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ABSTRACT 

Chimeric antigen receptor (CAR) T cells provide great efficacy in B cell 

malignancies. However, improved CAR T cell therapies are still needed to 

increase patient responses and broaden the application of CAR T cell therapy 

beyond B cell malignancies. Here, we engineered tumor-targeted CAR T cells to 

constitutively express the immunestimulatory molecule CD40 ligand (CD40L) and 

explored efficacy in different mouse leukemia/lymphoma models. CD40L binds to 

its cognate receptor CD40 expressed predominantly on antigen-presenting cells 

(APCs) and stimulates their maturation and licensing. We observed that CD40L+ 

CAR T cells circumvent tumor immune escape via antigen loss through 

CD40/CD40L-mediated cytotoxicity and induction of a sustained, endogenous 

immune response. After adoptive cell transfer, the CD40L+ anti-CD19 CAR T 

cells displayed superior antitumor efficacy compared to anti-CD19 CAR T cells 

alone. CD40L+ CAR T cells licensed antigen-presenting cells, enhanced 

recruitment of immune effectors, and mobilized endogenous tumor-recognizing T 

cells. These effects were absent in Cd40-/- mice, highlighting the importance of 

CD40/CD40L interactions in the host animal. 

Furthermore, CD40L+ CAR T cell treatment induced accumulation of 

conventional dendritic cell type 1 (cDC1) populations at the tumor site. 

Subsequently, lymphoma-bearing Batf3-/- mice lacking cDC1s had an impaired 

antitumor response and reduced survival after CD40L+ CAR T cell transfer 

compared to wild-type mice. This suggested an involvement of cDC1s in the 

improved antitumor response of CD40L+ CAR T cell treatment. cDC1s are 

responsible for cross-presenting tumor antigen to cytotoxic CD8+ T cells, thereby 

stimulating a T cell-mediated antitumor response. Priming of endogenous non-

CAR CD8+ T cells to recognize CAR-antigen negative tumor cells via their TCR 

was increased when mice received CD40L+ CAR T cells, demonstrating the 

ability of CD40L+ CAR T cells to stimulate an endogenous antitumor response. 

Elevated priming of endogenous CD8+ T cells was abrogated in Batf3-/- mice, 

indicating that CD40L+ CAR T cells prime non-CAR CD8+ T cells via cross-

presenting cDC1s. Finally, re-challenge experiments with CD19-negative tumor 
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cells in cured mice showed that CD40L+ CAR T cells can induce a sustained 

antitumor memory response protecting mice from CAR-antigen negative tumor 

outgrowth that is dependent on endogenous non-CAR CD8+ T cells. Collectively, 

these results provide a rationale for CD40L+ CAR T cells in cancer treatment.  
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CHAPTER 1 

INTRODUCTION 

Over the past 40 years, cancer has consistently attributed to 20% of all causes 

of death in the United States, only trailing heart disease as the main cause 

(Noone et al., 2018). Overall, the lifetime risk of an average US American to be 

diagnosed with cancer is between 35 and 40%, regardless of race, ethnicity, or 

sex (Noone et al., 2018). Understanding the pathology of this cancer and 

development of treatment strategies is and has been a major focus of modern 

medicine. This has lead to a deep appreciation for the complexity of cancer as a 

genetic disease (Vogelstein et al., 2013). Cancer cells arise through malignant 

transformation of healthy cells and can originate from all main tissue types in the 

human body: epithelial tissue (carcinoma), connective tissue (sarcoma), bone 

marrow (leukemia and myeloma), and lymphatic tissue (lymphoma). Further 

complexity is provided by the cell of cancer origin within the tissue, interindividual 

genetic differences between cancer patients, as well as intraindividual 

differences within the heterogenous pool of cells constituting the tumor mass 

(Vogelstein et al., 2013). Despite this immense complexity, several hallmarks of 

cancer have been defined to help understand the biological characteristics and 

processes of neoplastic diseases (Hanahan and Weinberg, 2011). These ten 

hallmarks are: (1) the ability of cancer cells to sustain proliferative signaling and 

growth; (2) evasion of growth suppression; (3) resisting cell death; (4) replicative 

immortality; (5) inducing angiogenesis; (6) activating invasion and metastasis; (7) 

avoiding immune destruction; (8) deregulated cellular metabolism; (9) tumor-

promoting inflammation; and (10) genome instability. Understanding the concept 

of these hallmarks serves as the foundation for the main cancer treatment 

modalities of chemotherapy, radiation therapy, surgery, and immunotherapy.  
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Immunotherapy 

