduction with R-

10 media with 20% FCS and 1% pen/strep with additional human 10ng/µL rIL-2. Media 

was replaced every 2-3 days until end of expansion period.  

In Vitro T-cell phenotypic Subset Analysis. T cells were harvested prior to lentiviral 

transduction as well as post in vitro culture expansion, and phenotypically analysed. Cells were 

washed twice with 1x PBS supplemented with 2mM EDTA, 2% FCS, and 5% Sodium 

Azide, resuspended in 100µL and stained with 2µL of 1:20 Live dead aqua viability dye-

V500, 3µL CD3-PerCPCy5.5, 5µL CD8-APC, 5µL CD27-APC-ef780, 5µL CD45RO-PeCy7 

(BD Biosciences) for 30mins on ice, in the dark. Cells were washed twice and resuspended in 

a final volume of 200µL prior to flow cytometric analysis. Unstained and FMO controls were 

used to identify gating boundaries. 

Human Samples. In Australia, primary AML and HD BMMNC samples were obtained 

from SACRB, Adelaide. In Germany, primary AML and HD PB were obtained from the 

University Medical Center, Freiburg. Written informed consent was obtained from each 

donor. The study was approved by the Australian Institutional Human Research Ethics 

Committee (Ethics approval no’s: R20150526, HREC/15/RAH/221, and 509/16) and 

conducted in accordance with the Declaration of Helsinki.  

 
CD107a Degranulation Assay. CD4+ and CD8+ CD107a degranulation assay was 

performed as previously described (Hughes et al., 2017)(Betts & Koup, 2004). CAR T cells 

were rested in culture in the absence of CD3/CD28 dynabeads and recombinant hIL-2, 16 

hours prior to co-culture experiments. 5x105 anti-CD123 CAR T cells were co-cultured with 

5x105, 2.5x105, 1x105 or 5x104 KG1a (CD123+) or SUPB15 (CD123–) target cells for 6h at 

37oC, 5%CO2 with 5µL FITC-CD107a (BD Biosciences) and 5µL of a 1:10 dilution of the 

protein transport inhibitor monensin (BD GolgiStop). Each effector to target (E:T) ratio was 

set up in triplicate with a total volume of 200µL per well in a 96 well U-bottom plate. Cells 

were subsequently harvested, transferred to separate FACS tubes per replicate and 

centrifuged with 2mL ice-cold FACS buffer at 1400rpm for 10mins, twice. Cells were re-

suspended in residual buffer and each tube was stained with 3µL CD3-PerCPCy5.5, 5µL 

CD8-APC, and 2µL of a 1:20 LDA viability stain (eBiosciences, BD Biosciences, Life 

technologies) for 30mins at 4oC, in the dark. Cells were washed twice with 2mL ice-cold 

FACS buffer and centrifuged at 1400rpm for 10mins. Cells were re-suspended in 150µL 

FACS buffer and kept in the dark at 4oC until analysis. 1µg/mL Staphylococcus aureus, 
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Enterotoxin Type B (SEB) (Merck Millipore) was used a positive control for degranulation 

instead of target cells. Negative controls received RF10 culture medium (RPMI containing 

20% FCS, and 1% penicillin/streptomycin) instead of target cells. Cells were acquired with 

the BD FACS CANTO II (BD Biosciences). Data acquisition was performed using 

FACSDiva software (BD Biosciences) and data analysis via FlowJo v10.1 (FlowJo, LLC, 

Ashland, OR, USA). Instrument setup including fluorescence amplification (voltages) and 

compensation was optimised using compensation beads (BD Biosciences). Flow cytometer 

performance was checked regularly using CS&T beads (BD Biosciences). Cell populations of 

interest were reported as a proportion of total lymphocytes, derived from SSC vs. FSC gated 

lymphocytes, with doublet exclusion (FSC-A vs FSC-H), and dead cell discrimination (LDA–

). A minimum of 5x105 events were acquired for the full panel stained tubes. Unstained and 

FMO controls were used to identify gating boundaries.  

CellTrace Violet Proliferation Assay.  A total of 6x106 Anti-CD123 CAR T cells were 

harvested from culture, washed twice with 10mL of 1x PBS, centrifuged at 1400rpm for 

10mins and re-suspended in 1x106 cells/mL with 1x PBS. One microlitre of CellTrace Violet 

dye (Invitrogen, Thermo Fischer Scientific) was added per mL of cell suspension for a final 

concentration of 5µM and stained for 30mins at 37oC, 5%CO2 in the dark.  The reaction was 

quenched with 5x the staining volume of RF10 medium (as above). Cells were centrifuged 

and washed thrice more with 25mL of 1x PBS. Cells were re-suspended in 3mL of fresh 

RF10 medium and 500µL of anti-CD123 CAR T cells were incubated at a 1:1 ratio (1x106: 

1x106) with 500µL of SUPB15 or KG1a target cells, previously irradiated at 100Gy, in a 48-

well plate for 96h. Negative controls received 500µL RF10 medium instead of target cells. 

Cells were harvested washed twice with ice-cold FACS buffer and re-suspended in buffer.  

Cell were subsequently stained with 3µL CD3-PerCpCy5.5, 5µL CD8-BV711, and 2µL live 

dead far red (Far Red) fixable dead cell stain (eBiosciences, BD Biosciences, Life 

Technologies) and incubated for 30mins at 4oC   in the dark. Cells were washed twice with 

2mL ice-cold FACS buffer and centrifuged at 1400rpm for 10mins. Cells were re-suspended 

in 150µL FACS buffer and kept in the dark at 4oC until analysis. Cells were acquired with the 

BD FACS CANTO II (BD Biosciences). Data acquisition was performed using FACSDiva 

software (BD Biosciences) and data analysis via FlowJo v10.1 (FlowJo, LLC, Ashland, OR, 

USA). Instrument setup including fluorescence amplification (voltages) and compensation 

was optimised using compensation beads (BD Biosciences). Flow cytometer performance 

was checked regularly using CS&T beads (BD Biosciences). Cell populations of interest were 
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reported as a proportion of total lymphocytes, derived from SSC vs. FSC gated lymphocytes, 

with doublet exclusion (FSC-A vs FSC-H), and dead cell discrimination (Far Red–). A 

minimum of 1x106 events were acquired for the full panel stained tubes. Unstained, stained 

CAR T cells only (prior to commencement of co-culture, t=0 hours) and FMO controls 

were used to identify gating boundaries.  

Anti-CD123 CAR T Cell Phenotypic Exhaustion Analysis. Anti-CD123 CAR T cells 

were harvested at pre- and post- co-culture with target cells (Table 3.2) and serially analysed 

for surface expression of TIM-3, CTLA-4, LAG-3 and PD-1 markers of exhaustion. A total 

of 2x105 cells were transferred into a FACS staining tube, anti-CD3/CD28 dynabeads were 

removed using a magnet, and cells were washed twice with 2mL ice-cold FACS buffer and 

centrifuged at 1400rpm for 10mins. Cells were subsequently stained with 2µL of 1:20 

dilution of LDA (Life Technologies), 5µL CTLA-4-BV786, 5µL of CD8-BV711, 5µL TIM-

3-BV650, 3µL CD3-PerCPCy5.5, 8µL PD-1-PE, 5µL LAG-3-AlexaFluor 647 (BD 

Biosciences) for 30mins at 4oC in the dark. Unstained and FMO controls used 1x105 cells. 

Cells were washed twice with 2mL ice-cold FACS buffer and centrifuged at 1400rpm for 

10mins and re-suspended in 150µL FACS buffer and kept at 4oC in the dark until analysis. 

Cells were acquired with the BD LSR FORTESSA (BD Biosciences). Data acquisition, 

instrument setup and flow cytometer performance was performed as described above. Cell 

populations of interest were reported as a proportion of total lymphocytes, derived from 

SSC vs. FSC gated lymphocytes, with doublet exclusion (FSC-A vs FSC-H), and dead cell 

discrimination (LDA–). A minimum of 1x105 events were acquired for the full panel stained 

tubes. Unstained and FMO controls were used to identify gating boundaries.  

 

Table 3.2.  Serial Time Points for Immunophenotypic Exhaustion Analysis of CAR T cells. 

Time Point Point of Cell Culture 

Day 17 T cells expanded in culture for 10 days following 

sort purification 

Day 21 T cells after short term in vitro experiment  
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16h Cytotoxicity Assay. A total of 3x106 KG1a or SUPB15 target cells were harvested from 

culture, washed twice with 10mL of 1x PBS, centrifuged at 1400rpm for 10mins, and re-

suspended in 1x106 cells/mL with 1x PBS. 1µL of CellTrace Violet dye (Invitrogen, Thermo 

Fischer Scientific) was added per mL of cell suspension for a final concentration of 5µM and 

stained for 30mins at 37oC, 5%CO2 in the dark. The reaction was quenched with 5x the 

staining volume of RF10 medium (as above). Cells were centrifuged and washed thrice more 

with 25mL of 1x PBS. Cells were re-suspended in 4.5mL of fresh RF10 medium and 150µL 

of target cells (1x105) were incubated with 150µL of anti-CD123 CAR T cells at a cell 

concentration of 1x106, 5x105, 2x105, 1x105, 5x104, 2.5x104, or 0. Each E:T ratio was plated 

in triplicate in a 48-well plate. For the triplicates containing no CAR T cells, 150µL RF10 

medium was added instead. For the remaining target cells, 150µL (1x105) was plated into 

each well and topped up with 150µL RF10 media to be used as positive and negative 

controls, herein referred to as max. and min., respectively. The plate was centrifuged at 

1400rpm for 10mins, RT to promote contact between effector and target cells. The plate was 

incubated at 37oC, 5%CO2 for 16h.  

Following incubation, each well was transferred into a separate FACS staining tube and cells 

were washed twice with 2mL ice-cold FACS buffer and centrifuged at 1400rpm for 10mins. 

Each tube was subsequently stained with 5µL 7-AAD (BD Biosciences) for 20mins at 4oC in 

the dark. Cells were washed twice with 2mL ice-cold FACS buffer and centrifuged at 

1400rpm for 10mins and resuspended in 300µL FACS buffer. For the max. wells, 25µL of 

10% Triton X-100 (Merck Millipore) was added to the cells. Cells were acquired with the BD 

FACS CANTO II (BD Biosciences).  

Data acquisition, instrument setup and flow cytometer performance was performed as 

described above. Prior to the acquisition of each tube, 15µL of Countbright beads (Life 

Technologies) were added and the tube was vortexed briefly. Cell populations of interest 

were reported as a proportion of total lymphocytes, derived from SSC vs. FSC gated 

lymphocytes, with doublet exclusion (FSC-A vs FSC-H). Residual live target cells were 

defined as CellTrace Violet+ 7-AAD–. Strictly, 10,000 bead events were acquired per tube. 

Unstained target cells and FMO controls were used to identify gating boundaries. The 

absolute cell count of live and dead cells was calculated as per manufacturer’s instructions 

(Countbright beads-Life Technologies). The percent cytolysis for each tube was determined 

by the following formula: 
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% Cytolysis = Absolute cell count(CellTrace
+

7-ADD
-
)/ Absolute cell count(Total amount of target cells) 

X 100 

 

The percentage of specific lysis was then determined by the formula: 

 

% Specific lysis = (%cytolysis sample - %cytolysis average target Min. control) / (%cytolysis average 

target Max. controls - %cytolysis average target Min. control) X 100  

 

Cytokine Secretion Assay. A total of 5x104 KG1a or SUPB15 target cells were incubated 

with 5x105 anti-CD123 CAR T cells in 300µL RF10 culture media (E:T ratio of 10:1) per 

replicate in a 48-well plate. For control wells, 300µL RF10 culture media was plated for each 

replicate or 5x105 anti-CD123 CAR T cells were plated in 300µL RF10 culture media. The 

plate was cultured for 24h at 37oC, 5%CO2. Following incubation, the cells were harvested 

along with the supernatant and transferred to 2mL eppendorfs. The eppendorfs were 

centrifuged 2750rpm for 3mins. The 300µL of supernatant was divided into single use 

aliquots (50µL) and stored at -80oC until use. The supernatant was thawed at RT, diluted 1:5 

with RF10 culture media, cytokines were measured by a 30-plex cytokine array, with an 

overnight incubation and analysed according to the manufacturer’s instructions (Merck 

Millipore).   

Data Representation & Statistical Analysis. Statistical analysis was performed using 

GraphPad Prism v7 or v8 software (GraphPad Software Inc, La Jolla, CA). Two-way 

Unpaired Student’s t-test (Mann-Whitney test) or 1-way ANOVA was used for comparing 

differences between groups. Data are given as mean ± standard error of the mean (SEM). A 

P-value of ≤.05 was considered significant. 
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3.4 Results  
 

3.4.1 Generation of the anti-CD123 CAR lentiviral expression constructs  

 To enable high level expression of transgene and downstream evaluation of the four 

anti-CD123 CAR products (previously designed and produced by Dr. Stanley Yu), the 

constructs were cloned into lentiviral expression vectors. Each of the four CAR DNA 

fragments were amplified by PCR and sub-cloned into the intermediate expression vector 

pENTRY, digested from the pENTRY intermediate vector with AatII and XbaI restriction 

enzymes and then blunted using Klenow (Figure 3.7). The pPHLV-A lentiviral expression 

vector was digested at the EcoRV restriction site, dephosphorylated, and PCR purified prior 

to ligation with one of each of the four CD123 CAR products.  

The four ligated products were transformed into DH5-a E.Coli competent cells and several 

colonies were picked from each, miniprepped, and subjected to a colony PCR. The selected 

colonies were checked for the scFv DNA insert release by digestion with EcoRV (Figure 3.8). 

Correct orientation of the clones successfully containing the DNA insert were confirmed by 

sequencing.  
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Figure 3.7. Sub-cloning of the CD123–CD28-41BB CAR construct into the pENTRY lentiviral 
expression vector.  
‘L’ corresponds to the DNA ladder. Left panel depicts a simulation agarose gel containing successful 
insertion of either the CD123-CD28-4-1BB LF or SF CAR constructs in the pENTRY expression vector. 
Right panel represents a colony PCR of the selected transformed colonies. LF colonies indicate the 
colonies incorporating the CD123-CD28-4-1BB LF CARs while the SF colonies indicate the colonies 
incorporating the CD123-CD28-4-1BB SF CARs.  
 

 

Figure 3.8. Cloning of the CD123-CD28-OX40 scFv construct into the pPHLV-A lentiviral 
expression vector.  
‘L’ corresponds to the DNA ladder. Left panel depicts a simulation agarose gel containing successful 
insertion of either the CD123-CD28-OX40 SF or LF CAR constructs in the pPHLV-A expression vector. 
The red arrows depict the SF or LF constructs in the correct orientation. Right panel represents a colony 
PCR of the selected transformed colonies. LF colonies indicate the colonies incorporating the CD123-
CD28-OX40 LF CARs while the SF colonies indicate the colonies incorporating the CD123-CD28-OX40 
SF CARs. Of the colonies that were checked, the red arrows indicate the LF and SF clone that incorporate 
the CAR DNA insert cloned into the pPHLV-A lentiviral vector with the correct orientation.  
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3.4.2 High-yield production of CAR lentivirus  

 To date, lentiviral vectors are the most commonly employed method for the 

production of CAR T cells both pre-clinically and clinically. In order to develop an efficient 

platform for lentiviral production, several stages of the transduction process required 

optimising. Introducing a gene of interest within an expression vector into primary cells is 

notoriously difficult. For this reason, four factors were evaluated that could potentially affect 

transfection efficiency and virus output: (1) the ratio of the four-plasmid lentivirus 

production system, (2) using freshly harvested virus versus frozen virus, (3) time of 

harvesting the viral particles, and (4) viral supernatant concentration method. All factors to 

optimise lentivirus production were performed using the CD123-CD28-OX40-SF CAR as 

this plasmid construct was the first to be successfully cloned.  

To generate a high yield of lentivirus for effective primary T cell transduction, the ratio of 

plasmids in a four-plasmid lentivirus production system is crucial. To optimise this variable, 

four different combinations of pCAR:VSVg:gag/pol:rev plasmids were examined for their 

ability to transfect HEK-293T cells. The various ratio combinations were selected based on 

what has been previously described (Merten et al., 2011)(Tiscornia et al., 2006). As displayed 

in Figure 3.9A, the ratios containing the same or twice the amount of CAR plasmid to the 

three packaging plasmids (1:1:1:1 and 2:1:1:1) resulted in the highest transfection efficiency 

compared to the other plasmid ratio combinations. No difference was found between the 

1:1:1:1 and 2:1:1:1 ratios. Based on these observations, the 1:1:1:1 plasmids ratio was selected 

for further optimisation.  

Lipofectamine 3000 is reported to be less toxic to HEK-293T cells while maintaining a high 

transfection efficiency compared to Lipofectamine 2000. In generic transfection protocols, a 

media change 14-16h following transfection is recommended to preserve cell viability and 

cell recovery due to the toxicity of the lipofectamine reagent. The transfection efficiency of 

HEK-293T cells was therefore examined for cells that were subjected to a media change 14-

16h following transfection versus cells that did not undergo a media change. Forty-eight 

hours following transfection, no difference was observed in the percentage efficiency 

between the two groups (Figure 3.9B). 

To determine the optimal timepoint for harvesting viral supernatant that yields the highest 

lentivirus production, the virus titre was examined at 48h, 72h, and pooled 48h and 72h 

supernatant. Virus supernatant harvested at 48h had a slightly higher titre than virus 
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harvested at 72h although this increase was not significant. The highest lentivirus production 

was observed when 48h and 72h collections were combined. In this case, the first harvest 

was made at 48h and stored at 4oC overnight, with the addition of fresh culture medium to 

the cells and a second collection following another 24h before being pooled (Figure 3.9C).  

To investigate whether freshly harvested virus yields a higher transduction efficiency than 

cryopreserved virus, Jurkat T cells were transduced with freshly or cryopreserved pooled 

virus from 48h and 72h harvest in the presence of polybrene. Protein-L staining was 

employed to determine Jurkat T cells that successfully incorporated the CD123-CD28-

OX40-SF CAR 96h following transduction. Transduction with fresh virus yielded a higher 

efficiency compared to transduction with cryopreserved virus (92%±3.7% vs. 52%±4.2%) 

(Figure 3.9D).  
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Figure 3.9. Establishment of optimal conditions for efficient and high yield lentivirus production 
using the CD123-CD28-OX40-SF CAR plasmid.  
(A) Transfection efficiency of HEK-293T cells using different plasmid ratios (transgene-pCAR:VSV-
G:gag/pol:rev). (B) The effect of media change 14-16h post transfection on transfection efficiency of 
HEK-293T cells. (C) The effect of viral supernatant harvesting times on viral titre (TU/mL). Single 
harvests were performed 48h or 72h post transfections or pooled harvests from 48h and 72h. Viral titre 
experiments and calculations were performed based on the transfection efficiency of HEK-293T cells. 
(D) The effect of fresh or cryopreserved viral supernatant from a pooled harvest at 48h and 72h on Jurkat 
T cell transduction. Jurkat T cells that were successfully transduced with lentivirus were quantified by 
surface staining of Protein-L (PE) 96h following transduction. All graphed data are represented as mean ± 
SEM, and pooled from 3 independent experiments (n=3). P-values were calculated using non-parametric 
1-way ANOVA (a, c) or Student’s t-test (Mann-Whitney) (b).  
 
 
 
To determine whether the same transduction efficiencies could be observed with primary T 

cells, CD3+ T cells from PBMCs were isolated from HDs and transduced with freshly 

harvested or cryopreserved virus in the presence of polybrene. Primary T cells that 

successfully incorporated the CD123-CD28-OX40-SF CAR 96h following transduction was 

determined by Protein-L. While transduction efficiencies in Jurkat T cells were high, 

transduction efficiencies of T cells were no more than 5% regardless of fresh or 

cryopreserved virus (Figure 3.10). 
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Figure 3.10. Transduction efficiency of primary T cells with fresh or cryopreserved virus 
supernatant from the CD123-CD28-OX40-SF CAR plasmid.  
The effect of fresh or cryopreserved viral supernatant from a pooled harvest at 48h and 72h on primary 
isolated T cell transduction. T cells that were successfully transduced with lentivirus were quantified by 
surface staining of Protein-L (PE) 96h following transduction.  
 

 

Despite the extensive optimisation thus far, the transduction efficiency observed with Jurkat 

T cells did not translate to primary isolated T cells. To obtain a higher transduction efficiency 

with primary T cells, the harvested lentiviral supernatant was concentrated. Several 

publications document that it is commonplace to concentrate lentivirus for gene transfer into 

primary cells. This allows for stable and sufficient viral titres at a specific MOI. Furthermore, 

several concentration methods also help remove contaminating impurities for sensitive 

applications such as this. The standard procedure for concentration of virus involves 

ultracentrifugation at 20,000rpm for 90mins. The standard procedure was compared to a 

commercially available reagent, Lenti-X concentrator (Takara Bio), that is reported to be fast, 

user-friendly, efficient, and able to concentrate virus 10-100-fold.  
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Both methods of concentration of lentivirus resulted in a 1-1.5 log fold increase in virus titre 

compared to unconcentrated virus. Furthermore, ultracentrifugation of lentivirus led to a 

slight but not statistically significant increase in viral titre over the Lenti-X reagent (Figure 

3.11A). To determine whether concentration of virus allows for successful CAR expression 

in Jurkat T cells, the cells were transduced at a MOI 1 (equivalent transducing units with 

concentrated virus to T cells) with lentivirus concentrated using ultracentrifugation. Jurkat T 

cells demonstrated high CAR expression, based on Protein-L staining, 72h following 

transduction (Figure 3.11B).  

To evaluate whether the transduction efficiencies observed with Jurkat T cells using the 

concentrated virus could be translated to primary T cells, CD3+ T cells from PBMCs were 

isolated from HDs and transduced with cryopreserved concentrated virus at a MOI 1 in the 

presence of polybrene. Primary T cells that successfully incorporated the CD123-CD28-

OX40-SF CAR 96h was determined with Protein-L. With the concentration of virus, 

transduction efficiencies in primary T cells increased to 20-30% as compared to using 

unconcentrated virus (Figure 3.11C). The increased transduction efficiency observed could 

also be attributed to the removal of impurities in the virus supernatant following 

concentration.  
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Figure 3.11. Confirmation of optimal virus concentration methodology to generate primary T cells 
incorporating the CD123-CD28-OX40-SF CAR plasmid with good efficiency.  
(A) Virus titre measured and compared with supernatant concentrated using Lenti-X concentrator reagent 
or ultracentrifugation. (B) Representative histogram of Jurkat T cells transduced with cryopreserved virus 
following concentration with ultracentrifugation. Transduction efficiency was measured by staining for 
surface expression of Protein-L (PE) by flow cytometry. The blue denotes Protein-L FMO control while 
the Pink denotes stained Jurkat cells. (C) Representative histogram of primary isolated T cells transduced 
with cryopreserved virus following concentration with ultracentrifugation. Transduction efficiency was 
measured by staining for surface expression of Protein-L (PE) by flow cytometry. Left panel depicts the 
unstained cells and the middle and right panel depict T cells transduction in 2 independent HDs. All 
graphed data are represented as mean ± SEM, and pooled from 3 independent experiments (n=3). P-
values were calculated using non-parametric Student’s t-test (Mann-Whitney) (a). 
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3.4.3 Achieving high transduction of primary T cells  

 Having established the optimal conditions for production of high yield lentivirus, the 

optimal transduction and culture conditions of primary T cells was the next consideration. 

Various publications have reported the importance of inducing cell-cycle entry into the G1b 

phase via stimulation of the T cell receptor. This suggests that the strength of TCR signalling 

is of importance to increase the transduction efficiency of naïve T cells (Korin & Zack, 

1998)(Maurice et al., 2002). To determine the optimal time for activation of T cells that 

results in the highest transduction efficiency, T cell were activated with anti-CD3/CD28 

beads for 24, 48, or 72h prior to transduction. Transduction efficiencies were observed to be 

highest when the primary T cells were activated for 48h prior to exposure with lentivirus. 

This increased efficiency was statistically significant compared to T cells activated for 72h 

but not 24h (Figure 3.12A).  

While the optimisation so far has allowed for increased transduction efficiency, the primary 

T cells succumbed to the transduction process and were not able to recover for rapid 

expansion in culture.  All transductions have thus far been facilitated by polybrene. While 

polybrene is the general facilitator for gene transduction of various types of cells, it is 

reported to be cytotoxic to hard-to-transduce cells such as primary cells. Conversely, the 

recombinant human fribronectin fragment, RetroNectin, has been documented to increase 

transduction efficiency of primary cells while maintaining viability of the cells. While only a 

trending increase was observed in the transgene expression of CD123 CAR T cells between 

cells transduced with retronectin over polybrene, cell viability decreased when cell 

transduction was facilitated by polybrene. Conversely, cell transduction facilitated by 

retronectin resulted in close to 100% cell recovery 48h following exposure to virus (Figure 

3.12B-C).  
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Figure 3.12. Optimal conditions for primary T cell transductions using the CD123-CD28-OX40-SF 
CAR plasmid.  
(A) Effect of primary T cell activation time prior to transduction (24h, 48h, or 72h) on transduction 
efficiencies/transgene expression (n=3, n=5, n=4, respectively). (B) Effect of different transduction 
facilitators, polybrene (n=4) or retronectin (n=4), on transduction efficiencies/transgene expression. (C) 
Effect of different transduction facilitators, polybrene (n=5) or retronectin (n=5), on cell viability and 
recovery 48h following transduction. Data was pooled from independent experiments and graphed data 
are represented as mean ± SEM.  
 

In order to achieve a high and consistent level of gene expression in primary T cells, the 

number of viral particles introduced during the transduction should be kept uniform. The 

concentration of lentivirus allows the calculation of total viral particles from each batch of 

virus produced thereby enabling a fixed amount of lentivirus to be exposed to the T cells. 

The majority of published protocols report an MOI 1-5. Therefore, T cells were transduced 

at MOI 1, 2, and 5. Transduction efficiencies increased with increased MOI, with the highest 

efficiency observed with MOI 5. The T cells were able to withstand the transduction process 

and recovered for expansion (Figure 3.13).  
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Figure 3.13. Determining the optimal viral multiplicity of infection (MOI) for consistent delivery 
of CAR transgene into primary T cells.  
Primary T cells transduced at an (A) MOI 1, (B) MOI 2, and (C) MOI 5 with lentivirus generated from 
the CD123-CD28-OX40-SF CAR plasmid. (D) Non-transduced (NTD) T cells stained with Protein-
L as a control.   
 

3.4.4 Successful generation and expansion of primary anti-CD123 CAR T cells  

With the optimised protocol, primary T cells were transduced with each of the four CAR 

lentiviral plasmids.  Enriched CD3+ T cells derived from HD PBMCs or BMMNCs were 

activated with anti-CD3/CD28 beads for 48h at a ratio of 2:1 and transduced with the 

lentiviral vector at a MOI 5 to express each of the four anti-CD123 CARs. T cells were 

cultured for 5 days following transduction and sort purified using Protein-L staining (sort 

purity: >95% consistenly) for CAR expressing T cells prior to expansion in vitro for a further 

10 days in the presence of human recombinant interleukin-2 (rIL-2) (Figure 3.14A). The sort 

purification allows analysis of function and efficacy strictly from the CAR T cells without the 

possibility of NTD cells contributing or dampening the anti-leukemia effect.  

This protocol enabled the average production of at least 1x108 CAR T cells at the end of 

expansion which represented an average 150-fold increase from the initial cell concentration. 

Furthermore, the optimised protocol allowed consistent transduction efficiencies, ranging 

from 15-35% in primary isolated polyclonal T cells prior to sort purification with all CAR 
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lentiviral plasmids (Figure 3.14B). The polyclonal T cells used for transduction often 

maintained a majority CD4+ phenotype over CD8+ phenotype under expansion with rIL-2 

and were usually effector-, central- memory, or terminally differentiated effector cells at the 

end of expansion (Figure 3.14C).  