Immune system 

The immune system is a host defense system that protects a multicellular 

organism from foreign pathogens and molecules. The basis of the immune 

system can be summarized by the general concept of distinguishing “self” from 

“non-self”. An immune response is initiated upon the detection of non-self. This 

immune response can be divided into an innate and an adaptive response. 

Innate immunity is a fast-acting response against microbes, which typically 

responds in the same way to repeated infections. The main components are 

physical epithelial barriers, antimicrobial biochemical barriers, phagocytic cells, 

and a diverse array of blood proteins, such as members of the complement 

system and soluble pro-inflammatory mediators. Adaptive immunity develops 

over a longer time frame and is defined by its ability to remember previous 

infections by the same pathogen. This allows specific and faster immune 

responses upon every subsequent infection. Adaptive immunity is only found in 

vertebrates and its main components are lymphocytes and lymphocyte-secreted 

proteins called antibodies.  

A Brief History of Immunotherapy 

In 1891, a bone surgeon called William B. Coley reported on his observations of 

soft tissue sarcoma patients and the treatment of three patients by inoculation of 

streptococcus bacteria (Coley, 1891). The deliberate infection of sarcoma 

patients with bacteria was based on the case reports on  several cancer patients 

experiencing cancer regression after developing erysipelas, an acute infection of 

the skin caused by streptococcus infection. Eventually, heat-killed bacteria were 

used for treatment to minimize the risk of infection and occasional antitumor 

responses were induced (Coley, 1893). The underlying mechanism of the 

antitumor response was not known at the time, but further experimental and 

clinical evidence in the following century showed that activation of the host 

immune system can trigger an immune response that targets transformed cancer 

cells and not just invading pathogens.  
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Early work in mice recapitulated the findings in humans, wherein growth of 

different transplantable tumors was inhibited by infecting the mice with Bacillus 

Culmette-Guérin (BCG), a type of vaccine containing live mycobacteria (Old et 

al., 1959). The use of a mouse model allowed further analysis of the antitumor 

response and led to the discovery of tumor necrosis factor (TNF) and the 

realization that immune mediators can be cytotoxic to cancer cells (Carswell et 

al., 1975). Further evidence that the immune system can be directed towards an 

antitumor response was gathered from experiments using a different immune 

signaling cytokine – interferon (IFN) – to increase survival in tumor-bearing mice 

after injection of the cytokine (Gresser et al., 1969). These seminal discoveries 

fostered an appreciation for the involvement of the immune system in eradicating 

cancer and laid the foundation for the successful development of 

immunotherapies over the past decades. This culminated in the approval of 

several immune modulators for the clinical management of cancer by the United 

States Food and Drug Administration (FDA). These treatment modalities 

encompass monoclonal antibodies directly targeting cancer cells (rituximab) or 

inhibiting immune checkpoints (ipilimumab), protective vaccines against cervical 

cancer (Gardasil) or therapeutic vaccines against prostate cancer (sipuleucel-T), 

oncolytic viruses (talimogene laherparepvec), and genetically engineered T cells 

against blood malignancies (tisagenlecleucel) (Galluzzi et al., 2014).  

Preclinical & Clinical Immunotherapies 

The first approved immunotherapies are based on the effector functions of 

monoclonal antibodies (mAbs). By binding to a specific target antigen, antibodies 

can be designed to bind to almost any cell surface molecule. After binding, mAbs 

can directly block the function of the target molecule, induce immune-mediated 

killing of the target cell through complement-dependent cytotoxicity (CDC) or 

antibody-dependent cellular cytotoxicity (ADCC), or carry cytotoxic payload 

directly to the target cell. All these strategies have been brought to the clinic, with 

some examples being cetuximab and trastuzumab (blocking of epidermal growth 

factor receptor (EGFR)-family signaling molecules), rituximab (induction of ADCC 

by CD20 binding), and gemtuzumab ozogamicin (antibody-drug conjugate 
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carrying a cytotoxic agent to CD33+ cells) (Scott et al., 2012). Further 

engineering of antibodies has led to the development of bispecific antibodies that 

have dual specificity, allowing engagement of cytotoxic T cells with CD19+ 

leukemia cells by using the CD3/CD19-bispecific T cell engager (BiTE) 

blinatumomab (Klinger et al., 2012). Other non-antibody single agent immune 

modulators include (but are not limited to) thalidomide-derivatives, such as 

lenalidomide, which are used to treat different hematological diseases 

(Dimopoulos et al., 2007; Singhal et al., 1999), toll-like receptor (TLR) agonists 

such as BCG for the treatment of bladder cancer and imiquimod for basal cell 

carcinoma (Hoffman et al., 2005; Morales et al., 1976), and novel agents such as 

the cGMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) 

agonists that can induce potent interferon responses and antitumor immunity as 

demonstrated in preclinical mouse models (Ng et al., 2018). 

Additional strategies to unleash the immune system against tumor cells have 

been inspired by protective active vaccination of humans against infectious 

pathogens. The therapeutic cancer vaccine sipuleucel-T against castration-

resistant prostate cancer is an autologous cell product (Kantoff et al., 2010). It is 

comprised of dendritic cells (DCs) isolated from the patient and activated with a  

fusion protein consisting of prostate specific antigen and the DC maturation 

factor granulocyte-macrophage colony-stimulating factor (GM-CSF). After 

infusion, sipuleucel-T primes T cells to attack the prostate cancer cells. The use 

of oncolytic viruses is another way of injecting biological material into patients to 

counteract tumor growth. Oncolytic virotherapy is based on the use of non-

pathogenic viral strains that specifically infect and lyse cancer cells (Russell et 

al., 2013). 

Recent more impressive results in the clinic have been achieved with 

immunomodulatory antibodies that target immune inhibitory molecules expressed 

on tumor cells, stromal cells, or on the immune cells themselves (Galluzzi et al., 

2018). The most successful immune checkpoint blockade (ICB) antibodies in the 

clinic target cytotoxic T lymphocyte activator 4 (CTLA-4) and programmed death 

1 (PD-1), two molecules expressed on T cells that facilitate T cell inhibition. 
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Release of this inhibition by ICB antibodies has led to durable responses in a 

minority of patients and is now standard of care for several solid tumor types 

(Zappasodi et al., 2018). Fueled by this success, targeting other inhibitory 

molecules like LAG-3, TIM-3, TIGIT, VISTA, BTLA, and B7-H3 is actively being 

pursued in clinical trials now (Marin-Acevedo et al., 2018). Contrary to ICB 

antibodies, immunestimulatory antibodies targeting OX40, 4-1BB, ICOS, or GITR 

are being clinically developed and present the agonistic counterpart of 

immunemodulatory antibodies (Melero et al., 2013). Ultimately, the aim of both 

approaches is to either disinhibit or directly stimulate a T cell-based antitumor 

response. 

The focus on T cells as potent tumor cell killers has led to the development of 

adoptive cell transfer (ACT) of T cells. Here, T cells are isolated from patients, 

expanded ex vivo, and then injected back into the patient with the aim of having 

multiplied the number of T cells that now can eliminate the cancer cells in situ 

(Rosenberg and Restifo, 2015). The first transfer of cells to treat cancer was 

done in the form of allogeneic bone marrow transplants after radiation-induced 

myeloablation in leukemia patients (Mathé et al., 1965). Bone marrow cells were 

transferred to ensure hematopoiesis after treatment-related bone marrow failure. 