 

 

 

Figure 3.14. Generation and production of CD123 CAR T cells. 
(A) Schematic diagram of the timeline and protocol for the production of CD123 CAR T cells. (B) 
Transduction efficiencies of primary T cells with the finalised protocol. T cells incorporating each of the 
CAR plasmids yielded average efficiencies of 20-25%: OX40-SF (n=12), OX40-LF (n=12), 4-1BB-SF 
(n=6), 4-1BB-LF (n=6). All graphed data are represented as mean ± SEM. (C) Representative flow 
cytometry dot plots demonstrating the phenotype of HD T cells prior to activation with CD3/CD28 
dynabeads and CD123 CAR lentiviral transduction. The majority of T cells from healthy donors were 
CD4+ phenotype (left panel). The majority of CD8+ (middle top panel) and CD4+ (middle lower panel) T 
cells possess a naive phenotype prior to activation. However, a small portion of cells are phenotypically 
central memory (CM), effector memory (EM) or terminally differentiated effector memory (TDEM). 
Following 17 days of expansion, and post CD123 CAR lentiviral transduction, the majority of CD8+ (right 
top panel) and CD4+ T cells (right bottom panel) possess a CM or EM phenotype.  
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3.4.5 Third generation CD123 CAR T cells activate multiple effector functions in the 

presence of CD123+ target cells in vitro  

          In order to examine the effector function of the 4 third generation CAR T cells, the 

four different CD123 CAR T cell constructs were therefore co-incubated with the human 

AML cell line, KG1a (>80% CD123+ surface expression) or the SUPB15 ALL cell line 

(CD123–) and measured for their ability to degranulate and proliferate.  

Leukaemia cells are recognised and killed by cytotoxic lymphocytes such as T cells, mainly 

through the immune secretion of lytic granules that kill the target cells. This process 

therefore involves the fusion of the granule membrane with the cytoplasmic membrane of 

the immune effector cell, resulting in surface exposure of lysosomal-associated proteins on 

the cell membrane, for example, by CD107a (LAMP-1). The membrane expression of 

CD107a therefore acts as a surrogate marker of immune cell activation and cytotoxic 

degranulation. The expression level of CD107a on the surface of HD derived CD123 CD4+ 

and CD8+ CAR T cells was assessed as an indicator of anti-tumour activity.   

CD3+ CAR T cells were starved of recombinant hIL-2 and CD3/CD28 dynabeads were 

removed 16h prior to co-culture to exclude the possibility of exogenous growth cytokines 

affecting CAR T cell function. Following a 6h co-culture of CD3+ CAR T cells with KG1a 

or SUPB15, the CAR T cells were analysed by flow cytometry for upregulation of CD107a 

expression on CD8+ and CD4+ T cell populations in response to the cell lines. For the OX40 

CAR constructs, both T cell sub-populations were able to degranulate in the presence of the 

target cells with increased degranulation correlating with increasing E:T ratios. The OX40 

CAR constructs demonstrated a higher rate of degranulation. At an E:T ratio of 10:1, OX40-

LF and OX40-SF CD8+ CAR T cells demonstrated an average CD107a expression of 

45.17% and 43.6%, respectively (Figure 3.15). In contrast, the 4-1BB-LF and 4-1BB-SF CD8+ 

CAR T cells demonstrated a reduced average expression of CD107a of only 22.8% and 

25.54%, respectively (Figure 3.16). CD4+ CAR T cell degranulation was variable between the 

groups. Of all the constructs, the OX40-LF construct demonstrated the highest expression 

of CD107a on CD4+ CAR T cells (65.01%) whereas the OX40-SF and 4-1BB SF constructs 

displayed 38.9% and 42.6% CD107a expression, respectively. Surprisingly, the 4-1BB LF 

CD4+ CAR T cells displayed decreased CD107a expression (21.2%) (Figure 3.15-3.16). While 

the OX40 constructs as well as the 4-1BB-SF constructs demonstrated minimal 

degranulation when cultured with SUPB15 cells, the 4-1BB-LF CAR T cells demonstrated 

non-specific degranulation at all E:T ratios (Figure 3.16).  
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CD123-CD28-OX40-LF 

    

          

 

CD123-CD28-OX40-SF 

 

                 

Figure 3.15. Degranulation of CD123 CAR T cells incorporating CD28-OX40 co-stimulatory 
motifs in the presence of CD123+ AML cells.  
CD123-CD28-OX40 short hinge fragment (SF) and long hinge fragment (LF) CAR construct effector T 
cell degranulation. CD123-OX40-LF CD8+ CAR T cells (top left panel), CD123-OX40-LF CD4+ CAR T 
cells (top right panel), CD123-OX40-SF CD8+ CAR T cells (bottom left panel) and CD123-OX40-SF 
CD4+ CAR T cells (bottom right panel) were analysed for percentage CD107a surface expression 
following co-culture with KG1a (CD123+) or SUPB15 (CD123–) cells at increasing E:T ratios. 
Experiment was carried out in media without growth factors (IL-2 and CD3/CD28 Dynabeads). Data 
were pooled from 3 independent experiments plated in duplicates. Data is presented as mean (of each 
duplicate) ± SEM. *<0.05, **<0.01, ***<0.001. 

1 :1 1 :2 1 :5 1 :1 0
0

2 0

4 0

6 0

8 0

1 0 0

E :T  R a tio

%
 C

D
1

0
7

a
 [

L
D

A
_

C
D

3
+

 C
D

8
+

]

C A R  T  c e ll:S U P B 1 5  (n = 3 )

C A R  T  c e ll: K G 1 a  (n = 3 )

***

1 :1 1 :2 1 :5 1 :1 0
0

2 0

4 0

6 0

8 0

1 0 0

E :T  R a tio

%
 C

D
1

0
7

a
 [

L
D

A
_

C
D

3
+

 C
D

4
+

]

C A R  T  c e ll:S U P B 1 5  (n = 3 )

C A R  T  c e ll: K G 1 a  (n = 3 )

* * ** * ** *

1 :1 1 :2 1 :5 1 :1 0
0

2 0

4 0

6 0

8 0

1 0 0

E :T  R a tio

%
 C

D
1

0
7

a
 [

L
D

A
_

C
D

3
+

 C
D

8
+

]

C A R  T  c e ll:S U P B 1 5  (n = 3 )

C A R  T  c e ll: K G 1 a  (n = 3 )

* ** **

1 :1 1 :2 1 :5 1 :1 0
0

2 0

4 0

6 0

8 0

1 0 0

E :T  R a tio

%
 C

D
1

0
7

a
 [

L
D

A
_

C
D

3
+

 C
D

4
+

]

C A R  T  c e ll:S U P B 1 5  (n = 3 )

C A R  T  c e ll: K G 1 a  (n = 3 )

* ***



	

	
	

93 

IN VITRO FUNCTIONAL CHARACTERISATION 
OF THE THIRD GENERATION CD123 CAR 
CONSTRUCTS FOR AML 

CD123-CD28-4-1BB LF 

         

 

CD123-CD28-4-1BB SF 

          

Figure 3.16. Degranulation of CD123 CAR T cells incoporating CD28-4-1BB co-stimulatory motifs 
in the presence of CD123+ AML cells. 
 CD123-CD28-4-1BB short hinge fragment (SF) and long hinge fragment (LF) CAR construct effector T 
cell degranulation. CD123-4-1BB-LF CD8+ CAR T cells (top left panel), CD123-4-1BB-LF CD4+ CAR T 
cells (top right panel), CD123-4-1BB-SF CD8+ CAR T cells (bottom left panel), and CD123-4-1BB-SF 
CD4+ CAR T cells (bottom right panel) were analysed for percentage CD107a surface expression 
following co-culture with KG1a (CD123+) or SUPB15 (CD123–) cells at increasing E:T ratios. 
Experiment was carried out in media without growth factors (IL-2 and CD3/CD28 Dynabeads). Data 
were pooled from 3 independent experiments plated in duplicates. Data is presented as mean (of each 
duplicate) ± SEM. *<0.05, **<0.01, ***<0.001. 
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The ability of the CAR T cells to proliferate upon exposure to the target antigen is another 

important functional feature when selecting the best performing CAR construct for further 

investigation and pre-clinical development. HD derived CAR T cells incorporating each 

CAR construct was subjected to KG1a cells, SUPB15 cells or media only in the absence of 

recombinant hIL-2 and CD3/CD28 dynabeads for 96h and measured for the amount of cell 

division. For the CAR T cells containing the CD123-CD28-OX40-LF construct, CD8+ T 

cells exhibited five cell divisions while the CD4+ T cells exhibited four cell divisions. The 

CAR T cells containing the CD123-OX40-SF construct demonstrated similar proliferative 

capacity with both CD8+ and CD4+ T cells displaying four cell divisions (Figure 3.17).  

 

Figure 3.17.  The proliferative capacity of CD123 CAR T cells incorporating CD28-OX40 co-
stimulatory motifs in the presence of CD123+ AML cells.  
Representative histogram depicting the proliferation of CD8+ (left panels) and CD4+ (right panels) 
CD123-OX40 LF and SF CAR T cells as examined by CellTrace Violet dye dilution following 96h of co-
culture with media (untreated), KG1a or SUPB15 cells at an E:T ratio of 1:1. Experiment was carried out 
in media without growth factors (IL-2 and CD3/CD28 Dynabeads). Each dotted line represents one cell 
division. Baseline represents CellTrace Violet dye stained CAR T cells at t=0h prior to co-culture. The 
experiment was performed in triplicate with similar results to the one represented in the figure. 
 

CD123-CD28-OX40-LF 

CD123-CD28-OX40-SF 
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In contrast proliferation was not observed by the CAR T cells expressing the CD123-CD28-

OX40 constructs when they were co-cultured with the CD123– cell line, SUPB15 or in media 

alone (Figure 3.17). The CAR T cells that incorporated the CD28-4-1BB LF and SF 

constructs exhibited similar CD8+ proliferation to that of the CD28-OX40 constructs. 

However, the ability of the CD4+ T cells, with the CD28-4-1BB constructs, to proliferate in 

the presence of KG1a cells was significantly hampered. In particular the CAR T cells 

incorporating the CD28-4-1BB-LF construct displayed only one cell division during the 

course of the co-culture (Figure 3.18). However, no CD4+ or CD8+ CAR T cell proliferation 

was observed when co-cultured with SUPB15 cells or media only (Figured 3.18).  

 

Figure 3.18. The proliferative capacity of CD123 CAR T cells incorporating CD28-4-1BB co-
stimulatory motifs in the presence of CD123+ AML cells.  
Representative histogram depicting the proliferation of CD8+ (left panels) and CD4+ (right panels) 
CD123-4-1BB LF and SF CAR T cells as examined by CellTrace Violet dye dilution following 96h of co-
culture with media (untreated), KG1a or SUPB15 cells at an E:T ratio of 1:1. Experiment was carried out 
in media without growth factors (IL-2 and CD3/CD28 Dynabeads). Each dotted line represents one cell 
division. Baseline represents CellTrace Violet dye stained CAR T cells at t=0h prior to co-culture. The 
experiment was performed in triplicate with similar results to the one represented in the figure.  

CD123-CD28-4-1BB-LF 

CD123-CD28-4-1BB-SF 
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3.4.6 Immune activation/exhaustion phenotypes of the third generation CD123 CAR 

T cells 

 Exposure of CAR T cells to target leukaemic cells have often been associated with 

increased senescence and an exhausted phenotype leading to terminal differentiation and/or 

depletion of the CAR T cells. Upregulation of key immune checkpoint markers has shown to 

significantly inhibit T cell function therefore leading to impaired function and efficacy in 

targeting leukaemia cells. In order to delineate the CAR constructs that are more prone to 

exhaustion, the CAR T cells were expanded for 10 days in vitro following sort purification 

with high dose recombinant human IL-2 (150U/mL). The CD123 CAR T cells incorporating 

the various CAR constructs were profiled for surface expression of the immune exhaustion 

markers: LAG-3, TIM-3, CTLA-4, and PD-1 by flow cytometry prior to and following 72h 

co-culture with CD123+ KG1a AML cells in the absence of exogenous hIL-2.   

Prior to co-culture the CAR T cells encompassing the CD123-CD28-OX40-LF and CD123-

CD28-4-1BB-LF exhibited a high expression of TIM-3 in both CD4+ and CD8+ T cells 

subsets and moderate levels of PD-1 whilst CD123-CD28-4-1BB-SF expressed moderate 

levels of TIM-3 in both T cell subsets and low to absent levels of PD-1. In contrast, the 

CD123-CD28-OX40-SF revealed very low to absent levels of all immune exhaustion 

markers in the CD4+ and CD8+ T cells with the exception of CD8+ T cells exhibiting 40% 

expression of TIM-3 (Figure 3.19A).  No major differences between the CAR constructs was 

observed for CTLA-4 and PD-1.  

Following the 72h co-culture with CD123+ KG1a target AML cells, the CAR T cells 

encompassing the CD123-CD28-OX40-SF and CD123-CD28-4-1BB-SF CARs exhibited 

expression levels below 10% for all immune exhaustion markers. Interestingly, the 

expression of CTLA-4 was elevated in the CAR T cells incorporating the CD123-CD28-

OX40-LF and CD123-C28-4-1BB-LF CAR constructs post co-culture with targets cells in 

comparison to the expression levels prior to co-culture (Figure 3.19B). Furthermore, 

expression of LAG-3 remained stable and did not increase significantly following co-culture. 

In contrast, expression of PD-1 and TIM-3 decreased in both CD4+ and CD8+ CAR T cells 

of the LF constructs. Collectively, a higher immune exhaustion profile was observed in the 

CAR T cells incorporating the LF constructs as compared to the SF constructs (Figure 3.19B). 

This suggests that the LF constructs may be prone to exhaustion more rapidly and may 

therefore affect the anti-tumour efficacy as well as the persistence of the CAR T cells in vivo 

or in patients.  
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Figure 3.19. The expression of immune exhaustion markers of the third generation CD123 CAR T 
cells in the absence or presence of CD123+ AML cells. 
Scatter plots depicting the expression of exhaustion markers: LAG-3, TIM-3, CTLA-4, and PD-1 on CD4 
T cells (left panels) and CD8 T cells (right panels) (A) 17 days following activation and prior to 72h co-
incubation with target AML cells or (B) 72h (day 21) following incubation with target AML cells at an 
E:T ratio of 1:1. The data is pooled from 3 independent transductions and are presented as mean ± SEM. 
 

 

 

 

0

20

40

60

80

100

%
 E

xp
re

ss
io

n 
[L

D
A– C

D
3+ C

D
4+ ]

OX40-SF OX40-LF 41BB-SF 41BB-LF

LAG-3 (n=3)
TIM-3 (n=3)
CTLA-4 (n=3)
PD-1 (n=3)

Pre Co-culture

0

20

40

60

80

100

%
 E

xp
re

ss
io

n 
 

[L
D

A– C
D

3+ C
D

8+ ]

OX40-SF OX40-LF 41BB-SF 41BB-LF

LAG-3 (n=3)
TIM-3 (n=3)
CTLA-4 (n=3)
PD-1 (n=3)

Pre Co-culture

0

20

40

60

80

100

%
 E

xp
re

ss
io

n 
[L

D
A– C

D
3+  

C
D

4+ ]
 

OX40-SF OX40-LF 41BB-SF 41BB-LF

LAG-3 (n=3)
TIM-3 (n=3)
CTLA-4 (n=3)
PD-1 (n=3)

Post Co-culture

0

20

40

60

80

100

%
 E

xp
re

ss
io

n
 [L

D
A– C

D
3+ C

D
8+ ]

 

OX40-SF OX40-LF 41BB-SF 41BB-LF

LAG-3 (n=3) 
TIM-3 (n=3)
CTLA-4 (n=3)
PD-1 (n=3)

Post Co-culture

A 

B 



	

	
	

98 

IN VITRO FUNCTIONAL CHARACTERISATION 
OF THE THIRD GENERATION CD123 CAR 
CONSTRUCTS FOR AML 

3.4.7 Third generation CD123 CAR T cells demonstrate killing capacity against 

CD123+ leukaemia cells in vitro, which is mediated by the secretion of anti-tumour 

related cytokines  

 To confirm the specificity of the CD123 CAR T cells, the genetically modified T cells 

were examined for their ability to lyse the CD123+ KG1a AML cell line and were compared 

to the SUPB15 cell line which lacks CD123 expression. The CAR T cells were co-cultured 

with CellTrace Violet labelled KG1a or SUPB15 cells for 16h and assessed for percentage 

cell specific lysis using flow cytometry with absolute cell counting beads.   

All CD123 CAR constructs demonstrated efficient lysis of KG1a cells with increased 

cytotoxic capacity correlated with increased E:T ratio. At an E:T ratio of 10:1 all constructs 

demonstrated at least 60% lysis. Moreover, the CD123-CD28-OX40 LF and SF constructs 

as well as the CD123-CD28-4-1BB SF demonstrated minimal non-specific targeting (less 

than 20% at all E:T ratios; p<0.001) of the control CD123– cell line, SUPB15 (Figure 3.20A-

B, D). In contrast, the CD123-CD28-4-1BB LF demonstrated significant non-specific killing 

of the SUPB15 with a specific lysis of 50% at the E:T ratio of 10:1. This suggested that this 

CAR is not discriminant in its killing abilities (Figure 3.20C). This observation was concordant 

with the CD107a degranulation where non-specific degranulation was observed from both 

CD4+ and CD8+ CAR T cells. Based on the aforementioned results, it was concluded that 

the CD123-CD28-4-1BB LF CAR would not be suitable for further in vitro and in vivo 

intervention and was left out of experiments subsequently.  
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Figure 3.20. The effect of the third generation CD123 CAR T cells to lyse the CD123+ KG1a AML 
cell line.   
(A) Specific cytotoxicity of CD123-CD28-OX40-LF (B) CD123-CD28-OX40-SF (C) CD123-CD28-4-
1BB-LF (D) CD123-CD28-4-1BB-SF CAR T cells against CD123+ KG1a cells or CD123– SUPB15 cells 
(CellTrace violet labelled) by flow cytometric analysis following a 16h co-incubation. The experiment was 
performed with 3 pair-matched HD derived CAR T cells plated in triplicate for all constructs. The data are 
represented as mean values ± SEM.  
 

 

 

CD123-CD28-OX40-LF CD123-CD28-OX40-SF 
A B 

C D 
CD123-CD28-4-1BB-LF CD123-CD28-4-1BB-SF 



	

	
	

100 

IN VITRO FUNCTIONAL CHARACTERISATION 
OF THE THIRD GENERATION CD123 CAR 
CONSTRUCTS FOR AML 

To examine whether cytotoxicity observed was correlated with the release of cytokines 

required for an anti-tumour effect, the CD123-CD28-OX40-SF, LF, and CD123-CD28-4-

1BB-SF CARs were measured for secretion of multiple effector and homeostatic cytokines 

and chemokines. The CARs were cultured in media, with SUPB15 control cells or with 

KG1a cells in the absence of additional exogenous recombinant hIL-2 for 24h. The 

supernatant from the co-culture was collected for each condition and measured using a 32-

plex cytokine and chemokine kit to determine the cytokines where changes were observed. 

Of the 32 cytokines and chemokines measured, 9 were shown to be secreted by the T cells 

with differences between the groups; IFNg, GM-CSF, CXCL10, TN, IL-2, IL-5, IL-13, 

macrophage inflammatory protein 1 a or chemokine ligand 3 (MIP-1a or CCL3), and 

macrophage inflammatory protein 1b or chemokine ligand 4 (MIP-1b or CCL4).  

CAR T cell products incorporating the CD123-CD28-OX40-SF CAR demonstrated robust 

ability to secrete several pro-inflammatory cytokines with an observed significant increase of 

IFNg, TNF, IL-2, IL-5, IL-13, CXCL10, MIP-1b when cultured with KG1a cells compared 

to the SUPB15 or media only controls. Increased concentrations of GM-CSF and MIP-1a 

were also observed however these data were not significant. For the CD123-CD28-OX40-

LF CAR, significant increases (p<0.02) in the secretion levels were observed only for IFNg, 

TNF, CXCL10, and GM-CSF when cultured with KG1a cells compared to co-culture with 

SUPB15 or media only. By contrast, a significant increase was only observed for IL-13 when 

CD123-CD28-4-1BB-SF CAR T cells were cultured with KG1a cells compared to the 

control conditions. No significant difference was observed for the other cytokines analysed 

(Figure 3.21-Figure 3.23).  

Collectively, the superior effector functions exhibited by the CD123-CD28-OX40-SF CAR 

illustrated its ability to orchestrate potent immune responses in the presence of CD123+ 

leukaemic cells. Therefore, this CAR was selected as the most suitable CAR construct for 

further evaluation with primary AML cells and in vivo investigation (Chapter 4).  
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Figure 3.21. In vitro cytokine production by CD123-CD28-OX40-SF CAR T cells following 24h co-
culture with CD123+ AML cells.  
CD123-CD28-OX40-SF CAR T cells were co-cultured with media only (untreated), SUPB15 or KG1a 
cells at an E:T ratio of 10:1 for 24h. The supernatant was analysed and quantified for the release of 
various cytokines and chemokines. The cytokines/chemokines with differences between the treatment 
groups are depicted. All graphed data is presented as mean ± SEM. P-values were calculated using 1-way 
ANOVA. 
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Figure 3.22. In vitro cytokine production by CD123-CD28-OX40-LF CAR T cells following 24h 
co-culture with CD123+ AML cells.  
CD123-CD28-OX40-LF CAR T cells were co-cultured with media only (untreated), SUPB15 or KG1a 
cells at an E:T ratio of 10:1 for 24h. The supernatant was analysed and quantified for the release of 
various cytokines and chemokines. The cytokines/chemokines with differences between the treatment 
groups are depicted. All graphed data is presented as mean ± SEM. P-values were calculated using 1-way 
ANOVA. 
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Figure 3.23. In vitro cytokine production by CD123-CD28-4-1BB-SF CAR T cells following 24h 
co-culture with CD123+ AML cells.  
CD123-CD28-4-1BB-SF CAR T cells were co-cultured with media only (untreated), SUPB15 or KG1a 
cells at an E:T ratio of 10:1 for 24h. The supernatant was analysed and quantified for the release of 
various cytokines and chemokines. The cytokines/chemokines with differences between the treatment 
groups are depicted. All graphed data is presented as mean ± SEM. P-values were calculated using 1-way 
ANOVA. 
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	3.4.8 Third generation CD123-CD28-OX40-SF CAR T cells eradicate primary AML 

patient derived BMMCs and are capable of preventing colony formation of leukaemic 

progenitor cells in vitro  

 To evaluate the tumoricidal ability of the CD123-CD28-OX40-SF CAR T cells on 

primary AML cells, the CAR T cells were co-cultured with CellTrace Violet labelled BM 

derived AML cells or BM derived HD cells for 16h and assessed for percentage cell specific 

lysis using flow cytometry with absolute cell counting beads.  The CD123-CD28-OX40-SF 

CAR T cells demonstrated robust lysis of all primary AML patient samples tested with a 

maximum of 65% killing at a E:T ratio of 10:1 for AML Patients 1 and 2 whereas the CAR T 

cells were able to eliminate almost 80% of AML cells from patient 3 in 16h (Figure 3.24). In 

contrast, significantly lower or no cytotoxicity was observed when the CD123 CAR T cells 

were co-cultured with BM derived HD cells.  

 

 

	

Figure 3.24. CD123-CD28-OX40-SF CAR T cells specifically target and lyse primary AML 
BMMNCs. 
Specific cytotoxicity of CD123 CAR T cells against 3 patient primary AML BMMNC cells, with varying 
CD123+ expression, or HD BMMNC cells (CellTrace violet labelled) by flow cytometric analysis following 
a 16h co-incubation. Each timepoint was plated in triplicate for each patient or HD with a fixed number 
of target cells/well for all E:T ratios. Counting beads were used to quantify the absolute number of 
residual live target cells at the end of the co-culture. Residual live target cells were CellTrace violet+ 7-
AAD–. All graphed data are represented as mean values ± SEM. 
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To further validate the specificity of the CD123-CD28-OX40-SF CAR T cells against AML, 

the CAR T cells were evaluated for their ability to inhibit growth of primary clonogenic 

CD34+ and CD34– enriched BM derived AML cells. The AML BMMC cells were first 

incubated with non-transduced (NTD) T cells, with the CD123-CD28-OX40 SF CAR T 

cells, or with media only for 6 hours at an E:T ratio of 10:1.  

The cell suspension was plated and enumerated after 14 days. The results demonstrated 

significant inhibition of the AML cells to form leukaemic colonies when cultured with the 

CD123-CD28-OX40 CAR T cells compared to AML BMMC cultured alone or with NTD T 

cells (Figure 3.25A-B).  Collectively, these data demonstrate the capacity of the novel third 

generation CAR T cells, directed against CD123, to specifically eliminate primary AML cells 

consequently preventing their proliferation and leukaemic clonogenic capacity.  

 

 

 

Figure 3.25. Effect of CD123-CD28-OX40-SF CAR T cells on leukaemic progenitor cell colony 
formation. 
(A) CD34+ or (B) CD34– AML BM cells were immunomagnetically selected and co-cultured in media 
only (untreated), with CD123 CAR T cells or NTD T cells for 6h at an E:T ratio of 10:1. The cells were 
subsequently plated in semisolid methylcellulose progenitor media, cultured for 14 days, and scored using 
an inverted microscope for the presence of leukaemia colony-forming units (CFU-L). The experiment was 
performed using 3 primary AML patient samples, each plated in duplicate. Colony numbers are 
represented per 1000 plated cells. All graphed data are represented as mean values ± SEM. P-values were 
calculated with 1-way ANOVA.  
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3.5 Conclusion & Discussion  
 

The transfer of CARs into primary T cells to target TAAs such as CD123 has 

emerged as a promising and effective method of cancer immunotherapy. However, the 

introduction of exogenous genes into primary cells via viral methods is technically 

challenging and time consuming. While there are a variety of methods available that have 

been employed in the production of CAR T cells, the lentiviral vector production system is 

still, to date, the most effective and clinically safe.  

 

Therefore, this thesis project employed a gene transfer platform which included lentiviral 

production of virus and ex vivo transduction and expansion of genetically modified primary T 

cells. A third generation vector system which consists of four-plasmids was used to generate 

virus as this is considered the safest viral system currently used in various clinical settings 

(Dull et al., 1998)(Montini et al., 2009). The disadvantage of using such a system is the 

labourious production of viral particles. Due to this, several conditions during virus 

production were evaluated and optimised in order to establish a protocol that resulted in 

high levels of lentivirus and efficient ex vivo transgene delivery into T cells.  

 

Of the various steps in the protocol that were evaluated and optimised, a lentiviral packaging 

plasmid ratio of 1:1:1:1 (transgene:VSV-G:gag/pol:rev), using lipofectamine 3000 as a 

suitable transfection agent, and a double harvest of virus at 48 and 72h post-transfection 

resulted in the highest viral particle numbers obtained. However, the viral supernatants 

generated did not translate into sufficient and consistent transduction efficiencies in T cells. 

As a result, the viral supernatant was concentrated. The concentration of virus using 

ultracentrifugation allowed the transduction of T cells with a fixed MOI while reducing 

contaminating material in the supernatant. The transduction efficacy improved significantly 

when T cells were infected at MOI 5 with viral particles in the presence of RetroNectin. Sort 

purification of T cells successfully incorporating the CAR transgene were able to expand 

100-250 fold ex vivo under IL-2 stimulation over 10 days to generate sufficient numbers of 

CAR T cells for in vitro functional profiling and adoptive transfer in vivo.  

 

In order to delineate the CAR construct which demonstrated the best potential for in vivo 

evaluation and clinical translation, the antigen specificity of each of the four CARs was 

functionally evaluated in this chapter. Dynamic profiling of antitumor activity of the CAR T 
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cells was assessed using different in vitro  assays, including degranulation assay, proliferation 

assay, and short and long term cytotoxic capacity in response to CD123+ targets.  

 

In this body of work, polyclonal T cells from primary HD PBMCs were used to generate the 

CAR T cells. In some prior studies, only CD8+ CAR T cells were generated and used to 

target the tumour cells as they were observed to be the main population of T cells found to 

efficiently lyse antigen-expressing targets by their production of IFN-g. However, it was 

recently demonstrated that a combination of CD4+ and CD8+ T cells were essential to 

promote long term and effective anti-tumour responses (Turtle et al., 2016) (Sommermeyer 

et al., 2016).  Sommermeyer and colleagues (Sommermeyer et al., 2016) observed that while 

CD8+ CAR T cells were the cells mainly responsible for lysing target cells, CD4+ CAR T cells  

were necessary for the production of cytokines such as IL-2, TNF, and IFN-g which 

stimulated their proliferation and promoted a potent response in vivo.  

 

For these reasons, it was hypothesised that the transfer of polyclonal CAR T cells would, 

instead, generate potent cytototxic T lymphocytes and that the presence of CD4+ T cells 

would ensure enhanced efficacy in vivo. T cells from HD PBMCs generally consisted of more 

CD4+ to CD8+ T cells (2:1). Regardless of the CAR, the transduction, and expansion 

procedure in the presence of IL-2 maintained this cell phenotype ratio in the majority of 

cases. However, in some instances a 1:1 ratio was achieved. The phenotypic composition of 

the CAR T cell product is also associated with efficacy in vitro and in vivo, with evidence to 

suggest that naïve or CM T cells lead to better engraftment and proliferation capacity in vivo 

compared to EM or terminally differentiated effector cells (Gattinoni et al., 

2011)(Sommermeyer et al., 2016). In all cases, the phenotype of the polyclonal CAR T cells 

generated here were either a CM or EM phenotype at the time of in vitro or in vivo evaluation 

(Chapter 4).  

 

Polyclonal T cells expressing the CD123-CD28-OX40 CARs were found to degranulate and 

proliferate more efficiently against CD123+ expressing leukaemia cell lines. This effect was 

not only exerted by CD8+ T cells, but equally, CD4+ T cells demonstrating its role in 

supporting cell lysis of the target cells. Conversely, T cells expressing these CARs were not 

able to elicit a response in the presence of a CD123– expressing leukaemia cell line 

demonstrating cell antigen specificity.  
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To a lesser extent, CD8+ and CD4+ T cells incorporating the CD123-CD28-4-1BB-SF CAR 

exhibited the similar effect. While the CD4+ CAR T cells showed increased degranulation 

capacity with increased E:T ratio, this was not observed with the CD8+ CAR T cells. This 

suggests the possibility that the target antigen binding affinity may not be strong enough to 

activate the intracellular downstream signaling machinery compared to the cells with the 

CD28-OX40 intracellular signaling. More interestingly, the CD8+ and CD4+ T cells 

incorporating the CD123-CD28-4-1BB-LF CAR showed no degranulation capacity, 

especially the CD4+ T cells. In line with these results, the CD4+ T cells also showed no ability 

to proliferate in the presence of target cells while the capacity of the CD8+ CAR T cells to 

proliferate remained intact. This observation, to an extent, supports those reported by 

Sommermeyer (Sommermeyer et al., 2016) where CD4+ T cell support is essential for 

efficient CD8+ T cell lytic function.  

 

An additional assessment of efficient CAR function in vitro and an indicator for long term 

efficacy is the ability of the CAR T cells to control markers associated with cell exhaustion in 

the absence and presence of antigen stimulation. The most comonly reported surface 

immune markers associated with cell exhaustion are PD-1, LAG-3, TIM-3, and CTLA-4. 

PD-1 expression is a marker that is physiologically induced in response to TCR engagement 

and activation as well as to common gamma-chain cytokines such as IL-2, IL-15, and IL-7 

(Vibhakar et al., 1997)(Kinter et al., 2008).  

 

Considering the CAR T cells were pre-activated with CD3/CD28 activating beads and 

expanded in the presence of IL-2 prior to downstream functional assessment, the high 

expression of this marker might be the result of background signaling. Like PD-1, LAG-3 is 

another marker similarly induced following T cell engagement and activation. Therefore, it 

was suggested that these two markers work in synergy and may reflect the activation status of 

the CAR-expressing T cells (Workman et al., 2002). Therefore, the expression of these two 

markers may not exclusively be associated with exhaustion of T cells, contrary to other 

published studies (Wherry et al., 2007)(Topalian et al., 2015)(Śledzińska et al., 2015).  

 

Recently, the role of TIM-3 in the context of cancers has been studied extensively. High 

expression of TIM-3 on effector T cells is indicative of T cell exhaustion and downregulates 

anti-tumour immunity by inhibiting cell proliferation and the secretion of TNF, and IFN-g. 

When bound to its ligand, galectin-9 (Gal-9), TIM-3+ T effector cells undergo apoptosis 
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(Kashio et al., 2003)(Zhu et al., 2005). CTLA-4 expression similarly occurs following T cell 

activation and dampens the T cell response (Stamper et al., 2001)(Collins et al., 

2002)(Rowshanravan et al., 2018). While CTLA-4 is predominantly found in intracellular 

vesicles of activated conventional T cells, Treg CD4+ cells have been documented to 

constitutively express CTLA-4 at high levels on the cell surface (Linsley et al., 

1996)(Rowshanravan et al., 2018).  

 

In vitro assesment of these markers demonstrated that CD4+ and CD8+ T cells incorporating 

the CD123-CD28-OX40 SF and CD123-CD28-4-1BB-SF CARs were the most functional at 

the time of in vitro evaluation. During the period of cell expansion and in the absence of 

target antigen stimulation, T cells harbouring the CD123-CD28-OX40-LF and CD123-

CD28-4-1BB-LF CARs expressed high expression levels of TIM-3 and PD-1 compared to 

the T cells with the SF CARs. Following target antigen exposure, the T cells expressing the 

LF CARs demonstrated a decrease in PD-1 expression, however TIM-3 expression remained 

high. Similarly, a high expression level of CTLA-4 was also observed following target antigen 

exposure. In contrast, surface expression levels of these markers were very low to absent in 

T cells expressing the SF CARs. While expression of TIM-3 and CTLA-4 may initially be a 

result of T cell activation and stimulation, the potential for accelerated exhaustion and 

therefore decreased anti-tumour responses is highly probable in vivo.  

 

Furthermore, upregulation of TIM-3 on CAR T cells following in vitro co-culture with AML 

cells has also been previously described in other works and was shown to have a significant 

negative impact on the anti-leukaemia responses (Kenderian et al., 2017). All tested CAR 

constructs, with the exception of CD123-CD28-4-1BB-LF, demonstrated the ability to 

mediate effector activity against cell lines, evincing antigen specific cytotoxicity which was 

accompanied by the production of various anti-tumour related inflammatory cytokines. 

 

The collective assessment of all functional attributes revealed that, in general, the LF CARs 

were not as efficient as the SF CARs. The inefficacy of the LF CARs could be, in most part, 

be attributed to the spacer domain. The hinge or spacer regions provide stability for efficient 

CAR expression and activity. Moreover, it provides flexibility for target antigen binding 

(Guest et al., 2005). Several studies have demonstrated that extended or longer spacers 

provide extra flexibility to access epitopes that are membrane-proximal while short hinges 

are found to be more effective for membrane-distal epitopes (James et al., 2008)(Hudecek et 
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al., 2013). The hinge length is reported to be crucial for adequate intracellular distance for 

immunological synapse formation and downstream signaling (Srivastava & Riddell, 2015). As 

a proof of concept, Hudaceck and colleagues demonstrated that an extended IgG4 CH2CH3 

spacer region used in their constructed demonstrated reduced persistence of the CAR T cells 

through interaction with Fc receptors in vivo (Hudecek et al., 2015) 

 

Based on the combined attributes, the CD123-CD28-OX40-SF displayed the most 

consistent profile of effector functions against CD123+ targets. The feasibility of pursuing 

this construct was cemented following its ability to lyse or prevent the colony formation of 

primary AML cells.  

 

In summary, the CAR gene expression was observed in both CD4+ and CD8+ T cells 

maintaining a consistent fraction of EM or CM T cells. The four constructs were subjected 

to in vitro validation with the CD123-CD28-OX40-SF construct collectively demonstrating a 

consistent, and efficient anti-tumour profile. To correlate the in vitro function to efficacy in 

vivo, a well established AML mouse model was used. Chapter 4 will describe the 

establishment of AML by transplantation of MOLM-13 Flt3-ITD cells to test efficacy of the 

CD123-CD28-OX40-SF CAR T cells in vivo.  
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4.1 Introduction   

Efforts to expand adoptive immunotherapeutic strategies such as CAR T cells for 

AML has been limited in comparison to CAR T cell therapy for B cell haematological 

malignancies. The novel third generation CD123 CAR T cells developed in this project 

demonstrated strong capacity for in vitro elimination of target AML cells. While the CAR T 

cells further demonstrated strong capacity for tumour regression in the MOLM-13FLT3-ITD 

xenograft models, it was not able to completely eliminate the AML cells. In the clinical 

setting, this would mean that patients have suboptimal responses to the CAR T cells and/or 

potentially relapse. The AML microenvironment, as discussed in the introduction of the 

thesis, is known to be highly immunosuppressive and uses a variety of mechanisms to escape 

the host immune surveillance which may hamper the efficacy of CAR T cell therapy in AML.  

To improve the long-term efficacy of the CAR T cells, combination therapy with 

demethlyating agents was explored. DNA methyltransferase (DNMT) inhibitors, such as 

AZA, better referred to as HMAs, are cytidine nucleoside analogues that result in transient 

and variable DNA hypomethylation.  These HMAs have a relatively short plasma half-life as 

they are unstable following absorption owing to spontaneous hydrolysis and deamination by 

cytidine deaminase (Chabner & Oliverio, 1975). Upon cellular intake via nucleoside 

transporters, they are phosphorylated by intracellular kinases. The majority of the 

phosphorylated metabolite (5-aza-CTP) of AZA is incorporated in RNA while a minority is 

converted to 5-aza-dCTP by the ribonucleotide reductase and is incorporated into the DNA 

during replication (Figure 4.1). The resultant effect promotes progressive reduction of DNA 

methylation, with subsequent upregulation of the expression of key epigenetically silenced 

genes (tumour suppressor genes), inducing senescence, and apoptosis (Goodyear et al., 

2010).  

The use of HMAs to treat patients with haematological malignancies was first documented in 

the AZA-001 study and led to AZA becoming the FDA approved standard of care in 

patients with high-risk MDS who are ineligible for allo-hSCT and for low-blast count elderly 

AML patients. The study demonstrated improved overall survival and delayed AML 

transformation in patients compared to those treated with intensive chemotherapy (Fenaux 
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et al., 2009). HMAs have since demonstrated clinical importance in the management of 

patients with AML who are ineligible for intensive chemotherapy or are chemo-refractory. 

Clinical trials have shown that AZA improves survival outcomes in older adults with AML in 

high-risk subgroups with adverse cytogenetics or myelodysplasia-related changes (Dombret 

et al., 2015)(Fenaux et al., 2010)(Döhner et al., 2018) and, more recently, was shown to 

possess significant clinical activity in patients with r/r disease (Craddock et al., 2013)(Ram et 

al., 2019).  

 

Figure 4.1. Molecular and cellular mechanisms of Azacitidine.  
Following cellular uptake via nucleoside transporters, AZA undergoes successive phosphorylation by 
intracellular kinases. The majority of bi-phosphorylated metabolite of AZA (5’ AZA-CDP) is further 
phosphorylated to 5’ AZA-CTP and is incorporated in RNA. The incorporation into RNA leads to 
protein synthesis disruption consequently leading to cell apoptosis and senescence. A minority of the bi-
phosphorylated AZA is converted to 5’ AZA-dCTP by the ribonucleotide reductase and is incorporated in 
DNA during replication. The DNA binds DNMT1 and leads to degradation, promoting a progressive 
DNA hypomethylation after several rounds of replication. The consequence of these series of events leads 
to upregulation of the expression of key repressed tumour suppressor genes, inducing senescence and 
apoptosis as well as increased expression of tumour associated antigens that aids in anti-tumour immune 
responses. Image adapted from (Duchmann & Itzykson, 2019).  
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More recently, AZA was shown to upregulate the expression of leukaemia-associated 

antigens (LAA) and induce T cell responses against AML cells (Goodyear et al., 2010). 

However, AZA as a monotherapy is ineffective in eradicating LSCs in AML as demonstrated 

by the low rates of CR despite continuing therapy (Craddock et al., 2013). However, co-

administration of AZA with other inhibitors augments effective killing of leukaemic cells. 

Most recently, AZA combined with the Bcl2 inhibitor, venetoclax, was found to be a highly 

effective therapy for a proportion of AML patients (Jin et al., 2020)(Jilg et al., 2019). 

Furthermore, HMAs are currently under investigation as a combinatorial therapy with other 

inhibitors, for example, with IDH inhibitors for patients with IDH1 and IDH2 mutations 

(DiNardo et al., 2019) as well as with immune checkpoint inhibitors, CTLA-4 and PD-1 (N. 

Daver, Garcia-Manero, et al., 2019)(Garcia-Manero et al., 2016).  

 

4.2 Rationale of the Chapter  

Based on these results, I hypothesised that combining the DNMT inhibitor, AZA, 

with the third generation CD123 CAR T cells would be an attractive cellular therapy as both 

have demonstrated activity against AML, and may be potentially synergistic or additive. 

Furthermore, the combination of the two components may be a universal therapy for AML 

patients regardless of cytogenetic profile as most, if not all, patients are found to express the 

CD123 antigen on leukaemic stem and progenitor cells.  

This chapter describes the ability of the novel third generation CD123-CD28-OX40-SF CAR 

T cell product combined with AZA to induce long-term control of AML in a MOLM-13FLT3-

ITD xenograft model. Furthermore, this chapter elucidates the mechanism by which AZA 

treatment led to increased function and longevity of a unique subset of CD4 T cells which 

contributed to long-term immune surveillance.   
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Running Title: Induction of cytotoxic CTLA-4negative CAR T cells by Azacitidine 

Key points:  
- Azacitidine treatment enhanced CAR T cell activity in vivo and increased CTLA-4negative 

anti-CD123 CAR T cell numbers. 

- CTLA-4negative anti-CD123 CAR T cells exhibited superior cytotoxicity against AML cells 

and higher TNF production compared to CTLA-4positive anti-CD123 CAR T cells. 

-Anti-CD123 CAR T cells demonstrated high phosphorylation of key intracellular markers 

Lck and Zap70 in the presence of Azacitidine pre-treated AML cells. 

 

Abstract 

Successful treatment of acute myeloid leukemia (AML) with chimeric antigen receptor 

(CAR) T cells is hampered by toxicity on normal hematopoietic progenitor cells and low 

CAR T cell persistence. We developed third-generation anti-CD123 CAR T cells with a 

humanized CSL362-based scFv and a CD28-OX40-CD3ζ intracellular signaling domain. 

This CAR demonstrated anti-AML activity without affecting the healthy hematopoietic 

system, or causing epithelial tissue damage in a xenograft model. CD123 expression on 

leukemia cells increased upon 5’-Azacitidine (AZA) treatment. AZA treatment of 

leukemia-bearing mice caused increased CTLA-4negative anti-CD123 CAR T cell numbers 

following infusion. Functionally, the CTLA-4negative anti-CD123 CAR T cells exhibited 

superior cytotoxicity against AML cells, accompanied by higher TNF production and 

enhanced downstream phosphorylation of key T cell activation molecules. Our findings 

indicate that AZA increases the immunogenicity of AML cells, allowing enhanced 

recognition and elimination of malignant cells by highly efficient CTLA-4negative anti-CD123 

CAR T cells.  
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Introduction  

Despite recent advances in the field of allogeneic hematopoietic cell transplantation 

(allo-HCT)1 and the introduction of disease specific inhibitors (e.g. FLT3 inhibition)2, the 

prognosis of AML remains unfavorable in the majority of patients. While standard 

induction chemotherapy and allo-HCT can induce complete remissions, most patients 

eventually relapse and succumb to the disease3. Post-relapse treatment combinations 

with tyrosine kinase inhibitors (TKIs) and donor lymphocyte infusions (DLI) have led to 

long-term remission in a fraction of patients with FLT3-ITD AML1, 4. In recent years, a 

plethora of immunotherapy-based treatment approaches have been developed. One of 

the most successful approaches uses T cells that express chimeric antigen receptors 

(CARs) where T cell specificity is re-directed towards cell surface antigens 

overexpressed on the cancer cell. The CAR T cell products (KymriahTM and YescartaTM) 

targeting the CD19 antigen on B cells were approved by the American Food and Drug 

Administration for several B-lymphoid malignancies based on the high and durable 

clinical responses5, 6, 7.  

Conversely, the use of CAR T cells against AML is more difficult due to undesired effects 

on normal myeloid progenitor cells that share most targetable antigens with AML cells. 

Of the antigens currently explored, CD123, the transmembrane a chain of the 

interleukin-3 receptor remains the most promising target because of its ubiquitous 

expression on AML blasts8, 9.  Several pre-clinical and clinical studies10 have reported 

potent anti-leukemic activity of anti-CD123 CAR T cells against AML. However, 

myelotoxicity or reduced CAR T cell efficacy has been reported due to the 

immunosuppressive environment induced by AML cells hinder its broader applicability10, 

11, 12.  

Here, we used a third-generation anti-CD123 CAR product with the scFv derived from 

the humanized and Fc optimized CSL362 monoclonal antibody (mAb)13. The anti-CD123 

CAR T cells demonstrated anti-leukemic activity with no severe toxicity to the healthy 

hematopoietic system in vivo. To increase potency, combination therapy with the 

demethylating agent, 5’Azacitidine (AZA) was explored. Hypomethylating agents (HMAs) 

such as AZA are cytidine nucleoside analogues that induce transient and variable DNA 

hypomethylation. The resultant effect promotes reactivation of key epigenetically 

silenced genes thereby inducing senescence and apoptosis14, 15. More importantly, AZA 

has previously been shown to upregulate the expression of leukemia-associated 

antigens and increase T cell responses against AML and other cancers15. However, AZA 

treatment alone is ineffective at eradicating leukemia stem cells in AML16. Most recently, 
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AZA combined with the Bcl2 inhibitor, venetoclax, has proven to be an effective therapy 

for a proportion of AML patients17, 18. Additionally, HMAs in combination with other 

agents, such as isocitrate dehydrogenase (IDH) or immune checkpoint inhibitors, are 

also under investigation19, 20, 21. Therefore, we proposed that combining AZA with anti-

CD123 CAR T cells represents an attractive cellular therapy as both have demonstrated 

activity against AML and may present as a highly efficacious universal therapy for AML 

patients.  

Here, we demonstrated that our third-generation anti-CD123 CAR T cells lead to long-

term control of AML in a xenograft model when combined with AZA. We showed that 

AML-bearing mice, pre-treated with AZA, resulted in reduced numbers of cytotoxic T 

lymphocyte antigen-4 (CTLA-4) expressing CAR T cells in vivo. CLTA-4 is a regulator of 

T cell activation and function, in which T cells with a low expression of this molecule 

showed increased longevity and activity 22. AML-bearing mice infused with CTLA-4negative 

anti-CD123 CAR T cells exhibited superior cytotoxicity against AML cells, with higher 

TNF production. TNF was also previously shown to be required for T cell subset 

mediated cytotoxicity against tumor cells 23. Furthermore, CTLA-4negative anti-CD123 CAR 

T cells demonstrated proliferative capacity and longer survival compared to AML-bearing 

mice infused with CTLA-4positive anti-CD123 CAR T cells. 

Additionally, CD4+ anti-CD123 CAR T cells, exposed to AZA pre-treated MOLM-13 AML 

cells, exhibited higher intracellular retention of CTLA-4 compared to naive MOLM-13 

cells. This observation was accompanied by higher phosphorylation levels of the T cell 

signaling and activation molecules, Lck and Zap70. Mechanistically, we postulate that 

AZA pre-treatment of AML cells enhances the downstream signaling events of the CAR 

T cells by prolonging phosphorylation of molecules associated with T cell activation and 

function thereby preventing the induction of CTLA-4 on the surface of the CAR T cells.  

Our findings pave the way for a novel CAR T cell and AZA combination therapy for AML.  
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Materials and Methods 

 

Human Samples 

Primary AML and healthy donor (HD) bone marrow (BM) samples were obtained from 

the South Australian Cancer Research Biobank (SACRB). Primary AML and HD 

peripheral blood (PB) was obtained from the University Medical Center, Freiburg, 

Germany. Written informed consent was obtained from each donor. HD cord blood (CB) 

samples were obtained from umbilical cords of healthy full-term newborns and 

processed by the biobank of the department of Medical Oncology and Hematology, 

Switzerland, University Hospital Zürich. The studies were approved by the Australian 

Institutional Human Research Ethics Committee, the Institutional Ethics Review Board of 

the Medical Center, University of Freiburg, Germany, and the Cantonal Ethics Board 

Zürich, Switzerland (Ethics approval no’s: R20150526, HREC/15/RAH/221 and 509/16, 

and 2009-0062 respectively) and conducted in accordance with the Declaration of 

Helsinki.  

 

Peripheral Blood Mononuclear Cell (PBMC) Preparation 

PBMCs were isolated by density gradient centrifugation using Lymphoprep or Pancoll 

(STEMCELL Technologies, Vancouver, BC, Canada; Pan Biotech, Germany). Briefly, 

blood samples were diluted 1:3 with 1x PBS, layered onto Lymphoprep/Pancoll and 

centrifuged (30min, 440xg) without brake. PBMCs were isolated and cryopreserved in 

90% heat-inactivated fetal calf serum (FCS, Sigma Aldrich, Germany) and 10% dimethyl 

sulfoxide (DMSO, Sigma Aldrich, Germany). Cells were stored overnight at -80oC and 

subsequently transferred into liquid nitrogen. All analyses were conducted on 

cryopreserved material. Following thawing of sample material, cells were manually 

counted using trypan blue (Sigma-Aldrich, Germany) staining.  

 

Mice 

Rag2–/–Il2rγ–/– immunocompromised mice were bred in-house at the University clinic 

(University of Freiburg) animal facility. Male and female mice were used between 8-10 

weeks of age. Animal protocols were approved by the animal ethics committee 

Regierungspräsidium Freiburg, Freiburg, Germany (No: G18-019) or the Cantonal 

Veterinary Office Zürich (194/2018).  

 

MOLM-13 AMLFLT3 ITD Xenograft Model  

For this model, Rag2–/–Il2rγ–/– recipients were transplanted with 1x105 MOLM-13Luc+cells 

intravenously following sub-lethal irradiation with 3.5Gy one day prior. Mice were 
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subsequently left for 7 days for leukemia to develop. Successful engraftment was 

confirmed on day 7 using in vivo bioluminescence imaging (BLI) before mice were 

distributed randomly into each treatment group. In vivo BLI was performed as previously 

described24. On day 7, mice were intravenously injected with 100µl PBS, 5x106 non-

transduced (NTD) T cells in 100µl PBS, or 5x106 anti-CD123 CAR T cells in 100µl PBS. 

BLI was performed at weekly intervals to track leukemia progression or regression. 

Twenty-eight days following T cell injection, mice were either sacrificed for PB and BM 

analyses by flow cytometry for the detection of residual AML cells (hCD45+CD3-CD123+) 

and T cells (hCD45+CD4+/CD8+), or mice were left until day 60 for survival analysis (see 

schematic in Fig 1a).  

 

MOLM-13 AMLFLT3 ITD Xenograft Model with AZA Treatment 

For this model, Rag2–/–Il2rγ–/– recipients were transplanted as above. Following 

confirmation of engraftment on day 7, mice were randomized and split into six groups: 

(1) PBS, (2) NTD T cells, (3) anti-CD123 CAR T cells only, (4) AZA only, (5) AZA with 

NTD T cells, and (6) AZA with anti-CD123 CAR T cells. Mice in the PBS control group 

were treated intravenously with 100µl PBS; mice in the anti-CD123 CAR T cells or NTD 

T cells only group were intravenously injected with 5x106 anti-CD123 CAR T cells or 

NTD T cells, respectively. The AZA only, AZA with NTD T cells, and AZA with anti-

CD123 CAR T cell treatment groups were first given one dose of 2.5mg/kg AZA (Sigma-

Aldrich, Germany) in sterile PBS intraperitoneally every 3 days for a total of 4 doses. 

Twenty-four hours following the final dose of AZA, the dual treatment group was 

intravenously injected with 5x106 NTD T cells or anti-CD123 CAR T cells in 100µl PBS. A 

cohort of the mice from each group were sacrificed 28 days following anti-CD123 CAR T 

cell injection for flow cytometry analysis. The remaining cohort of mice from each group 

was left until day 60 for survival analysis (see schematic in Fig 3a).   

 

Humanized Hematopoietic Progenitor Cell (HSPC) Xenograft Model  

Humanized cytokine knock-in mice (CSF1h/hIL-3/CSF2h/hhSIRPAtgTPOh/hRag2-/-Il-2rg-

/-) with human genes encoding cytokines important for myelopoiesis (macrophage 

colony-stimulating factor, interleukin-3, granulocyte-macrophage colony-stimulating 

factor and thrombopoietin) were generated as previously described25. Mice were bred 

and maintained at the University Hospital Zürich animal facility according to the Swiss 

Federal Veterinary Office guidelines and the Cantonal Veterinary Office Zürich 

(194/2018). Newborn mice were sub-lethally irradiated with 1.5Gy and injected intra-

hepatically with 2x105 CD34+ isolated human CB hematopoietic progenitor cells26. The 

post-transplant lifespan of these mice depends on the level of engraftment and generally 
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do not exceed 16 weeks. 5x106 anti-CD123 CAR T cells or NTD T cells were 

intravenously transferred 6-7 weeks following transplantation and confirmed hCD45+ 

myeloid engraftment. Mice were sacrificed 14 days following T cell transfer due to high 

engraftment-associated anemia. BM and PB were FACS-analyzed for changes in multi-

lineage engraftment.     

 

Flow Cytometry 

Anti-human antibodies purchased from BioLegend, eBioscience, BD Biosciences, or 

Becton Dickinson were used for flow cytometry and are listed in Suppl. Table 3.  For cell 

surface staining, cells were isolated and washed twice with ice-cold 1x PBS prior to 

staining with the relevant antibodies for 30 minutes on ice, in the dark. For cells isolated 

from the BM or PB of mice, Fc receptor blockade (1:25) (Miltenyi Biotec, Germany) was 

performed for 15-20 minutes on ice prior to staining. Cells were washed twice with ice-

cold 1x PBS after staining and re-suspended in 250µl 1x PBS supplemented with 2% 

FCS prior to analysis. For intracellular cytokine staining, cells were treated with 1µl/ml of 

Brefeldin A (GolgiPlug) (BD Biosciences, Germany) in cRPMI-1640 medium for 4 hours 

prior to staining using the BD Cytofix/Cytoperm kit (BD Biosciences, Germany) according 

to manufacturer’s instructions. In all analyses, the population of interest was gated based 

on forward vs. side scatter followed by singlet gating and dead cell exclusion (7-AAD–	or 

live dead aqua (LDA–)). Instrument setup including fluorescence amplification (voltages) 

and identification of gating boundaries was optimized using unstained and FMO controls.  

Compensation was optimized using compensation beads (BD Biosciences). Flow 

analyses were performed on the FACSCanto II or LSRFortessa (BD Biosciences) and 

the data was analyzed using the FlowJo software v10.4 (Treestar, Ashland, OR).  

 

T cell Mediated Cytotoxicity Assay 

CellTrace violet (Invitrogen, Thermo Fisher Scientific, Germany) labelled KG1a, MOLM-

13, SUPB15 cells, or primary AML cells (target cells) were used for the T cell mediated 

cytotoxicity assay. In brief, anti-CD123 CAR T cells (effector cells) were incubated with 

target cells at the indicated ratios for 16 hours in cRPMI-1640 medium (supplemented 

with 20% FCS, 2mM glutamine, 100U/ml penicillin/streptomycin). Percentage specific 

lysis of the target cells was determined using flow cytometry. Cells were harvested 

following the incubation period, stained with 7-AAD (BD Biosciences, Germany) and 10µl 

CountBrightTM absolute counting beads (Invitrogen, Thermo Fisher Scientific, Germany) 

were added to each sample in a fixed volume just prior to flow acquisition. A uniform 

number of bead events were acquired for each sample on the flow cytometer. Residual 
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live target cells were CellTraceTM violet+ 7-AAD-. Unstained and fluorescence minus one 

(FMO) controls were used to identify gating boundaries. 

AZA Treatment of MOLM-13 AML cells and Primary cells 

MOLM-13, primary AML, or HD cells were maintained in cRPMI-1640 medium and 1µM 

AZA (Sigma-Aldrich, Germany). For primary AML or HD cells, the culture medium was 

additionally supplemented with 5ng/mL recombinant human stem cell factor (hSCF) 

(Peprotech, Germany). The media was replaced every 3-4 days to maintain the cells.  

 

Colony Formation Assay 

CD34+ and CD34–	cells were isolated from bone marrow mononuclear cells (BMMNCs) 

of HD and primary AML samples using the CD34 Ultrapure Microbead kit (Miltenyi 

Biotec). In the experiments where AZA was used, HD cells were first cultured with 1µm 

AZA in cRPMI-1640 media supplemented with 5ng/ml hSCF for 24 hours. 5x103 CD34+ 

or CD34–	cells were then incubated with media alone, or with NTD T cells or anti-CD123 

CAR T cells at an effector:target (E:T) ratio of 10:1 in cRPMI-1640 medium for 6 hours. 

Following incubation, the cell suspension was added to a semi-solid methylcellulose 

based medium (Methocult opti H3404, Stem Cell Technologies, Vancouver, BC, 

Canada) and plated into 3cm tissue culture dishes. Colonies were enumerated using 

established criteria according to the manufacturer’s instructions and scored using an 

inverted microscope (Zeiss SteREO Discovery; 4X) after 14 days.  

 

Statistical analyses 

Statistical analyses and significance were determined using GraphPad Prism v7 or v8 

software (GraphPad Software Inc. LA Jolla, CA). All data were subjected to normality 

tests. Based on the results of the normality tests, unpaired Student’s t-test, unpaired 

Student’s t-test (Mann-Whitney test), one-way ANOVA, or Log-rank (Mantel-Cox) was 

used, where appropriate, for comparing differences between groups. Log-rank test was 

used to calculate significance between survival curves. All graphed data, except for 

survival curves, are presented as mean ± standard error of the mean (SEM). In all cases, 

a p-value of ≤0.05 was considered significant.  
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Results 

Third-generation anti-CD123 CAR T cells exhibit anti-AML activity in vitro 

In order to develop anti-CD123 CAR T cell therapy for AML, we first confirmed the 

expression of CD123 and its suitability as a target antigen on primary human AML BM 

specimens in comparison to HD BM (Suppl. Figure 1, Suppl. Figure 2a). Concordant 

with previous reports27, 28, CD123 was highly expressed in most AML specimens while in 

the HD specimens, the overall CD123 expression was low (Suppl. Figure 2b-d). While 

some AML samples had CD123low expression, this was still higher than that of the HD 

cells.  

We therefore designed a third-generation anti-CD123 CAR construct incorporating the 

humanized CSL362-based13 scFv fused to a CD28-OX40-CD3ζ intracellular signaling 

domain (Suppl. Figure 3a). This construct demonstrated consistent capacity for lentiviral 

transduction into polyclonal T cells with expansion and differentiation into effector- or 

central- memory T cells from naïve T cells (Suppl. Figure 3b-d). Furthermore, extended 

exposure of the CAR T cells to recombinant human IL-2 during expansion did not induce 

high expressions of surface markers associated with activation and/or exhaustion 

including LAG-3, TIM-3, CTLA-4 and PD-1. This demonstrated that the CAR T cells were 

functionally active prior to interaction with leukemia cells (Suppl. Figure 3e).  

The anti-CD123 CAR T cells demonstrated ability in vitro to express the lysosomal-

associated membrane protein 1 (LAMP-1 or CD107a), a surrogate marker of 

degranulation on T lymphocytes, proliferate, lyse target cells, and produce effector and 

homeostatic cytokines and chemokines against the human CD123+ cell line KG1a 

compared to the CD123_	 cell line, SUPB15 (Suppl. Figure 4). Furthermore, cytotoxic 

activity of the CAR T cells against the MOLM-13 cells reached 90% at the 10:1 effector 

to target (E:T) ratio, while there was less than 10% cytotoxicity caused by the NTD T 

cells at any E:T ratio (Suppl. Figure 5a). More importantly, the high cytotoxic activity of 

the anti-CD123 CAR T cells were observed against primary AML cells from 3 different 

patients with less than 10% cytotoxicity caused by the NTD T cells (Suppl. Figure 5b). 

To test for cytolytic activity against colony forming unit (CFU) capacity of BM derived 

AML cells, we studied CFU in CD34+ and CD34–	AML cell populations. We observed that 

CFU was suppressed only by anti-CD123 CAR T cells while NTD T cells had no activity 

(Suppl. Figure 5c, d).  These findings show the capacity of the novel third-generation 

anti-CD123 CAR T cells to induce robust anti-leukemic effects in vitro.  
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Anti-CD123 CAR T cells exhibit in vivo activity against AML cells  

We used a previously established xenogeneic MOLM-13 AML model4 to test the anti-

AML in vivo activity of the anti-CD123 CAR T cells. This model allowed us to measure 

AML cell expansion using bioluminescence imaging (BLI) (Figure 1a). With this 

xenograft model, the mice that received the anti-CD123 CAR T cells exhibited a modest 

improvement in survival compared to the groups treated with PBS or NTD T cells 

(Figure 1b). The AML-derived BLI signal showed the typical distribution pattern of the 

leukemic cells with major infiltration in the BM and peripheral organs. Additionally, we 

observed that the AML-derived BLI signal was lower when the AML-bearing mice 

received the anti-CD123 CAR T cells compared to mice that were PBS or NTD T cell 

treated (Figure 1c, d). Additionally, flow cytometric analysis of the absolute cell count of 

residual human CD45+ (hCD45), and hCD45 CD123+ leukemia cells on day 35 following 

tumor inoculation was lower in mice that received the anti-CD123 CAR T cells compared 

to mice treated with PBS or NTD T cells (Figure 1e-g). Despite the anti-leukemic activity 

of the anti-CD123 CAR T cells, complete eradication of disease was not observed, 

indicating the need for a combinatorial therapeutic approach. 

AZA increases CD123 expression on AML cells and enhances the anti-leukemic 

activity of CD123 CAR T cells in vivo 

Since the anti-CD123 CAR T cell treated mice did not eliminate the AML cells entirely, 

we sought a combination partner that would increase in vivo efficacy by upregulating the 

expression of CD123 on AML cells. Based on our knowledge of currently approved 

therapeutic agents for the treatment of high-risk myelodysplastic syndrome (MDS) and 

AML, we investigated the impact of the DNA methyltransferase inhibitor, AZA, on CD123 

expression16, 29.  

We observed a sustained increase in CD123 expression on the AML cell lines HL-60 

and ML-2 and transient increases on MOLM-13 cells over an 8-day exposure to AZA 

(Figure 2a-d). Cell viability did not decrease upon AZA exposure for ML-2 and MOLM-13 

cells but was significantly decreased for HL-60 cells (Figure 2e). CD123 expression was 

induced in some primary PB AML cells within 24h of AZA administration. The overall 

peak increase in CD123 expression was observed on day 4 of exposure to AZA and 

decreased by day 8 in both bulk CD34+ and CD34+CD38+ blast populations (Figure 2f-

h).	Based on these observations, administration of CAR T cells within a 24-hour time 

frame of AZA is likely to be most efficient. 

To test for increased in vivo efficacy, AZA was given until 24h before infusion of anti-

CD123 CAR T cells to treat MOLM-13luc+ AML-bearing mice (Figure 3a). We 

intentionally did not treat the mice with CAR Tc and AZA simultaneously because AZA, 
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when in direct contact with T cells, has been shown in several studies to induce Tregs30, 

which could suppress the immune response against the leukemia cells. We observed 

that the AML-derived BLI signal was lowest in the AZA / anti-CD123 CAR T cell 

combination group as compared to all other groups (Figure 3b, c). Consistent with in 

vivo elimination of AML as seen in the BLI analysis, we also observed that the AML-

bearing mice that received AZA with anti-CD123 CAR T cells exhibited superior survival 

compared to AZA alone, CAR T cells alone, or AZA with NTD Tc (Figure 3d). The 

number of residual hCD45+ and hCD45+ MOLM-13 leukemia cells, found in the BM of 

mice that received AZA along with anti-CD123 CAR T cells, was significantly lower 

compared to the other treatment groups (Figure 4a-c). 

The AZA / anti-CD123 CAR T cell treatment combination does not cause 

inflammatory organ damage or hematopoietic insufficiency 

One major concern of anti-CD123 CAR T cells is organ damage by activation of the 

endogenous T cell receptor and activity against the healthy hematopoietic cells that 

express CD123. We therefore analyzed different GVHD target organs 31, 32 as well as the 

ability of normal hematopoietic cells to form CFUs. We found no inflammatory organ 

damage in the colon, small intestine, and liver of the mice that received anti-CD123 CAR 

T cells or the AZA / anti-CD123 CAR T cell combination (Suppl. Figure 6a-d). We did 

however, observe leukemia cell infiltration in the liver of some mice treated with PBS or 

NTD T cells but not those treated with anti-CD123 CAR T cells or the combination 

treated mice (Suppl. Figure 6e). This supports the concept that the anti-CD123 CAR T 

cells are mainly activated via their CAR while activation via their endogenous TCR plays 

only a limited role. 

The expression of CD123 on several populations of normal hematopoietic cells, 

including circulating B cells, myeloid progenitors, dendritic cells, and megakaryocytes 

raises concerns regarding potential on-target, off-tumor effects. To analyze the potential 

hematopoietic toxicity of the anti-CD123 CAR T cells, we next exposed healthy 

hematopoietic BM cells to the CAR T cells and studied their ability to form CFU-GM, 

CFU-GEMM, and BFU-E colonies. We observed that the ability to form CFU-GM, CFU-

GEMM, and BFU-E colonies was still intact when BMMNC were exposed to the CAR T 

cells compared to medium only or NTD T cells (Figure 5a-c).  

To investigate the effect of the anti-CD123 CAR T cells on hematopoietic insufficiency in 

vivo, humanized cytokine knock-in Rag2-/-Il-2rg-/- mice26 were engrafted with HD CD34+ 

CB cells and treated with either anti-CD123 CAR or NTD T cells. Changes to the 

peripheral B-lymphoid, monocyte, myeloid, and plasmacytoid dendritic cells (pDC) graft 

were evaluated over 7 days. Mice were terminated at day 14 and changes to the above-
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mentioned populations and the primitive hematopoietic populations were analyzed in the 

spleen and BM. While trending decreases were observed in the peripheral B-lymphoid 

and monocyte grafts, this was not significantly different when compared to mice treated 

with NTD T cells. Additionally, no differences were observed between the groups for 

myeloid and pDC grafts in the PB (Figure 5d). Similarly, no differences in B-lymphoid, 

myeloid, monocyte, and pDC specific grafts were observed between the mice treated 

with anti-CD123 CAR T cells and NTD T cells in the spleen and BM. In addition, the anti-

CD123 CAR T cells had no effect on CD123+ primitive cell populations (Figure 5e-f).  

Since AZA was found to increase the expression of CD123 on AML cells, it was 

important to evaluate whether the same pattern would be observed in healthy cells.  We 

observed that the expression of CD123 on CD34+ and CD34– HD BMMC was not 

significantly increased in the presence of AZA (Figure 6a-c). In the clinic, AZA is 

reported to cause pancytopenia33. Concordant with published data33 we observed that 

AZA treatment significantly decreased the ability of the HD BMMC to form CFU-GM, 

CFU-GEMM, and BFU-E colonies compared to BMMC in medium only (Figure 6d-f). 

However, the AZA / anti-CD123 CAR T cell combination did not further reduce CFU-GM 

colony formation compared to the AZA only treatment (Figure 6d). These findings 

indicate that the AZA / anti-CD123 CAR T cell combination is unlikely to cause 

inflammatory organ damage or profound hematopoietic insufficiency at a higher rate than 

AZA alone. 

 

AZA treatment induces a CTLA-4negative CAR T cell fraction in vivo 

To better characterize the mechanism by which AZA improves the in vivo efficacy of anti-

CD123 CAR T cells, we next analyzed CAR T cells isolated from monotherapy treated 

mice or from the AZA / anti-CD123 CAR T cell treated mice. We observed that there was 

no difference in the number of residual CD4+ and CD8+ T cells in the BM and PB of mice 

(Suppl. Fig. 7a, b; Suppl. Fig. 8a, b) or the number of residual CD4+ and CD8+ CAR T 

cells that were PD-1negative TIM-3negative between the treatment groups (Suppl. Fig. 7c, d; 

Suppl. Fig. 8 c, d). Interestingly, we found that CAR T cells isolated from AML-bearing 

mice that received prior AZA treatment exhibited a significantly higher residual number of 

CTLA-4negative CD4+ ant-CD123 CAR T cells in the BM 28 days following anti-CD123 CAR 

T cell infusion, but not the PB (Figure 7a, b; Suppl. Fig. 8e). Additionally, we observed 

a similar trend for CD8+ CAR T cells. However, these data were not significant (Suppl. 

Fig. 7e; Suppl. Fig. 8f). Within the CD4+ and CD8+ T cell compartments, there were no 

consistent differences in the phenotypic distribution of Tscm-like, Tcm, Tem, and Teff cells 

between the two treatment groups in both BM and PB (Suppl. Fig. 9). 
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CTLA-4negative anti-CD123 CAR T cells allow for robust anti-leukemic efficacy in vivo 

To functionally validate whether CTLA-4negative anti-CD123 CAR T cells are responsible 

for sustained anti-leukemia effects and subsequent improved survival in AML-bearing 

mice, CTLA-4negative or CTLA-4positive CAR T cells were transferred into leukemia bearing 

mice. In this model, the anti-CD123 CAR T cells were first exposed to MOLM-13 cells for 

7 days, in vitro, to generate CTLA-4negative and CTLA-4positive populations. These 

populations were sort purified and injected into MOLM-13 engrafted mice on day 7 

(Figure 7c). Prior to the transfer of cells in the mice, we observed a 60:40 ratio of 

CD4:CD8 T cells in both CTLA-4positive and CTLA-4negative populations. Interestingly, in the 

BM and PB 28 days post CAR T cell infusion, the residual T cells were predominantly 

CD4+ T cells (Figure 7d). Tregs were also analyzed in both CD4+ CTLA-4positive and 

CTLA-4negative anti-CD123 CAR T cells post-sorting. We found no Tregs in the sorted 

CD4+ CTLA-4negative anti-CD123 CAR T cells and a moderate population in the CTLA-

4positive cells (Figure 7e).  

We found that the mice treated with CTLA-4negative anti-CD123 CAR T cells demonstrated 

effective leukemia control whereas the mice treated with CTLA-4positive anti-CD123 CAR T 

cells had exponential tumor progression (Figure 7f). This observation was in agreement 

with an improved survival of mice injected with CTLA-4negative anti-CD123 CAR T cells 

compared to mice injected with CTLA-4positive CAR T cells (Figure 7g). Flow cytometry-

based analysis of the BM and PB 28 days following CAR T cell infusion also showed a 

significantly higher number of residual leukemia cells in mice injected with CTLA-4positive 

anti-CD123 CAR T cells compared to the CTLA-4negative group (Figure 7h). The number 

of residual CD4+ T cells was significantly higher in the mice treated with CTLA-4negative 

anti-CD123 CAR T cells compared to the mice treated with CTLA-4positive anti-CD123 

CAR T cells (Figure 7i). Mice treated with CTLA-4positive anti-CD123 CAR T cells 

remained positive for CTLA-4 in the BM and PB, whereas mice that had received CTLA-

4negative anti-CD123 CAR T cells had a high fraction of cells in both BM and PB that 

remained negative for CTLA-4 28 days following T cell injection (Figure 7j). We also 

observed that mice treated with CTLA-4negative anti-CD123 CAR T cells exhibited a higher 

expression of TNF compared to the mice that were treated with CTLA-4positive anti-CD123 

CAR T cells (Figure 7k). No residual CD8+ T cells were observed in either of the 

treatment groups. Additionally, no difference in the percentage of CTLA-4negative or the 

expression of TNF in CD8+ T cells was seen (Suppl. Fig. 10). 
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CTLA-4negative anti-CD123 CAR T cells exhibit recall immunity  

An important feature of successful CAR T cell therapy is their capability to recall an 

immune response against the malignancy in the event of relapse. To determine efficacy 

of CTLA-4negative anti-CD123 CAR T cells derived from AZA treated leukemia bearing 

mice, we evaluated their immune recall capacity. CTLA-4negative and CTLA-4positive anti-

CD123 CAR T cells were isolated 28 days following inoculation into primary recipients 

(Figure 8a). Cells were maintained in low dose IL-2 and re-inoculated into secondary 

MOLM-13 leukemia-bearing mice. CTLA-4positive anti-CD123 CAR T cell treated 

secondary recipients failed to recall an anti-leukemia immune response and did not 

survive longer than PBS treated mice (Figure 8b). Conversely, secondary recipients 

treated with CTLA-4negative anti-CD123 CAR T cells demonstrated a significantly longer 

survival compared to mice treated with PBS or CTLA-4positive anti-CD123 CAR T cells 

(Figure 8b). In vitro, we subjected the sorted CAR T cells to MOLM-13 leukemia cells for 

24 hours and tested their cytolytic ability. We demonstrated that CTLA-4negative anti-

CD123 CAR T cells exerted high leukemia cell lysis, while CTLA-4positive anti-CD123 CAR 

T cells exerted less than 10% killing of the MOLM-13 cells. The NTD T cells showed no 

killing capacity (Figure 8c). The ability of the sorted CTLA-4negative anti-CD123 CAR T 

cells to effectively kill leukemia cells was also seen using three independent patient-

derived AML samples. No killing of the AML PBMCs was observed with the CTLA-4positive 

anti-CD123 CAR T cells (Figure 8d). We observed that the production of TNF was 

significantly higher in the CTLA-4negative anti-CD123 CAR T cells compared to the CTLA-

4positive anti-CD123 CAR T cells. (Figure 8e, f). Additionally, proliferation of CTLA-4negative 

anti-CD123 CAR T cells in the presence of MOLM-13 cells was higher compared to 

CTLA-4positive anti-CD123 CAR T cells or NTD T cells (Figure 8g).  

AZA primed leukemia cells support intracellular retention of CTLA-4 in CD4+ anti-

CD123 CAR T cells and enhances proximal signaling 

CTLA-4 is a surface receptor that mediates T cell responses. Prolonged extracellular 

expression is reported to inhibit T cell function by reducing intracellular downstream 

protein tyrosine phosphorylation of key signaling effectors such as zeta-associate protein 

of 70kDa (Zap70) and p56 (Lck)34. We therefore sought to evaluate the extracellular and 

intracellular expression levels of CTLA-4 when CD4+ anti-CD123 CAR T cells were 

exposed to untreated or AZA pre-treated MOLM-13 cells. The CTLA-4 expression was 

compared to NTD T cells to discount possible expression as a result of TCR signaling. 

CD4+ anti-CD123 CAR T cells exposed to untreated MOLM-13 cells expressed 

significantly higher levels of surface CTLA-4 compared to CAR T cells exposed to AZA 
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pre-treated MOLM-13 cells (Figure 9a). Furthermore, surface expression of CTLA-4 in 

the CAR T cells exposed to AZA pre-treated MOLM-13 cells was similar to that of resting 

CAR T cells cultured in media only. The opposite was observed with significantly higher 

intracellular levels of CTLA-4 when CD4+ anti-CD123 CAR T cells were cultured with 

AZA pre-treated MOLM-13 cells compared to untreated MOLM-13 cells (Figure 9b, c). 

To understand whether the high expression of surface CTLA-4 was associated with an 

arrest in phosphorylation of Lck and Zap70, CD4+ and CD8+ anti-CD123 CAR T cells 

were co-cultured for 96 hours in media, untreated MOLM-13 or AZA pre-treated MOLM-

13 cells. CD4+ anti-CD123 CAR T cells demonstrated higher phosphorylation levels of 

Lck and Zap70 when cultured with AZA pre-treated MOLM-13 cells or naive MOLM-13 

cells (Figure 9d-g). This was similarly observed with CD8+ anti-CD123 CAR T cells for 

Lck but not Zap70 (Suppl. Figure 11).  

These data indicate that mainly CTLA-4negative CD4+ anti-CD123 CAR T cells are 

responsible for prolonged leukemia control and survival. Improved leukemia control is 

likely due to the ability of this population of CAR T cells to continuously produce TNF and 

maintain phosphorylation of key intracellular molecules imperative for T cell activation 

and function.  

 

Discussion 

The development of CAR T cells has caused a significant paradigm shift in the use of 

immunotherapeutic strategies for various malignancies. While its success has 

demonstrated improved survival outcomes for patients with certain B-lymphoid 

malignancies5, 6, no comparable success has been achieved with CAR T cells directed 

against myeloid malignancies. The efficacy of CAR T cell therapy is reduced by loss of 

target antigen which is associated with lack of persistence, due to absence of activation. 

Both, antigen loss35 and failure of persistence of the CAR T cell population36 have been 

described. The clinical translation of CAR T cell therapy for AML has been further 

hindered by the development of an immunosuppressive microenvironment as well as on-

target off-tumor toxicities. In this study, we used AZA to increase target antigen 

expression and test if this was associated with increased CAR T cell efficacy.   

To achieve this, we used novel third-generation anti-CD123 CAR T cells with a 

humanized CSL362-based13 scFv and a CD28-OX40-CD3ζ signaling domain that 

exhibits anti-leukemic efficacy in vitro and in vivo. While the CAR T cells demonstrated 

anti-leukemic activity, disease eradication in the mice was incomplete. Therefore, we 

developed a novel approach to augment expression of the target antigen, CD123, by 

pre-treating AML cells or leukemia-bearing mice with AZA. It is well documented that 
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hypomethylating agents play a role in the prolonged survival of patients with 

myelodysplastic syndromes and relapsed/refractory AML by increasing the 

immunogenicity of tumor cells thereby enhancing T cell mediated responses37. We found 

that the pre-treatment of leukemia-bearing mice with AZA followed by infusion of anti-

CD123 CAR T cells led to improved AML rejection in vivo, which was associated with an 

improved survival of the mice.  

We hypothesized that increased expression of CD123 on the AML cells would promote 

the expansion of functionally superior CAR T cells in vivo. Consistent with this concept, 

we found that pre-treatment of AML cells with AZA resulted in higher absolute numbers 

of CD4+ CTLA-4negative CAR T cells compared to the CAR T cell only treated group. 

Functionally, these CTLA-4negative CAR T cells were more potent compared to CTLA-

4positive CAR T cells in vitro with respect to their cytotoxicity against leukemia cells. 

Additionally, we also observed increased AML control in vivo which was associated with 

increased TNF production. TNF was shown to play a major role in leukemia control after 

allo-HCT38. Moreover, CTLA-4negative CAR T cells were able to demonstrate continuous 

immune response in secondary AML-bearing mice while CTLA-4positive CAR T cells did 

not. This finding is consistent with reports showing that the negative regulator of T cell 

activation, CTLA-439, is mainly expressed on less effective T cells22, 40, 41. So far, no 

report had shown that the fraction of CTLA-4negative anti-CD123 CAR T cells can be 

increased indirectly by AZA pre-treatment of the AML-bearing mice. In previous studies, 

AZA has been found to reduce the effects of DLI by promoting inhibitory Treg cells while 

diminishing CD8+ effector T cell numbers30. Because of these previous observations we 

avoided a direct contact of AZA to the transferred CAR T cells but only used an AZA pre-

treatment regimen inducing CD123 on leukemia cells.  

Enhanced expression of PD-L1, PD-L2, PD-1, and CTLA4 in myelodysplastic syndromes 

upon treatment with hypomethylating agents has been reported42. Conversely, 

hypomethylating agents were also shown to induce an interferon response in cancer via 

dsRNA derived from endogenous retroviruses15, 43. This indicates that hypomethylating 

agents can cause both, upregulation of inhibitory molecules and pro-inflammatory 

effects. The combination of AZA and SL-401 (tagraxofusp), the anti-CD123 directed 

cytotoxin which consists of recombinant interleukin-3 fused to a truncated diphtheria 

toxin, is currently being tested in an ongoing clinical trial (ClinicalTrials.gov Identifier: 

NCT03113643) for patients with MDS or AML. Also consistent with our results, the 

combination of tagraxofusp and AZA was effective in patient-derived xenografts44.  

Further analysis revealed that exposure of leukemia cells to AZA not only increased 

antigen recognition by the anti-CD123 CAR T cells, but that immediate downstream 

consequences of antigen recognition strengthened CD3x ITAM phosphorylation. 
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Previous studies have demonstrated that phosphorylation of CD3x occurs at a much 

greater intensity in CD28 co-stimulatory containing CARs due to the proline-rich region 

with which Lck associates45, 46. In the presence of low antigen levels, inefficient Lck-

mediated ITAM phosphorylation and Zap-70 activation can limit CAR T cell anti-leukemic 

responses47, while recent data show that non-canonical binding of Lck to CD3ε promotes 

TCR signaling and CAR function48. We observed that pretreatment of leukemia cells with 

AZA was connected to increased Lck and Zap70 phosphorylation in CD4+ CAR T cells 

upon contact with the pretreated leukemia cells.  

There are conflicting reports showing that targeting of CD123 causes myelosuppression 

of healthy cells, which may be due to the different CAR constructs in use. We observed 

that the anti-CD123 CAR construct we used did not affect the viability and frequency of 

CFU-GM, CFU-GEMM, and BFU-E colonies in vitro nor in vivo. These findings were in 

line with those of others10, 44, 49. A recent study demonstrated in humanized mouse 

models that a third generation construct comparable to our construct namely CD28/4-

1BB CAR T cells targeting CD123 exert no major cytotoxicity against various subsets of 

normal cells with low CD123 expression, indicating a low on-target/off-tumor toxicity 

effect49. Another study on a patient with a blastic plasmacytoid dendritic cell neoplasm 

enrolled in a clinical trial of anti-CD123 CAR T-cell therapy (ChiCTR1900022058) 

showed activity of the CAR T cells without significant hematotoxicity50.  

In contrast, other studies have shown	 myelosuppression by CD123-directed CAR T 

cells27, 51. The variances observed across the studies could be due to the different 

structural designs of the CAR. Nevertheless, recent studies have shown that attractive 

tumor target antigens that are also shared on healthy tissues can be ‘affinity-tuned’ in 

order to avoid significant hematotoxicity52. We further confirmed that the increase in 

CD123 expression on AML cells was not observed in healthy hematopoietic cells under 

AZA induction. Additionally, the combination therapy did not significantly affect the ability 

of healthy CD34+ cells to form CFU-GM colonies which demonstrates that the addition of 

AZA into the treatment regimen would not bring any additional toxicities.  

Besides myelosuppression, there is concern that the transfer of allogeneic CAR T cells 

may induce inflammatory organ damage or GVHD. Our pre-clinical studies found no 

evidence of TCR engagement from allogeneic transferred CAR T cells alone or 

combined with AZA as we did not observe any major tissue damage in GVHD target 

organs. In line with these findings, Ghosh A et al.53 similarly reported that CAR T cells 

harboring the CD28 co-stimulatory motif demonstrated significantly decreased 

occurrence of GVHD compared to CAR T cells with the 4-1BB costimulatory motif. The 

combination of AZA and immunotherapy for AML is attractive and has already been 

tested e.g. with immune checkpoint inhibition21 and DLIs with AZA for AML relapse after 
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allo-HCT33, 54, 55. In contrast to the potential of polyclonal DLI to recognize major or minor 

MHC mismatches on leukemia cells, CAR T cells rely on the recognition of a defined 

target antigen which makes this approach more specific. Our study is the first report on a 

combination of AZA and CAR T cells for AML.  

In summary, our studies show that AZA treatment increases expression of the CAR 

target, CD123, leading to improved leukemia control in vivo. Mechanistically, the 

treatment induced higher numbers of CTLA-4negative anti-CD123 CAR T cells which 

exhibited superior cytotoxicity compared to CTLA-4positive anti-CD123 CAR T cells against 

AML target cells in vitro and in vivo. More importantly, these CTLA-4negative CD123 CAR T 

cells exhibited prolonged phosphorylation of key intracellular markers important for cell 

activation and function thereby demonstrating capacity for immune memory in secondary 

non-AZA-treated AML-bearing mice. Since the combination of AZA with anti-CD123 CAR 

T cells did not cause epithelial tissue damage or significant hematopoietic insufficiency, 

our findings pave the way for a clinical trial combining AZA and anti-CD123 CAR T cells 

for AML treatment.  
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Figure 1: CD123 CAR T cells demonstrate anti-leukemic effects in MOLM-13 AML 

xenograft mice.  

(a) Schematic diagram of the MOLM-13 AML xenograft model. Rag2–/–Il2rγ–/– mice were 

sub-lethally irradiated (3.5Gy) on day -1 and then injected via tail vein with 1x10
5
 green 

fluorescent protein/luciferase
+
 MOLM-13 cells on day 0. Bioluminescent imaging (BLI) 

was performed on day 7 to confirm and quantify engraftment and mice were randomized 

into treatment groups. Saline (PBS), 5x10
6
 NTD T cells or 5x10

6
 anti-CD123 CAR T cells 

were injected on day 7, and mice were followed with weekly BLI until day 35. 

Quantification of BLI radiance was used as a surrogate measurement of AML burden. 

Mice were either sacrificed on day 35 (28 days following T cell infusion) for flow 

cytometric analysis or left until day 60 for survival analysis.  

(b) Kaplan-Meier analysis for percentage survival for each treatment group. Data were 

pooled from 3 independent experiments. P-value was calculated using the 2-sided 

Mantel-Cox (Log-rank) test. Attrition of mice was due to paralysis in both hind legs, 

growth of subcutaneous tumors >2cm, or BLI-detectable AML progression in the head. 

(c) Representative serial BLI depicting leukemia burden of MOLM-13 engrafted mice 

treated with PBS, NTD T cells or anti-CD123 CAR T cells. Data are represented 

colorimetrically with the scale bars indication upper (max) and lower (min) BLI thresholds 

at each analysis time point.  

(d) Quantification of the BLI signal at the indicated time points for each treatment group. 

Data was pooled from 2 independent experiments, and represented as mean ± SEM for 

each treatment group. On day 35, at least 5 mice per group were still alive and included 

in the analysis.  

(e) Representative flow cytometry gating strategy of the analysed bone marrow of mice 

treated with PBS, NTD Tc or anti-CD123 CAR Tc for total human CD45, residual MOLM-

13 leukemia cells and their CD123 expression as well as residual CD4/CD8 T cells.  

Flow cytometric analysis depicting absolute counts (cells/µl) of live residual (f) human 

CD45
+
 and (g) hD45+ CD3– CD123

+
 leukemia cells in the BM of PBS, NTD T cell or anti-

CD123 CAR T cell treated mice. Data were pooled from 2 independent experiments and 

represented as mean absolute cell counts ± SEM for each treatment group. P-values 

were calculated using 1-way ANOVA.  
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Figure 2: AZA treatment leads to enhanced CD123 expression on AML cells. 

Scatter plot showing the expression of CD123 represented as a fold change of mean 

fluorescence intensity (MFI) with respect to mean MFI of untreated controls on (a) day 1, 

(b) day 4, and (c) day 8 following culture with 1µM AZA. P-values were calculated using 

unpaired student’s t-test (Mann-Whitney).  

(d) Representative flow cytometric analysis of CD123 on AML cell lines (with varying 

basal CD123 expression levels) following culture in the absence or presence of 1µM 

AZA for 1, 4, and 8 days. Histograms depict staining with anti-human CD123 Ab (PeCy7) 

compared to the fluorescence minus one (FMO) control.  

(e) Percentage cell viability (using trypan blue) of AML cell lines at baseline (day 0) and 

upon exposure to 1µM AZA after 4 days and 8 days.  

(f) Representative flow cytometric analysis of CD123 on 2 primary patient AML CD34+ 

and CD34+CD38+ blast cells following culture in the absence or presence of 1µM AZA for 

1, 4, and 8 days. Histograms depict staining with anti-human CD123 Ab (PeCy7) 

compared to the FMO control. Inset numbers state the absolute difference in MFI 

between treated and non-treated cells.  

Scatter plot showing the expression of CD123 on primary AML (g) CD34+ and (h) CD34+ 

CD38+ cells represented as a fold change of MFI with respect to MFI of untreated 

controls on day 4 following culture with 1µM AZA. P-values were calculated using 

unpaired Student’s t-test (Mann-Whitney). All graphed data in this figure were 

represented as mean values ± SEM.  
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Figure 3: AZA treatment supports the increased anti-leukemic effect of anti-CD123 

CAR T cells in MOLM-13 xenograft mice.  

(a) Schematic diagram of the MOLM-13 AML xenograft model. Engraftment was 

performed as described in Figure 2. On day 7, mice were injected with AZA at a 

concentration of 2.5mg/kg every 3 days intraperitoneally for the groups receiving AZA 

monotherapy or dual treatment. Mice receiving anti-CD123 CAR T cells only were 

injected with 5x10
6
 anti-CD123 CAR T cells intravenously and control mice received 

PBS. On day 17, AZA only mice received PBS while mice in the dual treatment group 

were intravenously injected with 5x10
6
 anti-CD123 CAR T cells. Mice were subjected to 

weekly BLI analysis from day 14 until day 35. Quantification of BLI signal was used as a 

surrogate measurement of AML burden. A cohort of mice in the PBS or CAR T cell only 

group were sacrificed at D35 and the AZA treated or dual treated group were sacrificed 

on D45 (both 28 days following AZA treatment or T cell infusion) for flow cytometric 

analysis. The remaining mice were left until day 60 for survival analysis.  

(b) Quantification of the BLI signal for each treatment group over time. Data were pooled 

from 2 independent experiments. On day 35, at least 5 mice per group were still alive 

and included in the analysis.  

(c) Representative serial BLI depicting leukemia burden in MOLM-13 engrafted mice 

treated with PBS, NTD Tc, anti-CD123 CAR T cells, AZA only, AZA with NTD Tc, and 

AZA with CD123 CAR Tc. Data is represented colorimetrically with the scale bars 

indicating upper (max) and lower (min) BLI thresholds at each analysis time point.  

(d) Kaplan-Meier analysis of percentage survival for each treatment group. Data were 

pooled from 3 independent experiments.  Attrition of mice was due to paralysis in hind 

legs, growth of subcutaneous tumors >2cm, or due to BLI-detectable AML progression in 

the head. All graphed data are represented as mean ± SEM. P-values were calculated 

using 2-sided Mantel-Cox test (log-rank) (d).  
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Figure 4: AZA-pretreatment enhances anti-CD123 CAR T cell mediated AML 

elimination.  

(a) Representative gating strategy used for flow cytometry based analysis of the bone 

marrow of mice treated with PBS, NTD Tc, anti-CD123 CAR Tc, AZA only, AZA with 

NTD Tc or AZA with anti-CD123 CAR Tc. Shown are total human CD45 cells, residual 

MOLM-13 leukemia cells and their CD123 expression as well as residual CD4/CD8 T 

cells.  

Flow cytometric analysis depicting absolute counts (cells/µl) of residual (b) hCD45
+
 and 

(c) CD123
+
 leukemia cells in the BM of the various treatment groups. Data were pooled 

from 2 independent experiments. All graphed data are represented as mean ± SEM. P-

values were calculated using 1-way ANOVA (b, c). 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	

	
	

146 

COMBINING AZACITIDINE AND CD123 CAR T 
CELLS FOR THE TREATMENT OF AML IN 
VIVO 

	

	

	

Figure 5

0

1 0

2 0

3 0

4 0

5 0

#
 C

F
U

-G
M

 p
e

r 
1

0
3

C
D

3
4

+

H D  B M M C  o n ly (n = 1 2 )
H D  B M M C  +  N o n -T ra n s d u c e d  T c (n = 9 )
H D  B M M C  +  C D 1 2 3  C A R  T c (n = 1 2 )

n s

n sn s

0

1 0

2 0

3 0

4 0

5 0

#
 B

F
U

-E
 p

e
r 

1
0

3
C

D
3

4
+

H D  B M M C  +  N o n -T ra n s d u c e d  T c (n = 6 )
H D  B M M C  +  C D 1 2 3  C A R  T c (n = 1 1 )

H D  B M M C  o n ly (n = 9 )

n s
n s

n s

0

1 0

2 0

3 0

4 0

5 0

#
 C

F
U

-G
E

M
M

 p
e

r 
1

0
3

C
D

3
4

+

H D  B M M C  +  C D 1 2 3  C A R  T c (n = 1 2 )
H D  B M M C  +  N o n -T ra n s d u c e d  T c (n = 6 )
H D  B M M C  o n ly  (n = 9 )

n s
n s

n s

a

d

b c

Peripheral Blood

1×103

1×104

1×105

C
D

45
+ C

D
34

- C
D

19
+ 

B
-ly

m
ph

oi
d 

gr
af

t
(T

ot
al

 A
bs

ol
ut

e 
no 

of
 c

el
ls

) 

Pre T-cells (D0)
Post T-cells (D7)

CD123 CAR T cells 
(n=2)

e

f

p la s m a c y to id  D C s

0

5 0

1 0 0

1 5 0

2 0 0

A
b

so
lu

te
 N

o
. 

C
D

4
5

+
C

D
3

4
- C

D
4

+
C

D
4

5
R

A
+

C
D

1
1

c
-

M
H

C
-I

I+
C

D
3

0
4

+
C

D
1

2
3

+
 (

ce
lls

/P
l)

S p le e n B M

n s n s

H D  C B M C  +  N o n -T ra n s d u c e d  T c  (n = 3 )

H D  C B M C  +  C D 1 2 3  C A R  T c  (n = 3 )

M y e lo id  g ra ft

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

A
b

so
lu

te
 N

o
. 

C
D

4
5

+
C

D
3

4
- C

D
1

3
+

C
D

3
3

+
/C

D
1

2
3

+
 (

ce
lls

/P
l)

S p le e n B M

n s n s

H D  C B M C  +  N o n -T ra n s d u c e d  T c (n = 3 )

H D  C B M C  +  C D 1 2 3  C A R  T c  (n = 3 )

M o n o c y te  g ra ft

0

2 0 0

4 0 0

6 0 0

A
b

so
lu

te
 N

o
. 

C
D

4
5

+
C

D
3

4
- C

D
1

4
+

C
D

1
6

+

C
D

3
3

+
/C

D
1

2
3

+
 (

ce
lls

/P
l)

S p le e n B M

H D  C B M C  +  N o n -T ra n s d u c e d  T c  (n = 3 )

H D  C B M C  +  C D 1 2 3  C A R  T c  (n = 3 )

n s n s

B -ly m p h o id  g ra ft

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

5 0 0 0

A
b

so
lu

te
 N

o
. 

C
D

4
5

+
C

D
3

4
- C

D
1

9
+

 (
ce

lls
/P

l)

S p le e n B M

H D  C B M C  +  N o n -T ra n s d u c e d  T c  (n = 3 )

H D  C B M C  +  C D 1 2 3  C A R  T c  (n = 3 )

n s n s

H S C s

0

5 0

1 0 0

1 5 0

2 0 0

A
b

so
lu

te
 N

o
. 

C
D

4
5

+
C

D
3

4
+

C
D

3
8

+
L

in
- c-

ki
t+

(c
e

lls
/P

l)

S p le e n B M

n s n s

H D  C B M C  +  N o n -T ra n s d u c e d  T c (n = 3 )

H D  C B M C  +  C D 1 2 3  C A R  T c  (n = 3 )

C M P s

0

2

4

6

8

1 0

A
b

so
lu

te
 N

o
. 

C
D

4
5

+
C

D
3

4
+

C
D

3
8

+
L

in
- c-

ki
t+

C
D

4
5

R
A

- C
D

1
2

3
lo

 (
ce

lls
/P

l)

S p le e n B M

H D  C B M C  +  N o n -T ra n s d u c e d  T c (n = 3 )

H D  C B M C  +  C D 1 2 3  C A R  T c  (n = 3 )

n sn s

G M P s

0

5

1 0

1 5

A
b

so
lu

te
 N

o
. 

C
D

4
5

+
C

D
3

4
+

C
D

3
8

+
L

in
- c-

ki
t+

C
D

4
5

R
A

+
C

D
1

2
3

+
 (

ce
lls

/P
l)

S p le e n B M

H D  C B M C  +  N o n -T ra n s d u c e d  T c  (n = 3 )

H D  C B M C  +  C D 1 2 3  C A R  T c  (n = 3 )

n sn s

1×103

1×104

1×105

B
-ly

m
ph

oi
d 

gr
af

t [
C

D
45

+C
D

34
-C

D
19

+]
(T

ot
al

 A
bs

ol
ut

e 
N

o.
 o

f c
el

ls
) 

Pre T-cells (D0)
Post T-cells (D7)

Non-Transduced T cells 
(n=3)

1×103

1×104

1×105

M
on

oc
yt

e 
gr

af
t [

C
D

45
+ C

D
34

- C
D

14
+ C

D
16

+

C
D

33
+ /

C
D

12
3+ 

]
(T

ot
al

 A
bs

ol
ut

e 
N

o.
 o

f c
el

ls
) 

Pre T-cells (D0)
Post T-cells (D7)

Non-Transduced T cells 
(n=3)

1×103

1×104

1×105

Pre T-cells (D0)
Post T-cells (D7)

CD123 CAR T cells 
(n=2)

1×102

1×103

1×104

1×105

M
ye

lo
id

 g
ra

ft 
[C

D
45

+ C
D

34
+ C

D
13

+ C
D

33
+ C

D
12

3+ ]
(T

ot
al

 A
bs

ol
ut

e 
N

o.
 o

f c
el

ls
) 

Pre T-cells (D0)
Post T-cells (D7)

Non-Transduced T cells 
(n=3)

1×103

1×104

1×105

Pre T-cells (D0)
Post T-cells (D7)

CD123 CAR T cells 
(n=2)

1×100

1×101

1×102

1×103

pl
as

m
ac

yt
oi

d 
de

nd
rit

ic
 c

el
ls

 
[C

D
45

+ C
D

34
- C

D
13

+ C
D

33
+ /

C
D

12
3+ ]

(T
ot

al
 A

bs
ol

ut
e 

N
o.

 o
f c

el
ls

) 

Pre T-cells (D0)
Post T-cells (D7)

Non-Transduced T cells 
(n=3)

1×101

1×102

1×103

Pre T-cells (D0)
Post T-cells (D7)

CD123 CAR T cells 
(n=2)



	

	
	

147 

COMBINING AZACITIDINE AND CD123 CAR T 
CELLS FOR THE TREATMENT OF AML IN 
VIVO 

Figure 5: The effect of anti-CD123 CAR T cells on normal hematopoietic progenitor 

cell development. 

(a) CFU-GM, (b) CFU-GEMM, and (c) BFU-E colonies were scored using an inverted 

microscope following a 14-day culture in methocult supplemented with hSCF, IL-3, EPO, 

G-CSF, and GM-CSF. CD34+ HD BMMC were first co-cultured in media only (untreated), 

with NTD T cells, or anti-CD123 CAR T cells at an E:T ratio of 1:1 for 6 hours before the 

cell suspension was transferred and plated in methocult. Colony numbers are 

represented per 1000 plated cells. Data was pooled from 3 different primary HD 

samples, each plated in at least duplicates. 

(d) Flow cytometry based analysis depicting the total absolute cell numbers of B-

lymphoid (CD45+CD34-CD19+), Monocyte (CD45+CD34-CD14+CD16+CD33+/CD123+), 

Myeloid (CD45+CD34-CD13+CD33+/CD123+), and plasmacytoid dendritic cell (pDC) 

(CD45+CD34-CD4+CD45RA+CD11c-MHC-II+CD304+CD123+) graft in the PB of HD 

CD34+ cord blood (CBMC) engrafted mice pre- (day 0) and post-infusion (day 7) with 

5x106 anti-CD123 CAR or NTD T cells.  

(e) Flow cytometry based analysis depicting the absolute cell numbers (cells/µl) of B-

lymphoid, monocyte, myeloid, and pDCs in the spleen and BM of HD CD34+ CBMC 

engrafted mice 14 days following infusion with 5x106 anti-CD123 CAR or NTD T cells.  

(f) Flow cytometry based analysis depicting the absolute cell numbers (cells/µl) of 

hematopoietic stem cells (HSCs), common myeloid progenitors (CMPs), and 

granulocytic macrophage progenitors (GMPs) in the BM of HD CD34+ CBMC engrafted 

mice 14 days following infusion with 5x106 anti-CD123 CAR or NTD T cells. All graphed 

data are represented as mean ± SEM. P-values were calculated using 1-way ANOVA (a-

c) or unpaired Student’s t-test (Mann-Whitney) (d-f).  
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Figure 6: Impact of AZA pretreatment followed by anti-CD123 CAR T cell exposure 

on hematopoietic progenitor cell development.  

(a) Representative flow cytometry based analysis of CD123 expression on CD34+ and 

CD34– cells from a HD following culture in the absence or presence of 1µM AZA for 1 or 

8 days. Histograms depict staining with anti-human CD123 Ab (PeCy7) compared to the 

FMO control. Scatter plots showing the expression of CD123 on primary HD (b) CD34– 

and (c) CD34+ cells represented as a fold change of MFI with respect to MFI of untreated 

controls on day 1 and 8 following culture with 1µM AZA.  

(d) CFU-GM, (e) CFU-GEMM, and (f) BFU-E colonies were scored using an inverted 

microscope following a 14-day co-culture in methocult supplemented with hSCF, IL-3, 

EPO, G-CSF, and GM-SCF. CD34+ HD BMMC was first co-cultured in the presence or 

absence of 1µM AZA for 24 hours. The following day the cells were washed. Untreated 

cells were cultured in media only and treated cells were cultured in media only or with 

anti-CD123 CAR T cells at an E:T ratio of 1:1 for 6 hours. The cell suspension was 

subsequently transferred and plated in methocult. Colony numbers are represented per 

1000 plated cells. Data were pooled from 3 primary HD samples, each plated in at least 

duplicates. All graphed data are represented as mean ± SEM. P-values were calculated 

using unpaired Student’s t-test (Mann-Whitney) (b, c) and 1-way ANOVA (d-f).  
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Figure 7: AZA pre-treatment induces a population of cytotoxic CTLA-4negative anti-

CD123 CAR T cells in MOLM-13 xenograft mice.  

(a) Scatter plot demonstrating the residual CD4+ CTLA-4negative anti-CD123 CAR T cells 

isolated from the BM of MOLM-13 AML xenograft mice that were treated with anti-

CD123 CAR T cells only, or with AZA and anti-CD123 CAR T cells. Data was pooled 

from 2 independent experiments.  

(b) Representative flow cytometry gating used to evaluate CTLA-4 expression on pan 

(CD3+) T cells from mice treated with anti-CD123 CAR T cells only (left panel), or AZA 

with anti-CD123 CAR T cells (right panel).  

(c) Schematic diagram depicting sub-lethal irradiation (3.5Gy) of Rag2–/–Il2rγ–/– mice on 

day -1 and subsequently injected via tail vein with 1x10
5
 green fluorescent 

protein/luciferase
+
 MOLM-13 cells on day 0. BLI was performed on day 7 to confirm and 

quantify engraftment and mice were randomized into treatment groups. Mice received 

either 5x10
6
 CTLA-4negative or CTLA-4positive anti-CD123 CAR T cells intravenously on day 

7, and mice were followed with BLI until day 28. Quantification of BLI signal was used as 

a surrogate measurement of AML burden. A cohort of mice from each treatment group 

was sacrificed on day 35 (28 days following CAR T cell infusion) for flow cytometry 

based analysis. The remaining mice were left until day 60 for survival analysis.  

(d) Flow cytometry plots demonstrating the CD4+ and CD8+ phenotypic distribution of the 

CTLA-4negative or CTLA-4positive anti-CD123 CAR T cells pre-infusion into the mice versus 

on day 35 following infusion into the mice.  

(e) Representative flow cytometry plots depicting Tregs (CD4+CD25hiCD127loFOXP3+) in 

the sorted CTLA-4negative or CTLA-4positive anti-CD123 CAR T cells, before infusion into the 

mice. 

(f) Summary BLI signals for each treatment group over time.  

(g) Kaplan-Meier analysis of percentage survival for each treatment group. Attrition of 

mice was due to paralysis in hind legs or growth of subcutaneous tumors >2cm. Scatter 

plot depicting the absolute cell count of residual CD123+ leukemia cells from live hCD45+ 

cells in the (h) BM and PB of mice treated with CTLA-4negative or CTLA-4positive anti-CD123 

CAR T cells. (i) Scatter plot depicting the absolute cell count of residual CD4+ and CD8+ 

T cells from live hCD45+ cells in the BM and PB of mice treated with CTLA-4negative or 

CTLA-4positive anti-CD123 CAR T cells.  

(j) Scatter plot depicting the percentage of CTLA-4negative and the (k) percentage of TNF 

expression on CD4+ T cells in the BM and PB of mice treated with CTLA-4negative or 

CTLA-4positive anti-CD123 CAR T cells. All graphed data, apart from survival analysis are 
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represented as mean ± SEM. P-values were calculated using Mantel-Cox test (log-rank) 

(g) or unpaired Student’s t-test (Mann-Whitney) (f, h-k).  

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	

	
	

153 

COMBINING AZACITIDINE AND CD123 CAR T 
CELLS FOR THE TREATMENT OF AML IN 
VIVO 

	

	

Figure 8
a

Day 28 post
CAR Tc inoculation 

Sorting for 
CTLA-4negatve or CTLA-4positive

CAR Tc from BM of mice treated 
with CAR Tc and AZA

Maintain in hIL-2 and perform 
downstream experiments 

b c

0:1 1:1 5:1 10:1
0

20

40

60

80

100

E:T Ratio

Sp
ec

ifi
c 

Ly
si

s 
[%

]

Non-Transduced CTLA-4negative Tc (n=3)
Non-Transduced CTLA-4positive Tc (n=3)

CD123 CTLA-4positive CAR Tc (n=3)
CD123 CTLA-4negative CAR Tc (n=3)

MOLM-13

d

0 :1 1 :1 5 :1 1 0 :1
0

2 0

4 0

6 0

8 0

1 0 0

E :T  R a tio

S
p

e
c

if
ic

 L
y

s
is

 [
%

]

A M L  P a t # 1

A M L  P B M C  +  C D 1 2 3  C T L A -4 n e ga tive  C A R  T c  (n = 3 )

A M L  P B M C  +  C D 1 2 3  C T L A -4 p o s itive  C A R  T c (n = 3 )

0 :1 1 :1 5 :1 1 0 :1
0

2 0

4 0

6 0

8 0

1 0 0

E :T  R a tio

S
p

e
c

if
ic

 L
y

s
is

 [
%

]

A M L  P a t # 2

A M L  P B M C  +  C D 1 2 3  C T L A -4 n e ga tive  C A R  T c (n = 3 )

A M L  P B M C  +  C D 1 2 3  C T L A -4 p o s itive  C A R  T c  (n = 3 )

0 :1 1 :1 5 :1 1 0 :1
0

2 0

4 0

6 0

8 0

1 0 0

E :T  R a tio

S
p

e
c

if
ic

 L
y

s
is

 [
%

]

A M L  P a t # 3

A M L  P B M C  +  C D 1 2 3  C T L A -4 n e ga tive  C A R  T c  (n = 3 )

A M L  P B M C  +  C D 1 2 3  C T L A -4 p o s itive  C A R  T c (n = 3 )

0

10

20

30

40

%
TN

Fa
+  E

xp
re

ss
io

n 
[L

D
A

-  C
D

3+ ]

CTLA-4negative CD123 CAR Tc alone (n=4)
CTLA-4positive CD123 CAR Tc alone (n=4)
CTLA-4negative CD123 CAR Tc: MOLM-13 (n=4)
CTLA-4positive CD123 CAR Tc: MOLM-13 (n=4)

p=0.02ns

e f CTLA-4negative

CAR Tc only
CTLA-4negative CAR Tc +

MOLM-13  

2.9% 30%

1.76% 9.98%

CTLA-4positive

CAR Tc only
CTLA-4positive CAR Tc +

MOLM-13 

TNFα- PE

SS
C

-A

g

0 1 0 2 0 3 0 4 0 5 0 6 0
0

2 0

4 0

6 0

8 0

1 0 0

T im e  a fte r M O L M -1 3  c e ll tra n s p la n ta tio n  [D a y s ]

S
u

rv
iv

a
l 

[%
]

M O L M -1 3  +  C D 1 2 3  C T L A -4 p o s itive  C A R  T c  fro m
p re v io u s ly  C A R  T c  a n d  A Z A  tre a te d  m ic e (n = 9 )

M O L M -1 3  +  C D 1 2 3  C T L A -4 n e ga tive  C A R  T c  fro m
p re v io u s ly  C A R  T c  a n d  A Z A  tre a te d  m ic e (n = 9 )

P B S (n = 6 )

p < 0 .0 0 1

D a y  7
C A R  T c  In fu s io n

Baseline

NTD Tc: MOLM-13

CD123 CAR Tc: MOLM-13C
ou

nt

CellTrace Violet+

CTLA-4positive CAR Tc

--- cell divisions

CTLA-4negative CAR Tc



	

	
	

154 

COMBINING AZACITIDINE AND CD123 CAR T 
CELLS FOR THE TREATMENT OF AML IN 
VIVO 

Figure 8: Recall immunity and long term leukemia control. 

(a) Schematic diagram depicting the isolation of residual anti-CD123 CAR T cells from 

the BM or mice 28 days post inoculation. Cells were flow sorted for CTLA-4negative or 

CTLA-4positive cells and maintained in low dose recombinant hIL-2 for 72h prior to usage 

in in vitro or in vivo experiments.  

(b) Kaplan-Meier analysis of percentage survival for each treatment group. Secondary 

recipient mice were engrafted with 5x105 MOLM-13 Luc+ cells on day 0. On Day 7, mice 

were randomly distributed and received either 100µl PBS, 2.5x106 CTLA-4positive or CTLA-

4negative anti-CD123 CAR T cells isolated from primary engrafted mice. Attrition of mice 

was due to paralysis in hind legs or growth of subcutaneous tumors >2cm.  

(c) Specific cytotoxicity of MOLM-13 following co-culture with NTD or anti-CD123 CTLA-

4negative or CTLA-4positive T cells. The assay was performed in triplicate with a fixed number 

of target cells/well for all E:T ratios. In both cases, counting beads were used to quantify 

the absolute number of residual live target cells at the end of the co-culture. Residual live 

target cells were CellTrace violet+ 7-AAD-.  

(d) Specific cytotoxicity of anti-CD123 CTLA-4positive and CTLA-4negative CAR T cells 

against 3 primary patient AML peripheral blood PBMCs with varying CD123+ expression 

following a 16h co-incubation. The assay was performed in triplicate with a fixed number 

of target cells/well for all E:T ratios. In both cases, counting beads were used to quantify 

the absolute number of residual live target cells. Residual live target cells were CellTrace 

violet+ 7-AAD-.  

(e) Scatter plot showing the percentage quantification of TNF from live CTLA-4negative or 

CTLA-4positive CD3+ anti-CD123 CAR T cells following a 24h co-culture with media only or 

MOLM-13 cells.  

(f) Representative flow cytometry plot from each condition from (e) is shown.  

(g) Representative histograms depicting the proliferation of CTLA-4positive (left panel) and 

CTLA-4negative (right panel) CD123 CAR T cells or NTD T cells as examined by CellTrace 

violet dye dilution. Cells were co-cultured for 96 hours with MOLM-13 cells at an E:T 

ratio of 1:1. Each dotted line represents one cell division. All graphed data are 

represented as mean ± SEM. P-values were calculated using (b) Mantel-Cox test (log-

rank) or unpaired Student’s t-test (Mann-Whitney) (e). 
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Figure 9: AZA pre-treatment of the leukemia cells promotes intracellular retention 

of CTLA-4 while enhancing Lck and ZAP70 signaling in the anti-CD123 CAR T 

cells. 

(a) Scatter plot showing the extracellular expression levels of CTLA-4 in CD4+ anti-

CD123 CAR or NTD T cells following a 96h co-culture in the presence of media only, 

naive MOLM-13 cells, or MOLM-13 cells pre-treated with 1µM AZA. Data was pooled 

from 4 independent experiments.  

(b) Representative flow cytometry plot depicting intracellular levels of CTLA-4 in CD4+ 

anti-CD123 CAR or NTD T cells.  

(c) Scatter plot showing the intracellular expression levels of CTLA-4 in CD4+ anti-

CD123 CAR or NTD T cells following a 96h co-culture in the presence of media only, 

naive MOLM-13 cells, or MOLM-13 cells pre-treated with 1µM AZA. Since raw 

intracellular expression levels could include surface levels of CTLA-4, extracellular and 

intracellular staining from the same sample were set up side by side and analyzed. The 

scatter plot depicts the difference between intracellular levels with extracellular levels to 

give the ‘true’ intracellular expression of CTLA-4 in the cells. Data was pooled from 4 

independent experiments.  

(d) Representative flow cytometry plot depicting the phosphorylated level of LcK (pLck) 

in CD4+ anti-CD123 CAR T cells that have been exposed for 96h to media only, 

untreated MOLM-13 cells, or MOLM-13 cells pre-treated with 1µM AZA.  

(e) Representative flow cytometry plot depicting the phosphorylated level of Zap70 

(pZap70) in CD4+ anti-CD123 CAR T cells that have been exposed for 96h to media 

only, untreated MOLM-13 cells, or MOLM-13 cells pre-treated with 1µM AZA.  

(f) Scatter plot depicting the fold change in percentage expression of pLcK in CD4+ anti-

CD123 CAR T cells. Data were pooled from 4 independent experiments.  

(g) Scatter plot depicting the fold change in percentage expression of pZap70 in CD4+ 

anti-CD123 CAR T cells. Data were pooled from 4 independent experiments. All graphed 

data are represented as mean ± SEM. P-values were unpaired Student’s t-test (Mann-

Whitney).  
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Supplementary Materials and Methods 

Fig. S1: Phenotypic analysis of CD123 expression on primary healthy donor bone 
marrow cells 
 
Fig. S2: CD123 is overexpressed on primary AML while low to absent on healthy donor 
cells 
 
Fig. S3: Third-generation anti-CD123 CAR T cell construct and the phenotypic 
evaluation of the CAR T cells prior to functional analysis 
 
Fig. S4: In vitro effector functions of anti-CD123 CAR T cells against AML cell lines 
 
Fig. S5: Third-generation anti-CD123 CAR T cells recognize and eliminate CD123+ AML 
cells in vitro. 
 
Fig. S6: Treatment of AML with azacitidine and CD123 CAR T cells does not cause 
epithelial tissue damage 
 
Fig. S7: Analysis of residual T cells and their expression for exhaustion markers in the 
bone marrow of MOLM-13 AML xenograft mice 
 
Fig. S8: Analysis of residual T cells and their expression for exhaustion markers in the 
peripheral blood of MOLM-13 AML xenograft mice 
 
Fig. S9: Analysis of residual CD4+ and CD8+ T cell subsets in the bone marrow and 
peripheral blood of MOLM-13 AML xenograft mice 
 
Fig. S10: Analysis of CTLA-4negative and TNF expression on residual CD8+ T cells in the 
bone marrow and peripheral blood of MOLM-13 AML xenograft mice treated with CTLA-
4negative or CTLA-4positive anti-CD123 CAR T cells 
 
Fig. S11: Assessment of the phosphorylation of intracellular Lck and Zap70 in CD8+ 
anti-CD123 CAR T cells in the presence of MOLM-13 AML cells. 
 
Table S1: AML Patient Characteristics (SAHMRI, Adelaide, Australia) 
Table S2: AML Patient Characteristics (University Medical Clinic, Freiburg, Germany) 
Table S3: Antibodies for flow cytometry 
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Supplementary Figure 1: Phenotypic analysis of CD123 expression on primary 
healthy donor bone marrow cells 
 
(a) Representative flow cytometry gating strategy, including fluorescence minus one 

(FMO) controls, used to evaluate CD123 expression on bulk HD myeloid cells.  

(b) Representative flow cytometry gating strategy, including fluorescence minus one 

(FMO) controls, used to evaluate CD123 expression on HD stem and progenitor cell 

populations.  
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Supplementary Figure 2: CD123 is overexpressed on primary AML while low to 

absent on healthy donor cells.		

(a) Representative flow cytometry gating strategy used to evaluate CD123 expression on 

AML stem and progenitor cells. Primitive and differentiated cell populations from 

relapsed/refractory AML patient BMMNC samples at diagnosis were analyzed and 

compared to HD BMMNC samples for CD123 expression on (b) CD13
+
CD33

+ 
bulk 

myeloid cells, (c) CD34
+
 bulk primitive cells (left panel), CD34

+
CD38

_
 progenitor cells 

(middle panel), CD34
+
CD38

+ 
HSC/MPP populations (right panel), and (d) CD34

_
 bulk 

mature/differentiated cells by flow cytometry. Gates were set on bulk AML or HD cells 

(SSC v FSC), following this; viable single cells were defined based on FSC-A v FSC-H 

and exclusion of dead cells by live dead aqua viability stain (LDA
-
). Data are represented 

as individual values with bars representing the median value of each group. P-values 

were calculated using unpaired Student’s t-test (Mann-Whitney).  
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Supplementary Figure 3: Third-generation anti-CD123 CAR T cell construct and 

the phenotypic evaluation of the CAR T cells prior to functional analysis. 

(a) Schematic of the third-generation CAR construct. The single chain variable fragment 

(scFv) was derived from the fully humanized CD123 (CSL362) neutralizing antibody 

connected with a (G4S)3 linker. The scFv was fused to an IgG4 hinge spacer, CD28 

transmembrane domain, and intracellular signaling module. The intracellular signaling 

module consists of two co-stimulatory molecules: CD28 and OX4O which are attached to 

the CD3ζ chain.  

(b) Representative flow cytometry dot plots demonstrating the phenotype of healthy 

donor derived T cells prior to activation with CD3/CD28 dynabeads and CD123 CAR 

lentiviral transduction. The majority of T cells from healthy donors were CD4+ phenotype 

(left panel). The majority of CD8+ (right top panel) and CD4+ (right lower panel) T cells 

possess a naive phenotype prior to activation. However, a small portion of cells are 

phenotypically central memory (CM), effector memory (EM) or terminally differentiated 

effector memory (TDEM).  

(c) Representative flow cytometry dot plots demonstrating the change in phenotype of 

healthy donor derived T cells following 17 days of activation and expansion, and post 

CD123 CAR lentivirus transduction. By day 17 the majority of CD8+ (top panel) and CD4+ 

T cells (bottom panel) possess a CM or EM phenotype.  

(d) Representative flow cytometry dot plot showing the expression of CD3+ T cells 

transduced with Protein-L on day 5 post transduction. Cells that are double positive for 

CD3 and Protein-L successfully harbor the CD123 CAR. Non-transduced (NTD) T cells 

are included for comparison. Cells were then enriched for CD3+ Protein-L+ by flow 

sorting prior to functional testing.  

(e) Scatter plots depicting the expression of exhaustion markers: LAG-3, TIM-3, CTLA-4, 

and PD-1 on CD8 T cells (left panel) and CD4 T cells (right panel) 17 days following 

activation and pre-exposure to CD123+ target cells. The data is pooled from 3 

independent transductions and are presented as mean ± SEM. 
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Supplementary Figure 4: In vitro effector functions of anti-CD123 CAR T cells 

against AML cell lines.  

CD123 CD8+ (top panel) and CD4+ (bottom panel) CAR T cells were co-cultured for 4 

hours with KG1a (CD123+) or SUPB15 (CD123_) cells at different E:T ratios and 

analyzed for surface CD107a expression. Data is pooled from 3 independent 

experiments, each plated in duplicate. (b) Representative histograms depicting the 

proliferation of CD8+ (left panel) and CD4+ (right panel) anti-CD123 CAR T cells 

examined by CellTraceTM violet dye dilution following 96 hours of co-culture with media 

(untreated), KG1a or SUPB15 cells at an E:T ratio of 1:1. Each dotted line represents 

one cell division. (c) Scatter plot graphs denoting the total proliferating CD8+ and CD4+ 

CAR T cells following the 96-hour co-culture with media, KG1a or SUPB15 cells. (d) 

Atni-CD123 CAR T cells were co-cultured with media only (untreated), KG1a or SUPB15 

cells at an E:T ratio of 10:1 for 24h. The supernatant was analyzed and quantified for the 

release of various cytokines. The cytokines/chemokines with major differences between 

each treatment group are depicted. (e) Specific cytotoxicity of anti-CD123 CAR T cells 

against KG1a or SUPB15 cells (CellTraceTM violet labelled) by flow cytometric analysis 

following a 16h co-incubation. Assay was performed in triplicate with a fixed number of 

target cells/well for all E:T ratios. Counting beads were used to quantify the absolute 

number of residual live target cells at the end of the co-culture. Residual live target cells 

were CellTrace violet+ 7-AAD-. All graphed data is presented as mean ± SEM. P-values 

were calculated using 1-way ANOVA.  
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Supplementary Figure 5: Third-generation anti-CD123 CAR T cells recognize and 

eliminate CD123+ AML cells in vitro. 

(a) Specific cytotoxicity of anti-CD123 CAR T cells or NTD T cells against CD123+ 

MOLM-13 cells (CellTrace violet labelled) by flow cytometric analysis following a 16h co-

incubation. (b) Specific cytotoxicity of anti-CD123 CAR T cells against 3 patient primary 

AML bone marrow cells with varying CD123+ expression or healthy donor (HD) bone 

marrow cells (CellTrace violet labelled) by flow cytometry based analysis following a 16h 

co-incubation. In both cases, the assays were performed in triplicate with a fixed number 

of target cells/well for all E:T ratios. Counting beads were used to quantify the absolute 

number of residual live target cells at the end of the co-culture. Residual live target cells 

were CellTrace violet+ 7-AAD-. (c) CD34+ or (d) CD34– cells were immunomagnetically 

selected and co-cultured in media only (untreated), with anti-CD123 CAR T cells or NTD 

T cells for 6 hours at an E:T ratio of 10:1. The cells were subsequently plated in 

semisolid methylcellulose progenitor media, cultured for 14 days, and scored using an 

inverted microscope for the presence of leukemia colony-forming units (CFU-L). The 

experiment was performed using 3 primary AML patient samples, each plated in 

duplicate. Colony numbers are represented per 1000 plated cells. All graphed data are 

represented as mean values ± SEM. P-values were calculated with 1-way ANOVA. 
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Supplementary Figure 6: Treatment of AML with azacitidine and anti-CD123 CAR T 

cells does not cause epithelial tissue damage. 

(a) Representative hematoxylin and eosin (H&E) staining of liver and colon tissues of 

MOLM-13 engrafted Rag2–/–Il2rγ–/– mice treated with PBS, 5x106 NTD T cells, 5x106 

CD123 anti-CAR T cells, or AZA with 5x106 anti-CD123 CAR T cells to detect the 

presence of epithelial tissue damage. Images were taken at magnifications: 100x, 200x, 

400x (represented on the scale bar as 20µm, 50µm, 100µm).  

(b-d) Liver, small intestine, and colon tissues of PBS, NTD T cells, anti-CD123 CAR T 

cells or AZA with anti-CD123 CAR T cells were scored for degree of tissue damage and 

quantified. Data were pooled from 2 independent experiments.  

(e) Representative H&E staining of liver tissue from MOLM-13 engrafted Rag2–/–Il2rγ–/– 

mice treated with PBS or NTD T cells. Images show tumor cell infiltration in the liver 

tissues. Images were taken at a magnifications 200x and 400x (represented on the scale 

bar as 50µm and 100µm).  Abbreviations: BD: Biliary duct- without intraepithelial 

lymphocytic infiltration and without bile duct destruction. C: crypt- no apoptosis within the 

epithelium of the crypt base and without crypt destruction. T: tumor- infiltration of tumor 

cells with undifferentiated phenotype.  
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Supplementary Figure 7: Analysis of residual T cells and their expression for 

exhaustion markers in the bone marrow of MOLM-13 AML xenograft mice.  

(a) Scatter plot graph depicting the residual CD4+ T cells in the mice treated with anti-

CD123 CAR T cells only versus the mice treated with AZA and anti-CD123 CAR T cells. 

(b) Scatter plot graph depicting the residual CD8+ T cells in the mice treated with anti-

CD123 CAR T cells only versus the mice treated with AZA and anti-CD123 CAR T cells. 

Scatter plot graphs depicting the expression of residual CD4+ T cells from mice treated 

with anti-CD123 CAR T cell only versus AZA and anti-CD123 CAR T cells that were (c) 

PD-1negative TIM-3negative. Scatter plot graphs depicting the expression of residual CD8+ T 

cells from mice treated with CD123 CAR T cell only versus AZA and anti-CD123 CAR T 

cells that were (d) PD-1negative TIM-3negative and (e) CTLA-4negative. All data were pooled 

from 2 independent experiments and presented as mean absolute cell count ± SEM. P-

values were calculated using unpaired Student’s t-test (Mann-Whitney).  
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Supplementary Figure 8: Analysis of residual T cells and their expression for 

exhaustion markers in the peripheral blood of MOLM-13 AML xenograft mice. 

(a) Scatter plot graph depicting the residual CD4+ T cells in the mice treated with anti-

CD123 CAR T cells only versus the mice treated with AZA and anti-CD123 CAR T cells. 

(b) Scatter plot graph depicting the residual CD8+ T cells in the mice treated with anti-

CD123 CAR T cells only versus the mice treated with AZA and anti-CD123 CAR T cells. 

Scatter plot graphs depicting the expression of residual CD4+ T cells from mice treated 

with anti-CD123 CAR T cell only versus AZA and anti-CD123 CAR T cells that were (c) 

PD-1negative TIM-3negative. Scatter plot graphs depicting the expression of residual CD8+ T 

cells from mice treated with anti-CD123 CAR T cell only versus AZA and anti-CD123 

CAR T cells that were (d) PD-1negative TIM-3negative. Scatter plot graphs depicting the 

expression of residual CD4+ T cells from mice treated with anti-CD123 CAR T cell only 

versus AZA and anti-CD123 CAR T cells that were (e) CTLA-4negative. Scatter plot graphs 

depicting the expression of residual CD8+ T cells from mice treated with anti-CD123 CAR 

T cell only versus AZA and anti-CD123 CAR T cells that were (f) CTLA-4negative. All data 

were pooled from 2 independent experiments and presented as mean absolute cell 

count ± SEM. P-values were calculated using unpaired Student’s t-test (Mann-Whitney).  
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Supplementary Figure 9  
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Supplementary Figure 9: Analysis of residual CD4+ and CD8+ T cell subsets in the 

bone marrow and peripheral blood of MOLM-13 AML xenograft mice. 

Scatter plot graphs depicting (a) T stem cell-like (Tscm-like), (b) central memory (Tcm), (c) 

effector memory (Tem), and (d) terminally differentiated effectors (Teff) cells from residual 

CD4+ and CD8+ anti-CD123 CAR T cells in the bone marrow of mice treated with anti-

CD123 CAR T cells only versus the mice treated with AZA and anti-CD123 CAR T cells. 

Scatter plot graphs depicting (e) T stem cell-like (Tscm-like), (f) central memory (Tcm), (g) 

effector memory (Tem), and (h) terminally differentiated effectors (Teff) cells from residual 

CD4+ and CD8+ anti-CD123 CAR T cells in the peripheral blood of mice treated with anti-

CD123 CAR T cells only versus the mice treated with AZA and anti-CD123 CAR T cells. 

All data were pooled from 2 independent experiments and presented as mean absolute 

cell count ± SEM. P-values were calculated using unpaired Student’s t-test (Mann-

Whitney).  
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Supplementary Figure 10: Analysis of CTLA-4negative and TNF expression on 

residual CD8+ T cells in the bone marrow and peripheral blood of MOLM-13 AML 

xenograft mice treated with CTLA-4negative or CTLA-4positive anti-CD123 CAR T cells. 

Scatter plot graphs depicting the CTLA-4negative expression of residual CD8+ T cells in the 

(a) bone marrow and (b) peripheral blood or mice treated with CTLA-4negative or CTLA-

4positive anti-CD123 CAR T cells. Scatter plot graphs depicting the TNF expression of 

residual CD8+ T cells in the (c) bone marrow and (d) peripheral blood or mice treated 

with CTLA-4negative or CTLA-4positive anti-CD123 CAR T cells. All data were pooled from 2 

independent experiments and presented as mean ± SEM. P-values were calculated 

using unpaired Student’s t-test (Mann-Whitney).  
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Supplementary Figure 11: Assessment of the phosphorylation of intracellular Lck 

and Zap70 in CD8+ anti-CD123 CAR T cells in the presence of MOLM-13 AML cells.  

(a) Representative flow cytometry plot depicting the phosphorylated level of LcK (pLck) 

in CD8+ anti-CD123 CAR T cells that have been exposed for 96h to media only, naive 

MOLM-13 cells, or MOLM-13 cells pre-treated with 1µM AZA.  

(b) Representative flow cytometry plot depicting the phosphorylated level of Zap70 

(pZap70) in CD8+ anti-CD123 CAR T cells that have been exposed for 96h to media 

only, naive MOLM-13 cells, or MOLM-13 cells pre-treated with 1µM AZA.  

(c) Scatter plot depicting the fold change in percentage expression of pLcK in CD4+ anti-

CD123 CAR T cells. Data were pooled from 4 independent experiments.  

(d) Scatter plot depicting the fold change in percentage expression of pZap70 in CD4+ 

anti-CD123 CAR T cells. Data were pooled from 4 independent experiments. All graphed 

data are represented as mean ± SEM. P-values were unpaired Student’s t-test (Mann-

Whitney).  
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Suppl. Table 1: AML Patient Characteristics (SAHMRI, Adelaide, Australia) 
 

Patient Cytogenetics Risk Group 
1 Normal Intermediate 
2 Normal Intermediate 
3 Normal Intermediate 
4 Normal Intermediate 
5 Monosomy 7q Poor 
6 Normal Intermediate 
7 Normal Intermediate 
8 Trisomy 8 Intermediate 
9  Normal Intermediate 

10 Normal Intermediate 
11 t(5,10); tri21 Intermediate 
12 Trisomy 8, trisomy 

19, 11q- and marker 
chromosome X 3 

Poor 

13 Normal Intermediate 
14 Del9q; trisomy21 Intermediate 
15 Normal Intermediate 
16 Normal Intermediate 
17 Normal Intermediate 
18 Normal Intermediate 
19 Normal Intermediate 
20 Normal Intermediate 
21 11q23 rearranged, 

trisomy 21 
Intermediate 

22 Del6q Intermediate 
23 Normal Intermediate 
24 Normal Intermediate 
25 Flt3-ITD+ Poor 
26 Trisomy 8 Intermediate 
27 Flt3-ITD+ Poor 
28 Flt3-ITD+ Poor 
29 Normal Intermediate 
30 Normal Intermediate 
31 Del5q; Monosomy 7 Poor 
32 Trisomy 11 Intermediate 

 
*Blast counts (%) for patients were not available in the database. 
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Suppl. Table 2: AML Patient Characteristics 
 (University Medical Clinic, Freiburg, Germany) 

 
Patient Cytogenetics % Blast Count 

PB 
% Blast Count 

BM  
Blast 

phenotype 
1 V617F (JAK2) 94 85 CD34+ CD117- 
2 Normal 0 0.3 CD34+ CD117- 
3 21q22/RUNX1 

mutation 
12 71 CD34+ CD117- 

4 ASXL-1, DNMT3A, 
IDH1, PHF6, RUNX1 

mutations 

90 75 CD34+ CD117- 

5 5q31/5q33 (EGR1); 
KMT2A 11q23 
rearrangement; 
t(8;21) RUNX1 

mutation 

4 43 CD34+ 

6 NPM1 mutation 13 Not available CD117+ 
7 Monosomy 7; t(8;21) 50 74 CD34+ 

8 Normal 77 93 CD117+ 
9  IDH2, IKZF1, NRAS, 

TET-2 mutations 
>95 80 CD34+ 

10 Normal Not available Not available Not available 
11 CBL, TP53 

mutations 
35 2.5 CD34+ CD117+ 

12 PTPN11 (exon 13) 
mutation 

13 Not available CD34+ CD117+ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



	

	
	

182 

COMBINING AZACITIDINE AND CD123 CAR T 
CELLS FOR THE TREATMENT OF AML IN 
VIVO 

 

 

 

9 
 

Suppl. Table 3: Antibodies for flow cytometry 

Antibody Clone Catalogue 
number 

Fluorochrome Vendor 

Anti-human CD3 SK7 344824 Pacific Blue Biolegend 

Anti-human CD3 UCHT1 560835 PerCP-Cy5.5 BD Bioscience 

Anti-human CD3 OKT3 317333 PeCy7 Biolegend 

Anti-human CD3 HIT3a 300312 APC Biolegend  

Anti-human CD3 HIT3a 300306 FITC Biolegend 

Anti-human CD4 SK3 11-0047-42 FITC eBioscience 

Anti-human CD4 OKT4 317436 BV650 Biolegend 

Anti-human CD95 DX2 555674 PE BD Bioscience 

Anti-human CD8 RPA-T8 555369 APC BD Bioscience 

Anti-human CD8 BW135/80 130-113-162 Pacific Blue Miltenyi Biotec 
Anti-human CD8 RPA-T8 563677 BV711 BD Bioscience 

Anti-human CD45RO UCHL1 25-0427-42 PeCy7 eBioscience 

7-Aminoactinomycin D 
(7-AAD) 

N/A 559925 PerCP-Cy5.5 BD Bioscience 

Anti-human CD27 0323 47-0279-42 APC-ef780 eBioscience 

Anti-human CD45RA HI100 304138 BV711 Biolegend 

Anti-human CD45RA  HI100 560675 PeCy7 BD Bioscience 

Anti-human CD45 2D1 347463 FITC BD Bioscience 

Anti-human CD45  2D1 560178 APC-H7 BD Bioscience 

Anti-human CD123  7G3 558714 PerCP-Cy5.5 BD Bioscience 

Anti-human CD123 7G3 560826 
 

PeCy7 BD Bioscience 

Anti-human CD279 
(PD-1)  

EH12.2H7 329904 FITC Biolegend 

Anti-human CD279 
(PD-1)  

EH12.1 560795 PE BD Bioscience 

Anti-human CD152 
(CTLA-4) 

BN13 563931 
 

BV786 BD Bioscience 

Anti-human CD152 
(CTLA-4)  

L3D10 349908 APC Biolegend 

Anti-human CD152 
(CTLA-4)  

14D3 11-1529-42 FITC BD Bioscience 

Anti-human CD336 
(TIM-3) 

7D3 565564 BV650 BD Bioscience 
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Anti-human CD223 
(LAG-3) 

T47-530 565716 Alexa Flour 647 BD Bioscience 

Live Dead Aqua  N/A 555516 V500/Amcyan Invitrogen/Thermo 
Fischer Scientific 

Anti-human  Lin- 
Cocktail (CD3, CD14, 
CD16, CD19, CD20, 

CD56) 

UCHT1;HCD1
4;3G8;HIB19:2

H7:HCD56 

348805 Pacific Blue Biolegend 

Anti-human CD38 LS198-4-3 A99022 ECD Beckman Coulter 

Anti-human CD34 581 561440 Alexa Fluor 700 BD Bioscience 
 

Anti-human CD13 WM15 561599 PeCy7 BD Bioscience 

Anti-human CD33 WM53 561157 V450 BD Bioscience 

Anti-human CD19  HIB19 302234 BV421 Biolegend 

Anti-human CD11c 3.9 301610 PeCy5 Biolegend 

Anti-human CD304 12C2 354504 PE Biolegend 

Anti-human CD14 TuK4 MHCD1417 PE Texas Red Life Technologies 

Anti-human HLA-DR TU36 MHLDR17 PE Texas Red Life Technolgies 

Anti-human CD117 (c-
kit) 

104D2 332785 PE BD Biosciences 

Anti-human CD107a H4A3 555800 FITC BD Bioscience 

Streptavidin-Conjugated 
PE 

N/A 349023 PE BD Bioscience 

Pierce Biotinylated 
recombinant Protein-L 

N/A 21189 N/A Thermo Fischer 
Scientific 

Anti-human TNFα Mab11 502909 PE Biolegend 

Anti-human IFN-γ 4S.B3 502512 APC Biolegend 
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Supplementary Materials and Methods 

 

Primary Healthy Donor (HD) and AML cells 

Primary cells were maintained in RPMI-1640 supplemented with 20% fetal calf serum 

(FCS), 2mM L-glutamine, 100U/ml penicillin/streptomycin, and human stem cell factor 

(5ng/mL).  

 

Tumor cell lines 
The human leukemia cell lines MOLM-13, KG1a, and SUPB15 were purchased from 

ATCC (American Type Culture Collection, Manassas, Virginia, USA) and cultured in 

RPMI-1640 supplemented with 10% FCS, 2mM L-glutamine, 100U/ml 

penicillin/streptomycin. MOLM-13 cells were transduced with a lentiviral vector encoding 

the firefly luciferase (ffluc)-green fluorescent protein (GFP) transgene to enable detection 

by bioluminescence imaging (ffLuc). These cells were kindly provided by Max Jakob 

Kappenstein and Prof. Dr. Nikolas von Bubnoff, Freiburg, Germany.  

 

Flow cytometric analysis of CD123-expression on primary bone marrow 
mononuclear cells 
Cell surface expression of CD123 was analyzed on primary AML and healthy donor cells 

using conjugated mouse anti-human CD123 mAb. Cells were washed with 1x PBS 

supplemented with 2mM EDTA, 2% FCS, and 5% sodium azide, resuspended in 100µl, 

and stained with 15µl/test of human anti-CD123 PerCPCy5.5 (BD Biosciences) for 

30minutes at 4oC. Cells were also stained with: Live dead Aqua-V500, CD13-PeCy7, 

CD33-V450, CD34-AF700, CD38-ECD, CD90-BV650, Lin- cocktail (CD3, CD14, CD16, 

CD19, CD20, CD56)-PB, and CD45RA-PeCy7 (BD Biosciences or Beckman Coulter). 

Unstained and fluorescence minus one (FMO) controls were used to identify gating 

boundaries. 

 

Affinity of the CSL362 anti-CD123 monoclonal antibody 

The affinity of the anti-CD123 antibody that was the basis for the scFv fragment that we 

used for the anti-CD123 CAR T cells was previously characterized for its affinity against 

wild-type (WT) IL-3Rα. The binding affinity was found to be high at: 4.0±1.1 KD (nM)).1, 2 

The binding affinity of the CSL362 mAb is comparable or higher than the binding affinity 

of other antibodies/single chains used to generate CD123 directed CAR T cells 

published by others 3. 
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CAR construction and generation of CAR Lentivirus  
A codon optimized single chain fragment variant (scFv) comprising the VH and VL 

segments of the humanized, and affinity-matured antibody of 7G3, CSL362, was 

synthesized and developed.1 The scFv was fused to a CAR backbone comprising a short 

IgG4-Fc hinge spacer, a CD28 transmembrane, CD28 followed by an OX4O 

costimulatory moiety, and the CD3ζ signaling domain. The anti-CD123 CAR lentivirus 

was produced in HEK-293T cells. Briefly, 293T cells were plated one day prior to 

transfection and cultured in hi-glucose Dulbecco’s minimum essential medium (DMEM) 

supplemented with 10% fetal calf serum (FCS) and 1% penecillin/streptomycin to 

achieve 60-80% confluence on the day of transfection. On the day of transfection, 5.5µg 

each of the anti-CD123 lentiviral DNA, pMDL-pRRE, pRSV-REV, and PMD2.G 

packaging plasmid DNA were added to serum-free media (Opti-MEM) and Lipofectamine 

3000. The mixture was added to the HEK-293T cells following 30min incubation at RT. 

Cell culture media was replaced after 16 hours and cultured for a further 48 hours. The 

viral supernatant was harvested, centrifuged, and filtered through a 0.45µm membrane 

filter. The viral supernatant was concentrated by ultracentrifugation, resuspended in 

1/150th of the original culture volume with cold sterile 1x phosphate-buffered saline (PBS) 

and stored in single use aliquots at -80oC until use.  

 

Preparation of HD-derived CAR modified T cells 

T cells were isolated from healthy donor peripheral blood mononuclear cells (PBMCs) 

using the human pan T cell isolation kit (Miltenyi Biotec). Purified CD3+ T cells were 

stimulated and cultured with human CD3/CD28 dynabeads (Gibco Biosciences) two 

days prior to lentiviral transduction. Lentiviral gene-transfer was performed at a moiety of 

infection (MOI) range of 5-10. For the NTD T cells, lentiviral-gene transfer was not 

performed. After 7 days, CD3/CD28 dynabeads were removed from the culture and T 

cells successfully transduced with the CD123 CAR were determined by staining with 

biotinylated recombinant Protein-L (Pierce, Thermo Fischer), streptavidin-PE, and 7-AAD 

viability dye (BD Biosciences, San Diego, CA). Successfully transduced CD123 CAR T 

cells were purified (sort purity >95%) using flow sorting. Purified anti-CD123 CAR T cells 

were then expanded in culture with recombinant human 100U/ml interleukin (IL)-2 

(Peprotech, Rocky Hill, NJ) for 10 days.  

 

In Vitro T cell Subset Phenotypic Analysis 

Anti-CD123 CAR T cells were harvested prior to and post lentiviral transduction and 

phenotypically analyzed. Cells were washed twice with 1x PBS supplemented with 2mM 

EDTA, 2%FCS, and 5% sodium azide, resuspended in 100µl, and stained with live dead 
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aqua viability dye-V500, CD3-PerCPCy5.5, CD8-APC, CD27-APC-ef780, CD45RO-

PeCy7 (BD Biosciences) for 30 minutes on ice, in the dark. Cells were washed twice and 

resuspended in a final volume of 200µl prior to flow cytometric analysis. Unstained and 

fluorescence minus one (FMO) controls were used to identify gating boundaries. 

 

In Vivo T cell Subset Phenotypic Analysis 

Bone marrow from the hind legs, and peripheral blood mononuclear cells following 

cardiac puncture were isolated from MOLM-13 xenograft mice treated with PBS, NTD T 

cells, CD123 CAR T cells only, azacytidine only, or dual treated. Cells were washed 

thrice with 1x PBS, trypan blue counted, and equally distributed. Cells were blocked with 

human FcR (Miltenyi Biotec) for 20 minutes. Cells were subsequently stained for residual 

leukemia cells, residual CAR T cells and its phenotypic subsets, and exhaustion 

expression on the residual CAR T cells (Supplementary Table 3). Cells were stained on 

ice, in the dark for 45 minutes. Unstained and fluorescence minus one (FMO) controls 

were used to identify gating boundaries. 

 

Quantification of absolute cell numbers in bone marrow samples 

Bone marrow from hind legs and hip bones were flushed in a fixed volume of PBS 

(20ml). Cells from the BM of each mouse were counted based on the flushing volume 

and equally distributed in the FACS tubes for staining. A fixed number of bead events 

were acquired during FACS analysis along with a fixed volume for acquisition (150ul). 

Absolute cell counts were calculated according to the formula provided by the 

CountBrightTM Absolute counting beads manufacturer’s protocol (Invitrogen, Germany).  

 

T cell phenotypic exhaustion profiling 

Anti-CD123 CAR T cells were harvested at serial time-points during the expansion 

period and analyzed for surface expression of TIM-3, CTLA-4, LAG-3, and PD-1. Briefly, 

CAR T cells were harvested, CD3/CD28 dynabeads removed, and stained for CTLA-4-

BV786, CD8-BV711, TIM-3-BV650, CD3-PerCPCy5.5, PD-1-PE, LAG-3-AlexaFluor 647 

(BD Biosciences), and live dead aqua fixable viability stain (Life technologies) prior to 

flow cytometric analysis. Unstained and fluorescence minus one (FMO) controls were 

used to identify gating boundaries. 

 

In vitro CAR T cell Functional Analysis  

T cell Degranulation. Degranulation assays were performed as previously described 4. 

In brief, anti-CD123 CAR T cells and KG1a were incubated at ratios 1:1, 2:1, 5:1, and 
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10:1 for 4 hours at 37oC with FITC-CD107a (clone H4A3, BD Biosciences) and the 

protein transport inhibitor monensin (BD GlogiStop). SUPB15 (CD123-) cells were used 

as a control. Following incubation, cells were stained with CD3-PerCPCy5.5, CD8-APC 

(BD Biosciences), and live dead aqua fixable dead cell stain (Life Technologies) to 

determine the percentage of CD107+ CD4 and CD8 CAR T cells by flow cytometry. 

1µg/ml Staphylococcus aureus, Enterotoxin type B (SEB) (Merck Millipore) was used as 

positive control of degranulation. Negative controls received RPMI-1640 culture medium 

(supplemented with 10% FCS) or RPMI-1640 media with anti-CD123 CAR T cells only.  

CellTrace Violet Proliferation Assay. Anti-CD123 CAR T cells were labeled with 

CellTrace Violet (Life Technologies) according to the manufacturer’s instructions. KG1a 

or SUPB15 cells were irradiated at a dose of 100 Gy. T cells were incubated at a ratio of 

1:1 with irradiated target cells for 120 hours. Cells were then harvested, stained for CD3-

PerCPCy5.5, CD8-BV711 and Live dead far red fixable viability stain (Invitrogen) prior to 

flow cytometric analysis.  

Secretory Cytokine Measurement. Anti-CD123 CAR T cells (effectors) and KG1a cells 

(targets) were co-cultured at a E:T ratio of 10:1 at 37oC for 24 hours. For controls, 

SUPB15 cells were used as CD123- targets. The supernatant was harvested and stored 

in single use aliquots at -80oC until use. The supernatant was analyzed using the human 

30-plex milliplex kit according to the manufacturer’s protocol (Merck Millipore). 

Epithelial Tissue Damage Histological Scoring 

Mice were transplanted as described in the MOLM-13 AMLFLT3 ITD xenograft model. 

Samples from small intestine, colon, and liver were collected 28 days following T cell 

infusion. Samples were prepared, cut into 3µm sections, and stained with Hematoxylin & 

Eosin. The presence of epithelial tissue damage was determined and scored by an 

experienced pathologist (K.A) blinded to the treatment groups. Tissue damage severity 

was determined according to a previously described histopathology scoring system 5.  

 
Pharmaceutical Drugs  

5‘-Azacytidine (Sigma Aldrich, Munich, Germany) was reconstituted in sterile 

dimethylsulfoxide (DMSO, Sigma Aldrich, Munich, Germany) prior to dilution in sterile 

dH2O and used in in vitro and in vivo experiments. 
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Optimization of Azacitidine concentration in vitro 

In human plasma, Cmax values of AZA are 3-11 µM in order to observe substantial 

immunomodulatory and, especially, anti-leukemic effects 6, 7. In our in vitro studies, 

preliminary dose escalation studies for the cell lines demonstrated no further enhanced 

immunomodulatory effects beyond 1uM. An immediate (by 12 hours following addition of 

AZA to cells) and significant decrease in cell viability was observed in all AML cell lines 

with concentrations higher than 1uM. For the purposes of these studies, 1uM AZA was 

therefore used in all in vitro experiments since the focus was aimed at the 

immunomodulatory effects of AZA and not anti-leukemic activity.  

  

Optimization of Azacitidine administration in vivo 

The dose and schedule of AZA administration were chosen based on previously 

published data. The minimum dose with therapeutic benefit/immunomodulatory effects 

was 2 mg/kg.8 The maximum tolerated dose reported was 5mg/kg in a preclinical model 

of AML using immunocompromised mice.9 Since the aim of the study was not to use 

AZA for anti-leukemic purposes, the concentration of AZA used was 2.5mg/kg with the 

same schedule of administration as the study conducted with AML xenografts.9 In 

preliminary experiments, no significant anti-leukemic effects were observed. All in vivo 

experiments involving AZA, herein, followed this concentration and dosing schedule.  
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4.4 Additional Unpublished Methods 

RNA Isolation & Microarray Analysis. HL-60 cells that were previously cultured in the 

absence (D0) or presence of AZA (D1, D4, D8) were harvested and RNA was isolated using 

the RNeasy Mini Kit. This was prepared by the working group of AG Miething. RNA quality 

and quantity were assessed using a spectrophotometer at wavelengths of 260 and 280nm. 

RNA was further processed by the working group of Dr. Dietmar Pfeifer (Genomic lab of 

the University Medical Center Freiburg). The RNA quality was additionally assessed using 

the Agilent 2100 Bioanalyser. Samples with an RNA integrity number (RIN) greater than 8 

were then transcribed into complementary deoxyribonucleic acid (cDNA) and processed 

using the Ambion WT Expression kit, according to manufacturer’s protocol. The cDNA was 

fragmented, labelled with the Affymetrix Terminal labelling kit, and hybridised to the 

Affymetrix Clariom S Mouse arrays. The arrays were scanned with the Affymetrix GeneChip 

Scanner 3000 7G. All initial analysis of differential gene pathways was performed by Prof. 

Dr. Melanie Borries, Dr. Geoffroy Andrieux (Institute of Medical Bioinformatics and 

Systems Medicine, University of Freiburg), and Prof. Dr. Cornelius Miething.  

Western Blotting. HL-60 and MOLM-13 that were previously cultured in the absence (Day 

0) or presence of AZA (Day 4 and Day 8) were lysed for 20mins at 4oC using a ratio-

immunoprecipitation assay buffer (Santa Cruz Biotechnology, Heidelberg, Germany) 

supplemented with Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich, Germany). The cells 

were then centrifuged at 10,000 rpm for 10mins at 4oC. The supernatant was gently removed 

and stored at -80oC until protein quantification. The protein concentration was determined 

using PierceTM BCA Protein Assay Kit (Life Technologies, Germany), following the 

manufacturer’s protocol. For SDS-PAGE, 15µg of protein from each sample were mixed 

with NuPAGE LDS sample buffer and NuPAGE sample reducing agent and heat-

denaturised for 10mins at 75oC. Samples were loaded onto a 4-12% sodium dodecyl 

sulphate-polyacrylamide electrophoresis gel (NuPAGE, Invitrogen, Germany) and separated 

in 1x MES SDS running buffer using the XCell SureLock Mini-Cell Electropheoresis System 

at 90-140V. For protein transfer, a hybond polyvinylidene fluoride (PVDF) membrane 

(Amersham Biosciences, Germany) was prepared and activated in methanol for 30s 

following by a wash in ddH2O and NuPAGE transfer buffer. Proteins were transferred in 

NuPAGE transfer buffer using the XCell II Blot Module. The membrane was incubated 

with blocking buffer (5% BSA in 1x tris buffer saline containing 0.1% tween-20) for 2h at 

RT followed by incubation with primary antibodies (pIRF7, IRF7, pSTAT1, STAT1, HLA-
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DR, and b-actin) (Cell Signaling Technology, USA or Santa Cruz Biotechnology, USA) 

diluted 1:1000 in blocking buffer overnight at 4oC. Membranes were washed 3x with TBS-T 

at RT, then incubated with anti-rabbit IgG, HRP-linked antibody (secondary antibody) for 

2h at RT.  WesternBright Sirius Chemiluminescent Detection Kit (Advansta, USA) was used 

as the chemoluminescent substrate. The signals from the blot are captured using the 

ChemoCam Imager 3.2 (Intas Science Imaging Instruments GmbH, Germany) and 

quantified using LabImage 1D software of ImageJ.  
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4.5 Additional Unpublished Results  

4.5.1 Azacitidine increases key immunogenic markers in AML 

 Several studies have previously demonstrated increased tumour cell immunogenicity 

following AZA treatment, prolonging survival in some patients with high-risk MDS and 

AML (Issa, 2007). To validate the results from published data, the AML cell line HL-60, was 

exposed to 1µM AZA for 8 days. HL60 cells cultured in media without AZA were used as a 

control. HL-60 cells were isolated 1, 4, and 8 days following AZA exposure and RNA 

isolation was performed followed by a microarray-based analysis to assess the differential 

gene expression of key immunogenic markers between cells isolated on d1,4, and 8, versus 

d0.  This work was performed in collaboration with the working group of AG Miething and 

Dr. Desiree Redhaber.  

The selective clustering of genes associated with the “antigen processing and presentation” 

as well as “cytokines” and “interleukins” annotation identified multiple genes that were 

significantly upregulated when the cells were treated for 4 and 8 days with AZA compared to 

cells cultured in the absence of AZA or 24h following AZA treatment (Figure 4.2 A, B). 

Concordant with published data, the analysis verified that genes associated with MHC 

processing and presentation (HLA-DR molecules) were upregulated in the AZA treated cells 

compared to the cells treated in media only. Furthermore, the signal transducer and activator 

of transcription 1 (STAT1), the interferon regulatory factor 7 (IRF7), and several cytokines 

were also found to be upregulated in the treated groups compared to the non-treated 

control. Total STAT1, phosphorylated STAT1 (pSTAT1), total IRF7, phosphorylated IRF7 

(pIRF7), and the human leukocyte antigen DR isotype (HLA-DR) were also found to be 

significantly upregulated via western blot on the protein level of HL-60 and MOLM-13 cells 

at day 4 and day 8 following AZA treatment compared to the non-treated control (d0) (Figure 

4.2 C-E, Figure 4.3).  
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Figure 4.2. Azacitidine treatment leads to re-activation of key immunogenic markers on human 
HL60 cells.  
(A) The heatmap represents the expression of antigen processing and presentation associated genes in 
human HL-60 cells in the absence (day 0) or presence (1, 4, and 8 days) of 1µM AZA in culture. (B) The 
heatmap represents the expression of cytokines in human HL-60 cells that are upregulated following 
culture with 1µM AZA for 1,4, and 8 days compared to cell treated in the absence of AZA. (C) Western 
blot analysis shows the amount of phosphorylated IRF7 (pIRF7) and total IRF7 (tIRF7) in HL-60 cells in 
response to 1µM AZA. The blot is representative for three independent experiments (n=3). The ratio of 
pIRF7/b-actin and tIRF7/b-actin at D0, D4, and D8 is normalised to D0. (D) Western blot analysis 
shows the amount of phosphorylated STAT1 (pSTAT1) and total STAT1 (tSTAT1) in HL60 cells in 
response to 1µM AZA. The blot is representative for four independent experiments (n=4). The ratio of 
pSTAT1/b-actin and tSTAT1/b-actin at D0, D4, and D8 is normalised to D0. (E) Western blot analysis 
shows the amount of HLA-DR in HL-60 cells in response to 1µM AZA. The blot is representative for 
four independent experiments (n=4). The ratio of HLA-DR/b-actin at D0, D4, and D8 is normalised to 
D0. 
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Figure 4.3. Evidence of immunogenic markers upregulated at the protein level on MOLM-13 
AML cells in response to Azacitidine.  
(A) Western blot analysis shows the amount of phosphorylated IRF7 (pIRF7) and total IRF7 (tIRF7) in 
MOLM-13 cells in response to 1µM AZA. The blot is representative for four independent experiments 
(n=4). The ratio of pIRF7/b-actin and tIRF7/b-actin at D0, D4, and D8 is normalised to D0. (B) 
Western blot analysis shows the amount of phosphorylated STAT1 (pSTAT1) and total STAT1 (tSTAT1) 
in MOLM-13 cells in response to 1µM AZA. The blot is representative for six independent experiments 
(n=6). The ratio of pSTAT1/b-actin and tSTAT1/b-actin at D0, D4, and D8 is normalised to D0. (C) 
Western blot analysis shows the amount of HLA-DR in MOLM-13 cells in response to 1µM AZA. The 
blot is representative for six independent experiments (n=6). The ratio of HLA-DR/b-actin at D0, D4, 
and D8 is normalised to D0. 
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4.5.2 CTLA-4negative CAR T cells are associated with lower levels of regulatory T (Treg) 

cells in vivo 

 The CTLA-4 expression pathway and Tregs are essential for immune homeostasis. In 

certain cases, upregulation of CTLA-4 and Tregs serves an immunoregulatory function, 

suppressing the T cell response, when required, to avoid autoimmune responses. In the 

context of anti-tumour responses, increased CTLA-4 expression and/or increased numbers 

of Tregs  are undesirable and hampers the anti-tumour activity of T cells against the leukaemic 

cells (Walker, 2013)(N. Daver, Garcia-Manero, et al., 2019).   

To investigate whether CTLA-4positive CAR T cells are associated with increased Tregs, BM and 

PB CD4+ T cells were analysed for Tregs in mice that were treated with CTLA-4positive and 

CTLA-4negative CD123 CAR T cells.  

MOLM-13 AML xenograft mice were injected with either CTLA-4positive or CTLA-4negative 

CAR T cells on day 7 following confirmation of leukaemia engraftment.  Analysis of the BM 

showed that mice injected with CTLA-4positive CAR T cells remained CTLA-4positive at day 28 

following infusion (Manuscript Figure 7) and this was indeed associated with a high percentage 

(>60%) of CD4+ Treg cells (Figure 4.4 A). 

 In contrast, mice that were injected with CTLA-4negative CAR T cells revealed more than 80% 

remaining CTLA-4negative in the BM 28 days following infusion (Manuscript Figure 7). This was 

associated with low levels of (< 20%) CD4+ Treg cells (Figure 4.4 A). In the PB, the same 

trend was observed. Mice that were injected with CTLA-4positive CAR T cells revealed a 

significantly higher percentage of Tregs compared to mice injected with CTLA-4negative CAR T 

cells (97% vs. 18%) (Figure 4.4 B).   
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Figure 4.4. Analysis of regulatory CD4+ T cells in the BM and PB of MOLM-13 AML xenograft 
mice treated with CTLA-4negative or CTLA-4positive CD123 CAR T cells.  
Scatter plot graphs depicting the expression of CD4+ Treg in the (A) BM and (B) PB of mice treated with 
CTLA-4negative or CTLA-4positive CD123 CAR T cells. All data were pooled from 2 independent 
experiments and presented as mean ± SEM. P-values were calculated using unpaired Student’s t-test 
(Mann-Whitney). 
 
 
 
 
 
 
 
 
4.5.3 Direct application of Azacitidine does not promote an inhibitory effect on the 

CAR T cells in vitro 

 Since AZA is ineffective at eradicating AML LSCs alone, several small studies have 

trialled simultaneous applications of AZA with DLI in AML patients. Due to the broad 

mechanism of action, these studies hypothesised that AZA may impact the quality or extent 

of the T cell anti-tumour response. One such study reported immunosuppressive properties 

in mice (Sánchez-Abarca et al., 2010) which prompted a more comprehensive study 

investigating the impact of AZA and DLI on T cell response in AML patients.   

CD4+ T cells rely on epigenetic mechanisms to regulate lineage commitment (Wilson et al., 

2009). It has previously been documented that the master regulator of Tregs, FOXP3, is 

strongly regulated by methylation. Furthermore, memory function and IFN-g production in 

CD8+ T cells has also been reported to be controlled by methylation (Lal et al., 2009) 

(Chappell et al., 2006) (Kersh, 2006). 
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COMBINING AZACITIDINE AND CD123 CAR T 
CELLS FOR THE TREATMENT OF AML IN 
VIVO 

Although the data so far demonstrates that treatment with AZA at the indicated 

concentrations did not promote an inhibitory CAR T cell phenotype both in vitro and in vivo, 

it was important to confirm that AZA does not directly impact the CAR T cells. To answer 

this question, CD123 CAR T cells generated from 4 different HD’s were co-cultured for 96h 

in the absence or presence (1µM or 5µM) of AZA. The data demonstrated that AZA did not 

have a direct impact on CD4+ or CD8+ T cell polarisation. Furthermore, no differences were 

seen in the levels of CD4+ and CD8+ CAR T cells regardless of AZA concentration (Figure 

4.5 A).  

Within the CD4+ T cell compartment, no significant increase was observed in the percentage 

of Tregs between CD4+ CAR T cells cultured in 1µM AZA and CD4+ CAR T cells cultured in 

media only.  A significant increase in the percentage of Tregs was, however, observed in the 

CD4+ CAR T cells cultured in 5µM AZA compared to CD4+ CAR T cells cultured in media 

only (Figure 4.5 B). Co-culture of CAR T cells with 5µM AZA led to significant decreases in 

PD-1negativeTIM-3negative CD8+ CAR T cells compared to CAR T cells cultured with 1µM AZA 

or media only (Figure 4.5 C). The data suggests that AZA may directly increase 

immunosuppressive T cell responses at higher concentrations. However, at the 

concentrations that this study was carried out with, AZA does not seem to promote 

inhibitory CAR T cells.  
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Figure 4.5. Exogenous application of Azacitidine does not promote inhibitory CD123 CAR T cells 
in vitro. 
Scatter plot graphs depicting the expression of (A) CD4+ and CD8+ CAR T cells in the presence or 
absence of AZA following a 96h co-culture. (B) CD4+ CAR T cells were further analysed for presence of 
Tregs in the presence or absence of AZA following a 96h co-culture. (C) CD4+ and CD8+ CAR T cells 
were analysed for PD-1negative TIM-3negative and CTLA-4negative expression following a 96h co-culture in the 
presence or absence of AZA. Data was graphed from experiments using CAR T cells generated from 4 
HD’s and presented as mean ± SEM. P-values were calculated using 1-way ANOVA.  
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 CONCLUSION & FUTURE PERSPECTIVES 
 

5.1 Thesis Discussion & Future Perspectives  

 

AML is an aggressive disease that incorporates a diverse landscape of genetic and 

epigenetic mutations. The therapeutic platform for which to effectively treat AML, has 

remained largely unchanged for many decades. Consequently, very few AML patients are 

able to achieve a durable remission following a first attempt with therapeutic intervention. 

Recent advances in research has proven that immunotherapeutic strategies have the 

capability to eradicate chemotherapy-resistant leukaemic clones thereby providing long-term 

disease control. Allo-hSCT is one of the oldest and most successful forms of 

immunotherapeutic strategies for post-remission therapy in AML. However, the vast 

majority of older patients are ineligible for allo-hSCT due to frailty and lack of suitable 

donors and, in some cases, relapse following allo-hSCT also occurs (Lichtenegger et al., 

2017). Therefore, alternative immunotherapeutic strategies are urgently required.  

The adoptive transfer of gene modified T cells (CAR T cells) is a rapidly evolving field of 

cancer immunotherapy. Although encouraging clinical data have been reported for AML by 

targeting various different antigens, the potential bench-to-bedside translation to date, has 

been much less inspiring. Currently, a major focus of CAR T cells for AML is to prevent on-

target, off-tumour toxicities while ensuring anti-leukaemic efficacy and long-term activity 

remain intact.  

The central aim of this thesis was to develop novel third generation CAR T cells to enhance 

the immunotherapeutic platform for the treatment of AML. In the work described in this 

thesis, several third-generation anti-CD123 CAR T cells were developed and characterised 

(Chapter 3). The anti-CD123-CD28-OX40-SF CAR demonstrated superior and robust 

performance following various functional testing in vitro and was therefore tested for anti-

leukaemic efficacy in vivo. While no off-tumour toxicities were observed, the anti-CD123-

CD28-OX40-SF CAR T cells demonstrated modest cytolytic capacity of AML cells in 

xenograft mouse models. As a consequence, incomplete eradication of the leukaemia was 

observed.  

Combination therapy with the HMA, AZA, was therefore explored with the aim of boosting 

CAR T cell efficacy and longevity (Chapter 4).  In this context, it was hypothesised that AZA 
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would boost tumour cell visibility by upregulating the target antigen, CD123. Indeed, the 

work in this thesis identified that pre-treatment of AML cells with AZA increased the target 

antigen on the AML cell surface. Consequently, these anti-CD123 CAR T cells were found 

to eradicate AML in vivo and demonstrated a survival advantage over CAR T cell 

monotherapy.  

Numerous mechanisms could be responsible for this increased tumour recognition. As this is 

the first study to observe such findings, the underlying mechanisms have not been reported 

on within the literature at present. My data, as shown in chapter 4 revealed a novel finding 

that pre-treatment of AML cells with AZA also increased intracellular retention of CTLA-4 

in CD4+ anti-CD123 CAR T cells. This suggested that besides increasing tumour cell 

visibility, priming of AML cells with AZA also induced T cell reactivity.  

Under normal circumstances, CTLA-4 is known to be expressed following activation of T 

cells. CTLA-4 has a greater affinity for the CD80 and CD86 ligands present on the target 

cells. In turn, the expression of CD28 is reduced (Rotte et al., 2018). The loss of co-

stimulation through CD28 leads to cessation of cell proliferation and cytokine production 

thereby increasing the number of immunosuppressive Treg cells. This, therefore, restricts the 

extent and strength of the immune response to the malignant cells (Condomines et al., 2015) 

(Yoon et al., 2018). In cancer, the malignant cells use this mechanism to escape immune 

surveillance (Yoon et al., 2018).  

In this case, pre-treatment of AML cells with AZA seemed to prevent or delay this process. 

It remains unclear what changes to the AML cells, beyond epigenetic modifications, occur 

following AZA treatment that could be formally correlated with the induced immune 

response. Therefore, future studies are warranted to further characterise the events occurring 

at the immunological synapse between CAR T cells and AZA-primed AML cells to provide 

further mechanistic insight.  

The data presented in this thesis sought to elucidate how increased intracellular retention of 

CTLA-4 in the CAR T cells following exposure to AZA-primed AML cells contributed to 

increased T cell responses. It is known that sustained surface expression of CTLA-4 

effectively blocks the formation of Zap-70 containing micro-clusters in T cells (Schneider et 

al., 2008).  In this project, intracellular retention of CTLA-4 was associated with continued 

and sustained phosphorylation of Lck and Zap-70. As a result, this allowed the CAR T cells 
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to be more efficacious, providing enhanced anti-leukaemic activity (duration and response) 

against AML.  

Until recently, it was unclear whether CAR to antigen ligation activates CAR T cells using 

entirely conserved endogenous TCR signal transduction mechanisms. However, recently it 

was suggested that CARs are capable of recapitulating canonical T cell activation and 

function. How CAR design specifically influences these signalling events is an area of active 

investigation at present (Lindner et al., 2020) .  

Following antigen recognition by the TCR, the immediate downstream consequences are 

initiated by LcK. In turn, LcK phosphorylates the tyrosines in immune-receptor tyrosine-

based activation motifs (ITAMs). Additionally, LcK facilitates CD4 or CD8 co-receptor 

recruitment to strengthen the antigen:TCR interaction thereby creating a positive feedback 

loop to recruit additional LcK (Nika et al., 2010)(Casas et al., 2014)(Jiang et al., 2011). 

The phosphorylation of the 10 ITAMs within the TCR complex serve as recruitment and 

activation sites for Zap70 further activating downstream signalling proteins (Love & Hayes, 

2010)(Jiang et al., 2011) . In contrast to the signalling events that occur in TCRs, CARs 

contain only 3 ITAMs (6 if they dimerise) and function through co-receptor independent 

phosphorylation of CD3 ITAMs (Lindner et al., 2020).  

It has been shown that the choice of co-stimulatory domain can greatly influence CD3z 

ITAM phosphorylation. While ITAM phosphorylation occurs in the same position upon 

ligation of antigen and the CAR T cells, the intensity of phosphorylation is greater in CD28-

containing compared to 4-1BB-containing CAR T cells. This phenomenon was likely due to 

the proline-rich region of CD28 with which LcK associates (Salter et al., 2018)(Ramello et al., 

2019).  

Mutations to CD28 demonstrated a significant decrease in phosphorylation of CD3z upon 

CAR ligation (Salter et al., 2018). This suggested that CD28 in CARs act in a similar fashion 

to co-receptors in the TCR complex, and recruit LcK to potentiate a positive feedback loop.  

These observations are all based on early responses to CAR and target cell ligation. The role 

of Lck and its impact on long-term CAR T cell efficacy as well as its influence on Treg 

induction or resistance is currently an area of active research (Kofler et al., 2011) 

(Suryadevara et al., 2019).  
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Following phosphorylation, Zap-70 is recruited and docks via the dual SH2 domains and 

consequently phosphorylates a number of downstream substrates. Recruitment and 

phosphorylation of Zap-70 is usually mediated 24h following stimulation. However, it should 

be noted that other factors such as CAR density and affinity and/or T cell phenotype can 

affect this process. It remains elusive, at present, how CARs recruit proximal signalling 

molecules and should be further interrogated in future studies (Drent et al., 2019)(Karlsson 

et al., 2015).  

A recent study (Gudipati et al., 2020) showed that while the CAR outperformed the TCR 

with regards to antigen binding at the immunological synapse, antigen sensitivity was 

compromised. The investigators could show that CAR-proximal signalling was significantly 

attenuated due to inefficient recruitment of Zap-70 and therefore resulted in reduced 

concomitant activation and subsequent release of pro-inflammatory cytokines. Cycling of 

Zap-70 is integral to the signal amplification and the initiation of downstream signalling 

cascades (Katz et al., 2017). Inefficient Lck-mediated ITAM phosphorylation and Zap-70 

activation therefore contribute to decreased CAR T cell responsiveness to low antigen levels.  

It may therefore be a possibility that the reduced cytolytic capacity of the CAR T cells over 

time could be a result of this.  However, future studies are required to quantitatively 

investigate the differences in Lck and Zap-70 membrane recruitment, phosphorylation, and 

synaptic turnover in antigen engaged CAR T cells over a prolonged period of time. 

Furthermore, comparison should be made to CAR T cells engaged to AZA-primed AML 

antigens. This would allow for better elucidation on how AZA can indirectly maintain 

antigen sensitivity by the CAR T cells.  

While increased CD123 expression on the AML cells following AZA administration is 

hypothesized to be the main reason for increased efficacy of the CD123 CAR T cells, the 

epigenetic changes to the AML cells that allows for this effect to be seen has not been 

explored extensively in this project. As a follow up to the data presented here, the project 

would benefit from detailed methylome studies. This may help clarify whether CD123, the 

ligands on the AML cell that bind CTLA-4 on the CAR T cell, and other loci that regulate or 

enhance an interferon response by the AML cells could be responsible or, at least, contribute 

to the increased and long-term efficacy seen by the CD123 CAR T cells.  
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5.2 Conclusion 

In conclusion, data presented in this thesis demonstrate, for the first time, that anti-

leukaemic functions of the third generation anti-CD123 CAR T cells characterised here can 

be enhanced with prior treatment of primary AML cells with AZA. This thesis provides 

evidence that the LAA, CD123, can be augmented with treatment of AML cells with AZA. 

Further investigation identified that AZA primed AML cells induced a CTLA-4negative CAR T 

cell population which may be responsible for enhanced leukaemia control. Additionally, 

these CTLA-4negative CAR T cells were able to demonstrate increased signalling events 

immediately downstream of CAR ligation.  

Based on the findings observed in this thesis, prolonged proximal CAR signalling events 

beyond early responses to CAR ligation may be imperative for long term and enhanced CAR 

efficacy. The novel findings presented in this thesis pave the way for exploring the 

therapeutic efficacy of AZA and anti-CD123 CAR T cells in a world first clinical trial for 

AML patients who are treatment refractory and/or ineligible for allo-hSCT.  
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APPENDIX 

APPENDIX 
 

6.1. CAR Construct Full DNA Sequences 
 

 

Figure 6.1. Schematic representation of the anti-CD123 (CSL362) CD28-41BB-LF CAR DNA sequence. 

The DNA sequence first includes the scFv, a linker sequence, the IgG4 extended hinge, the CD28 and 4-

1BB co-stimulatory signalling domains, and finally the CD3z.  
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Figure 6.2. Schematic representation of the anti-CD123 (CSL362) CD28-41BB-SF CAR DNA sequence. 

The DNA sequence first includes the scFv (not shown, but represented in Figure 6.1), a linker sequence, 

the IgG4 (short) hinge, the CD28 and 4-1BB co-stimulatory signalling domains, and finally the CD3z.  

 

 

Figure 6.3. Schematic representation of the anti-CD123 (CSL362) CD28-OX40-SF CAR DNA sequence. 

The DNA sequence first includes the scFv (not shown, but represented in Figure 6.1), a linker sequence, 

the IgG4 (short) hinge, the CD28 and OX40 co-stimulatory signalling domains, and finally the CD3z.  
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Figure 6.4. Schematic representation of the anti-CD123 (CSL362) CD28-OX40-LF CAR DNA sequence. 

The DNA sequence first includes the scFv (not shown, but represented in Figure 6.1), a linker sequence, 

the IgG4 extended hinge, the CD28 and OX40 co-stimulatory signalling domains, and finally the CD3z.  
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6.2. List of All Consumables & Reagents 
 

Table 6.2.1: Supplier details of specialised reagents, reagent kits, and consumables  

Product Supplier Catalogue No. 

Ampicillin, Ready-made solution 

100mg/mL 

Sigma Aldrich A5354-10mL 

Aqua ad injectabilia Braun 8609255 

5-Azacytidine  Sigma Aldrich/Merck 

Millipore 

A2385-100MG 

BD compensation beads (FACS) BD Bioscience 552843 

BD CS&T beads BD Bioscience 656505 

Biotin-conjugated Protein-L 1mg Genscript/Assay 

Matrix 

M00097 

Bovine Serum Albumin (BSA) Sigma Aldrich A7030-100G 

β-mercaptoethanol Sigma Aldrich 

GIBCO 

M6250 

31350 

Celltrace Violet Cell Proliferation Stain 

Kit 

Life technologies, 

Thermo Fischer 

Scientific 

C34557 

WesternBright Chemiluminescent 

Substrate Quantum 

Biozym Scientific 

GmbH 

541015 

Countbright Beads 5mL Life technologies C36950 

Dimethyl-sulphoxide (DMSO) Roth 

Sigma-Aldrich 

A994.2 

D2438 

D-Luciferin Firefly Potassium Salt  Biosynth FL08608/L-8220 

Dnase 1 grade II 100mg Roche Applied Science  

(Sigma Aldrich) 

10104159001 

Dulbecco’s Phosphate Buffered Saline 

(DPBS) (without CaCl2 and MgCl2) 

Sigma Aldrich D8537-500mL 

Dulbecco’s Modified Eagle’s Medium 

(DMEM-high glucose) 

Sigma Aldrich D6429-6x500ML 

Dynabeads, Human T-activator 

CD3/CD28  

Life technologies 11131D 
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Eosin Thermo Fisher 

Scientific 

6766009 

Ethanol J.T Baker 9401-33 

Fetal Bovine Serum (FBS) Sigma Aldrich 12003C-500ml 

Forene (isoflurane) Abbott Laboratories 5260:B506 

Formaldehyde (4%, pH6.9) Merck 100496 

Haematoxylin Dako S3301 

Hanks Balanced Salt Solution (HBSS) 

with NaHCO3, without CaCl2 & MgSO4 

Sigma Aldrich H9394-100mL 

Hexadimethrine bromide (Polybrene) Sigma Aldrich 107689-10G 

Hi-speed Plasmid Midi Kit (25) Qiagen 12643 

Human FcR Blocking Reagent Miltenyi Biotec 130-059-901 

Human IL3RA/CD123 Protein (His & Fc 

Tag) 20µg 

Sinobiological/Jomar 

life research 

10518-H03H-20 

Human recombinant IL-2 (10µg) Peprotech/Lonza 200-02 

Human Pan T-cell Isolation Kit Miltenyi Biotec 130-096-535 

Lenti-X Concentrator Clontech/Scientifix 631231 

L-glutamine-Penicillin-Streptomycin 

Solution 

Sigma Aldrich 

GIBCO 

G6784 

15140 

Live/Dead Fixable Aqua Dead Cell stain 

kit 

Life technologies L34957 

Live/Dead Fixable Far Red Dead cell 

stain kit 

Life technologies L10120 

Lipofectamine 3000 transfection reagent 

0.1mL 

Life technologies L3000-001 

LS columns (25) Miltenyi Biotec 130-042-401 

Lymphoprep Stemcell technologies 7861 

MACs Seperation buffer Miltenyi Biotec 130-091-221 

MES Running Buffer Concentrate Thermo Fisher 

Scientific 

NP002 

Methocult Opti Stem Cell 

Technologies 

H3404 

Millipore Milliplex Human Abacus, Merck MPHCYTMAG6
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Cytokine/Chemokine pre-mixed 30-plex 

kit 

Millipore 0KPX30 

Neomycin sulfate Gibco/Thermo Fisher 21810031 

NuPage Antioxidant Thermo Fisher 

Scientific 

NP0005 

NuPage Bis-Tris Gels, variable sizes Thermo Fisher 

Scientific 

NP0332BOX, 

NP0335BOX 

NuPage LDS Buffer Thermo Fisher 

Scientific 

NP0007 

NuPage Sample Reducing Agent Thermo Fisher 

Scientific 

NP0009 

PageRulerTM Prestained Protein Ladder, 

10-180kDa 

Thermo Fisher 

Scientific 

26616 

Opti-MEM Reduced Serum Medium 

100mL 

Thermo Fisher 

Scientific 

31985062 

Penicillin/Streptomycin GIBCO 15140 

Pierce recombinant Protein-L, 

Biotinylated, 0.5mg 

Thermo Fisher 

Scientific 

29997 

Poly-D-lysine solution Merck Millipore A-003-E 

Polyvinylidene difluoride (PVDF) transfer 

membrane 

GE Healthcare RPN303F 

Protein transport inhibitor monensin (BD 

GolgiStop) 

BD Bioscience 554724 

Purified Mouse IgG1-κ Isotype Control  BD Bioscience 554121 

QiAzol Lysis Reagent Qiagen 79306 

Recombinant Human Stem Cell Factor 

(SCF) 

Peprotech 300-07 

Retronectin Recombinant Human 

Fibronectin Fragment 

Takara/Scientifix T100B 

RIPA Lysis Buffer Santa Cruz sc-24948 

RPMI-1640 Medium Sigma Aldrich R0883-500mL 

Staphylococcus aureus, Enterotoxin Type 

B (SEB) 

Merck Millipore 324798-500µg 
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Syringe filter unit 0.45µM, PVDF 

membrane 

Merck Millipore SLGV033RS 

Thinwall Polypropylene Tube, 14mL, 

14x95mm 

Beckman Coulter 331374 

Thinwall Open-Top Ultraclear Tubes, 

38.5mL, 25x89mm 

Beckman Coulter 344058 

Transfer Buffer Thermo Fisher 

Scientific 

NP0006-1 

Triton X-100 Merck Millipore 1086431000 

Trypan Blue Solution (0.4%) Thermo Fisher 

Scientific 

15250-061 

Trypsin-EDTA 0.05% (1x) Gibco 25-300-054 

Tween 20 Sigma Aldrich P7949 

UltraComp eBeads Compensation Beads eBioscience 01-2222-42 

24 well non-tissue culture treated plates VWR International FAL351147 

CD34 Ultrapure Microbead kit Miltenyi Biotec 130-100-453 

2-Propanol Roth AE73.1 

 

Table 6.2.2: Supplier details of general consumables used 

Product Supplier 

Cannulae, Sterile (18-27 gauge) B. Braun 

Cell Culture Flasks (T25-T175) Sarstedt 

Cell Culture Plates (6-48 wells) Sarstedt 

Cell Culture Plates (96 wells), round and flat bottom BD Falcon 

Conical tubes (15mL, 50mL) Greiner bio-one 

Centrifuge tube-15mL, 50mL Greiner bio-one 

Cover glass for microscope slides Lagenbrinck 

Cryogenic vials (2mL) Corning 

CELLSTAR Easy strainer (70µM, 100µM) Greiner bio-one 

Eppendorfs tubes, sterile (1.5mL, 2mL) Eppendorf 

Insulin syringes, U-100 0.5mL, sterile B. Braun 

Microscope slides Langenbrinck 
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Parafilm M American National Can 

Pipette tips with filter, sterile (10, 20, 200, and 1000µL) Biozym 

Pipette tips without filter, sterile, (10, 20, 200, and 1000µL) Corning 

Polypropylene Round bottom tubes (5mL) Corning 

Polystyrene Round bottom tubes (5mL) Corning 

Polystyrol-tube (FACS) BD Falcon 

Roti Histo Kit Carl Roth GmbH 

Safe-lock tubes (1.5mL, 2mL) Eppendorf 

Scalpels, disposable Feather 

Stripette serological pipettes (5mL, 10mL, 25mL) Corning 

Syringe filter unit 0.22µM Pall Corporation 

Syringes Luer Lock (5mL, 10mL, 20mL) Braun 

Syringes Luer Solo 20mL Braun 

 
 
Table 6.2.3: Fluorochrome-conjugated flow cytometry antibodies 

Antibody Clone Catalogue 
number 

Flourochrome Vendor 

Anti-human CD3 SK7 344824 Pacific Blue Biolegend 
Anti-human CD3 UCHT1 560835 PerCP-Cy5.5 BD Bioscience 
Anti-human CD3 OKT3 317333 PeCy7 Biolegend 
Anti-human CD3 HIT3a 300312 APC Biolegend  
Anti-human CD3 HIT3a 300306 FITC Biolegend 
Anti-human CD4 SK3 11-0047-42 FITC eBioscience 
Anti-human CD95 DX2 555674 PE BD Bioscience 
Anti-human CD8 RPA-T8 555369 APC BD Bioscience 
Anti-human CD8 BW135/8

0 
130-113-162 Pacific Blue Miltenyi Biotec 

Anti-human CD8 RPA-T8 563677 BV711 BD Bioscience 
Anti-human CD45RO UCHL1 25-0427-42 PeCy7 eBioscience 
7-Aminoactinomycin 

D (7-AAD) 
N/A 559925 PerCP-Cy5.5 BD Bioscience 

Anti-human CD27 0323 47-0279-42 APC-ef780 eBioscience 
Anti-human CD45RA HI100 304138 BV711 Biolegend 

Anti-human CD45RA  HI100 560675 PeCy7 BD Bioscience 

Anti-human CD45 2D1 347463 FITC BD Bioscience 

Anti-human CD45  2D1 560178 APC-H7 BD Bioscience 
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Anti-human CD123  7G3 558714 PerCP-Cy5.5 BD Bioscience 

Anti-human CD123 7G3 560826 
 

PeCy7 BD Bioscience 

Anti-human CD279 
(PD-1)  

EH12.2H
7 

329904 FITC Biolegend 

Anti-human CD279 
(PD-1)  

EH12.1 560795 PE BD Bioscience 

Anti-human CD152 
(CTLA-4) 

BN13 563931 
 

BV786 BD Bioscience 

Anti-human CD152 
(CTLA-4)  

L3D10 349908 APC Biolegend 

Anti-human CD152 
(CTLA-4)  

14D3 11-1529-42 FITC BD Bioscience 

Anti-human CD336 
(TIM-3) 

7D3 565564 BV650 BD Bioscience 

Anti-human CD223 
(LAG-3) 

T47-530 565716 Alexa Flour 647 BD Bioscience 

Live Dead Aqua  N/A 555516 V500/Amcyan Invitrogen/The
rmo Fischer 

Scientific 
Anti-human Lin- 

Cocktail (CD3, CD14, 
CD16, CD19, CD20, 

CD56) 

UCHT1;
HCD14;3
G8;HIB1
9:2H7:HC

D56 

348805 Pacific Blue Biolegend 

Anti-human CD38 LS198-4-3 A99022 ECD Beckman 
Coulter 

Anti-human CD34 581 561440 Alexa Fluor 700 BD Bioscience 
 

Anti-human CD13 WM15 561599 PeCy7 BD Bioscience 

Anti-human CD33 WM53 561157 V450 BD Bioscience 

Anti-human CD127 HIL-7R-
M21 

560823 BV421 BD Bioscience 

Anti-human FOXP3 236A/E7 17-4777-42 APC eBioscience 

Anti-human CD25 2A3 341009 PE BD Bioscience 

Anti-human CD90 5E10 562686 BV650 BD Bioscience 

Anti-human CLL-1 50C1 562569 FITC BD Bioscience 

Anti-human CD107a H4A3 555800 FITC BD Bioscience 

Streptavidin-
Conjugated PE 

N/A 349023 PE BD Bioscience 

Pierce Biotinylated 
recombinant Protein-

L 

N/A 21189 N/A Thermo Fischer 
Scientific 

Anti-human TNF Mab11 502909 PE Biolegend 

Anti-human IFN-γ 4S.B3 502512 APC Biolegend 
Anti-human IgG (Fc-  12-4998-82 PE eBioscience 
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Table 6.2.4: Supplier details of reagents and kits used for CD123 CAR T cell cloning 

Reagent Supplier Catalogue No. 

CutSmart Digestion Buffer New England Biolabs (NEB) B7204S 

XbaI Restriction enzyme New England Biolabs (NEB) R0145T 

AatII Restriction enzyme New England Biolabs (NEB) R0117L 

EcoRV-HF Restriction enzyme New England Biolabs (NEB) R3195T 

BamHI Restriction enzyme New England Biolabs (NEB) R0136T 

SacI-HF Restriction enzyme New England Biolabs (NEB) R3156S 

Gel Loading dye (6X) New England Biolabs (NEB) B7024S 

Gel red dye Biotium 41003 

1kb DNA ladder New England Biolabs (NEB) N3200S 

PureLink PCR Purification kit Invitrogen/Thermofisher K3100-01 

DNA Polymerase I, Large 

(Klenow) Fragment 

New England Biolabs (NEB) M0212S 

dNTPs New England Biolabs (NEB) 0447S 

EDTA Sigma E-5134 

Antarctic Phosphatase and Buffer New England Biolabs (NEB) M0289S 

T4 DNA ligase New England Biolabs (NEB) M0202S 

T4 DNA Ligase Reaction Buffer New England Biolabs (NEB) B0202S 

DH5-a E.Coli competent cells New England Biolabs (NEB) C2987I 

S.O.C medium ThermoFisher Scientific 15544-034 

PureLink Quick Plasmid Miniprep 

kit 

Invitrogen/ThermoFisher K2100-10 

Qiagen Plasmid Midiprep kit Qiagen 12143 

Kanamycin Sigma K4000 

 

 

 

 

gamma specific)  
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6.3 Solutions, Buffers, and Cell Culture Media 

Table 6.3.1: Recipes of all solutions, buffers, and cell culture media used 

Name Recipe 

 

 

Adherent Cell Line  

Culture Media (HEK-293T) 

500mL DMEM 

+50mL FCS (final conc. 10%) 

+5mL L-glutamine-Pen-Strep (final conc. 1%) 

+50µM β-mercaptoethanol (final conc.1:1000) 

Media was sterile-filtered (0.22µM), stored at 4oC and 

preheated to 37oC in a water bath prior to use. 

 

Cell Thaw Media 

50mL RPMI-1640 

+5mL FCS (final conc. 10%) 

+0.02mg/mL DNase1 

 

Erythrocyte lysis  

(Erylysis) buffer 

500mL ddH20 

+ 40.13g NH4Cl 

+0.5g KHCO3 

+1.0mL 0.5M EDTA 

 
 
 
FACS buffer 

500mL 1xPBS 

+ 10mL FCS (final conc. 2%) 

+2.1mL 5% sodium azide (final conc. 0.02%) 

+375mg EDTA (Titriplex III) 

FACS buffer  
(CAR T cell staining) 

500mL 1x PBS 

 
 
Freeze Mix 

9mL FCS (final conc. 90%) 

1mL DMSO (final conc. 10%) 

Solution made fresh each time for freezing cells 

 
 
 
 
Human T lymphocyte  
Culture Media  

500mL RPMI-1640 

+100mL FCS (final conc. 20%) 

+5mL L-glutamine-Pen-Strep (final conc. 1%) 

+50µM β-mercaptoethanol (final conc.1:1000) 

Media was sterile-filtered (0.22µM), stored at 4oC and 

preheated to 37oC in a water bath prior to use. 
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Non-Adherent Cell line  
culture Media  
(KG1a, MOLM-13, SUPB15, 
HL-60, ML-2, Jurkat)  

500mL RPMI-1640 

+50mL FCS (final conc. 10%) 

+5mL L-glutamine-Pen-Strep (final conc. 1%) 

+50µM β-mercaptoethanol (final conc.1:1000) 

Media was sterile-filtered (0.22µM), stored at 4oC and 

preheated to 37oC in a water bath prior to use. 

PBS (10x) 80g NaCl 

2g KH2PO4 

2g KCl 

11.5g Na2HPO4 

pH 7.4 

RIPA Lysis Buffer 50mL 1x RIPA 

+500µL PMSF+10µL Sodium orthovanadate 

+500µL Protease Inhibitor 

+500µL Phosphatase Inhibitor Cocktail (P5726 

Sigma-Aldrich) 

Retronectin Blocking Buffer 50mL 1xPBS 

+1g BSA (final conc. 2%) 

Solution was filter sterilized (0.22µM) and stored at 4oC up 

to 2 weeks 

TAE (50x) 242g Tris in 500mL H2O 

100mL 0.5M EDTA 

57.1mL blacial acetic acid 

fill up to 1L with H2O 

TBS (10x) +60.5g Tris Ultra pure 

+87.6g NaCl 

Dissolve in ddH20 

Adjust pH 7.6 with HCl 

Fill up to 1L 

Transfection Media (HEK-

293T) 

500mL high-glucose DMEM 

+50mL FCS (final conc. 10%) 

Media was sterile-filtered (0.22µM), stored at 4oC and 

preheated to 37oC in a water bath prior to use. 
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6.4 General Laboratory Techniques 

6.4.1 Cryopreservation of Cells 

Cells (Cell lines and Patient PBMCs) were pelleted and re-suspended in 1-2mL of Freeze Mix 

per 5x106-1x107 cells and quickly transferred to pre-cooled cryo-ampoules 

(Nalgene/Corning). The cryo-ampoules were frozen to -80oC using a ‘Mr Frosty’ container 

(Nalgene) for a minimum of 6h. Samples were then transferred and stored in liquid nitrogen 

(-175 to -196oC). Samples were stored until use if not required in the immediate future.  

6.4.2 Thawing of Cells 

Cells were removed from liquid nitrogen and thawed rapidly in a 37oC water bath. In a 

laminar flow hood, the cell suspension was quickly transferred drop-wise to a 50mL Falcon 

tube containing 5mL of thaw media (pre-warmed). With continuous mixing, approximately 

20mL of thaw media was added drop-wise to dilute the DMSO. The sample volume was 

topped up to 30mL with thaw media and cells were pelleted by centrifugation at 400 x g for 

10mins at room temperature. The supernatant was aspirated and the procedure was repeated 

to remove any residual DMSO before culturing.  

6.4.3 Lymphoprep Isolation of Peripheral Blood Mononuclear cells (PBMNCs) 

PB or BM aspirates (40-60mL) from patients with AML or HD were collected in lithium 

heparin tubes. All samples were collected with informed consent in accordance with the 

Institutional Ethics approved protocols and with reference to the Declaration of Helsinki. In 

Adelaide, lymphoprep Isolation of PBMNCs was performed by transferring a maximum of 

15mL of blood into a 50mL polypropylene conical tube (Falcon tube). The blood volume 

was brought to 35mL with HBSS and underlain with 15mL of lymphoprep solution. Tubes 

were centrifuged at 300 x g for 30min with no brake. The interface containing the PBMNCs 

(opaque layer) was then carefully transferred to a new 50mL Falcon tube using a transfer 

pipette and topped up to 50mL with HBSS. Cells were washed twice with HBSS and 

centrifuged at 1400rpm, 10mins @ RT. A cell count was performed as described in 2.3.4 and 

cells were frozen down at a concentration of 5x106-5x107 as described in 2.3.1. In Germany, 

isolation of PBMNCs was performed by transferring a maximum of 15mL of blood into a 

50mL Falcon tube. The blood volume was brought to 35mL with 1x PBS and overlain with 

15mL of Pancoll solution. Tubes were centrifuged at 400 x g for 30min with no brake. The 

interface containing the PBMNCs (opaque layer) was then carefully transferred to a new 
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50mL Falcon tube using a transfer pipette and topped up to 5mL with 1x PBS. Cells were 

washed twice with HBSS and centrifuged at 1400rpm, 10mins @ RT. A cell count was 

performed as described in 2.3.4 and cells were frozen down at a concentration of 5x106-

5x107 as described in 2.3.1. 

6.4.4 Cell Counts and Viability 

Patient PBMNC cell concentration was determined by diluting the cell suspension in white 

cell fluid (WCF). Viability of patient PBMNCs and cell lines was determined by diluting the 

cell samples with trypan blue solution (usually 1:10). 15uL of the suspension was transferred 

to a hemocytometer counting chamber (Neubauer Improved, Assistant, Germany) and cell 

concentration and viability was calculated accordingly as shown below.   

Number of Viable Cells/mL: 

(Average cell count from each set of 16 squares) x 104 x dilution factor 

= total cells/mL 

E.g. ((25 + 39)/2) x 104 x 10 = 3.2x106 cells/mL 
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6.5 Maintenance & Culture of Cell lines 

6.5.1 Cell Line Specifications  

KG1a cells were originally derived from bone marrow of a 59-year-old Caucasian male with 

promyeloblast AML and obtained from the American Type Tissue Culture Collection CLL-

246.1 (ATCC, Manassas, VA).  

Jurkat T-cells were derived from the peripheral blood of a 14-year-old male with acute T 

lymphocyte leukemia and obtained from the American Type Tissue Culture Collection CLL-

246.1 (ATCC, Manassas, VA).  

HEK-293T cells are epithelial cells that were originally derived from the embryonic kidney 

of a fetus and obtained from the American Type Tissue Culture Collection CRL-3216 

(ATCC, Manassas, VA).  

SUPB15 cells were originally derived from the bone marrow of an 8-year-old Caucasian male 

with B-lymphoblastic leukaemia and kindly provided by Prof. Deborah White, SAHMRI, 

Adelaide, SA. 

MOLM-13 cells were established from the peripheral blood of a 20-year-old Caucasian man 

with Flt-3 ITD AML. MOLM-13 cells were transfected with the firefly luciferase reporter 

gene which also included a GFP reporter gene in the vector (kindly provided by Prof. Dr. 

Nikolas von Bubnoff, University of Freiburg, Freiburg, Germany). The resultant MOLM-13 

luciferase+ cells were selected and cultured in (1mg/ml) neomycin. Luciferase expression 

was confirmed by regular BLI screening. 

HL60 cells were established from the peripheral blood of a 36-year-old Caucasian female 

with promyelocytic AML. The cells were kindly provided by Prof. Dr. Robert Zeiser, 

University of Freiburg, Freiburg, Germany.  

ML-2 cells originated from the peripheral blood of a 26-year-old Caucasian man with AML 

and were kindly provided by Prof. Dr. Robert Zeiser, University of Freiburg, Freiburg, 

Germany.   
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6.5.2 Culture of General Cell lines 

All tissue culture techniques were performed under sterile conditions in a Class two 

‘biohazard’ laminar flow hood (Nuaire, In vitro Technologies, Model #S480-400E). 

Adherent cell lines (HEK-293T) were maintained at a cell density between 5x105-1x106 

cells/mL in 75cm2 tissue culture flasks. Suspension cell lines (KG1a, SUPB-15, MOLM-13, 

Jurkat, HL60, ML-2) were maintained at a cell density between 1x105 and 1x106 cells/mL in 

25cm2, 75cm2 or 175cm2 tissue flasks (Falcon, Sigma Aldrich). Media was pre-warmed to 

37oC prior to use. Cultures were incubated in a 37oC/5% CO2 incubator. Cell cultures were 

checked every 2-3 days for contamination, counted and re-cultured at the above 

concentrations. For adherent cell lines, cells were rinsed twice with room temperature 1x 

PBS and trypsinized at 37oC for 2-5mins with 0.25% trypsin. Cell aggregates were separated 

by pipetting and suspending in fresh media devoid of trypsin. Cells were centrifuged at 400 x 

g, 4oC for 10mins and re-cultured in the above concentrations in fresh media. All cell lines 

were regularly checked for mycoplasma.  

 

 

6.6 Instruments & Equipment 

Table 6.6.1: List of instruments and equipment used 

Instrument Supplier 

Autoclave Vakulal S 3000 

Centrifuges: 

Sorvall WX80 Ultra series ultracentrifuge 

Multifuge X3R 

Multifuge X1R 

Multifuge IS-R 

Microcentrifuge 5424R 

 

Thermo Fischer Scientific 

Thermo Fischer Scientific 

Thermo Fischer Scientific 

Thermo Fischer Scientific 

Eppendorf 

Coverstainer, H&E automated stainer Dako 

ECL Chemocam Imager Intas Imaging 

Electric pipettor, pipetboy Integra Bioscience 

CANTO II, LSR Fortessa Cytometers BD Biosciences 

Haemocytometer Neubauer 

Ice Machine Ziegra 
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Incubator Heraeus 

LaminAir 2448, Laminar flow hood Heraeus 

Lamina flow hood, Nuaire #S480-400E In Vitro Technologies 

Microtome Leica 

Nanodrop 1000 Peqlab 

Nitrogen tank Air Liquide 

Refrigerator, 4oC Liebherr 

RS-2000 X-ray Irradiator Rad Source Technologies 

Surgical Dissection kit Aesculap 

Vortex Heidolph Reax 2000 

Water bath Lauda MGW C20 

Weighing Scale Sartorius CL420 

-20oC freezer Siemens 

-80oC freezer Heraeus 

 

 
6.7 Data Analysis Software 

Table 6.7.1: List of software programs used 

Name Application Developer 

Diva v8.0.1 Flow cytometry acquisition BD Biosciences 

Flowjo v10 Flow cytometry analysis Tree Star, Inc. 

Image J Western Blotting 

Analysis/quantification 

National Institute of 

Health 

Lab Image 1D v4.1 Western Blotting Acquisition Intas Science Imaging 

GmbH 

Microsoft Office 

Profession Plus 2010 

Word processor, presentation, 

spreadsheets 

Microsoft, Inc. 

Prism v7.01 and v8 Graphical and statistical analyses GraphPad Software, Inc. 

Tierbase 4D v12.6 Mouse strain management and 

ordering 

4D Deutschland, GmbH 
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(p)IRF7 Phosphorylated-Interferon Regulatory Factor 7 
 

(p)STAT1 Phosphorylated- Signal Transducer and Activator of Transcription 1 
 

2HG 2-Hydroxyglutarate 
 

AKT/PKB Protein Kinase B 
 

allo-hSCT Allogeneic Stem Cell Transplantation 
 

AML Acute Myeloid Leukaemia 
 

APC Antigen Presenting Cells 
 

ASXL1 Additional Sex Comb-Like 1 
 

AZA Azacitidine/Azacytidine 
 

B-ALL B Cell Acute Lymphoblastic Leukaemia 
 

Bcl-2 B-cell Lymphoma 2 
 

BiTE Bi-Specific T Cell Engager 
 

BM Bone Marrow 
 

BMMNC Bone Marrow Mononuclear Cells 
 

BPDCN Blastic Plasmacytoid Dendritic Cell Neoplasm 
 

BSA Bovine Serum Albumin 
 

BSH Biosafety Hood 
 

C/EBPα CCAAT/Enhancer-Binding Protein Alpha 
 

CAR Chimeric Antigen Receptor 
 

CB Cord Blood 
 

cCR Composite Complete Remission 
 

cDNA Complementary Deoxyribonucleic Acid 
 

CEA Carcinoembryonic Antigen 
 

CFU-L Colony Forming Units- Leukaemia 
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CHOP Children’s Hopsital of Pensylvannia 
 

CIK Cytokine Induced Killer 
CLL Chronic Lymphocytic Leukaemia 

 
CLP Common Lymphoid Progenitor 

 
CM Central Memory 

 
CMP Common Myeloid Progenitor 

 
CR Complete Remission 

 
CRi Complete Remission with Incomplete Count Recovery 

 
CRS Cytokine Release Syndrome 

 
CTLA-4 Cytotoxic T Lymphocyte Antigen-4 

 
CXCL12 C-X-C Motif Chemokine Ligand 12 

 
DEC Decitibine 
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