When comparing leukemia patients receiving syngeneic (from identical twins) to 

allogeneic (from human leukocyte antigen (HLA)-matched siblings) bone marrow 

transplants, an antileukemic effect was more often observed in patients 

developing graft-versus-host disease (GVHD) after receiving an allogeneic 

transplant (Weiden et al., 1979). The importance of T cells in mediating GVHD 

and the graft-versus-leukemia (GVL) effect was demonstrated when leukemia 

patients received T cell-depleted bone marrow transplantations and presented 

with lower incidence of GVHD, but relapsed with leukemia more frequently due to 

the absence of the GVL effect ((Apperley et al., 1986). 

Further development of ACT in the past decades has led to the isolation of 

tumor-infiltrating lymphocytes (TILs) directly from the tumor tissue, with the aim 

of specifically expanding tumor-recognizing T cells before ACT. This work has 

led to the identification of the specific T cell receptor (TCR) molecules 



 

6 

recognizing tumor-associated antigens, which allowed ex vivo engineering of T 

cells to express these TCRs to generate an even larger number of tumor-specific 

T cells (Rosenberg and Restifo, 2015). The use of chimeric antigen receptor 

(CAR) T cells has further expanded the arsenal of tumor-directed T cells by 

introducing a synthetic CAR molecule into the T cell that equips the T cell with 

new target cell specificity and activation signals (Sadelain et al., 2013). These 

“living drugs” used in ACT exert their antitumor function through cell-mediated 

cytotoxicity, proliferate in vivo, and can impart the patient with life-long immunity 

against cancer. 

Chimeric Antigen Receptor T Cells 

T lymphocytes 

T lymphocytes are members of the adaptive immune system that arise in the 

bone marrow, mature in the thymus, and can be categorized based on the 

composition of their TCR. αβ T cells express the variable α and β chains of the 

TCR, which together form a heterodimer and determine the antigen specificity of 

the T cell. They can be further subdivided into CD4+ helper T cells, CD8+ 

cytotoxic T cells, and CD4+ regulatory T cells (Tregs). CD4+ T cells provide help 

in B cell differentiation, antigen-presenting cell (APC) maturation, and CD8+ 

cytotoxic T cell activation. CD8+ cytotoxic T cells lyse cells infected with viruses 

or intracellular bacteria. CD4+ Tregs have suppressive function and regulate T 

cell immune responses through inhibitory pathways. The second class of T cells 

express the γδ TCR heterodimer and also have helper and cytotoxic effector 

functions, predominantly in early immune response upon pathogen invasion. 

On a molecular level, T cell activation and differentiation is dependent on three 

different signaling cues. “Signal 1” is provided by antigen recognition through 

binding of the TCR to its cognate peptide-major histocompatibility complex 

(pMHC) on APCs. This ensures that T cell activation only gets initiated when the 

specific antigen recognized by the T cell is locally available and presented on 

pMHC. “Signal 2” is mediated by costimulators expressed on APCs. The 

combination of signal 1 and 2 is necessary for full T cell activation and function 
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(June et al., 1987; Mueller et al., 1989). T cells that only receive signal 1 without 

costimulation eventually undergo programmed cell-death (apoptosis) or enter a 

state of unresponsiveness (anergy) (Chen and Flies, 2013). “Signal 3” is 

provided by soluble factors called cytokines, which instruct the T cell to 

differentiate towards a specific T cell subtype and induce upregulation of pro-

survival factors.  

Adoptive cell transfer 

After identification of T cells in the 1960s (Miller, 1961, 1962) and the emerging 

understanding of T cell biology and their role in GVHD and GVL after bone 

marrow transplantation, the idea arose of directly isolating a patient’s own TILs, 

expanding them ex vivo, and then injecting them back into the patient. The 

technology of transferring cells from a donor to a recipient was pioneered by 

Thomas and colleagues with the aim of transplanting bone marrow cells into 

patients (Thomas et al., 1975). This approach was adapted for T cell ACT by 

Rosenberg and colleagues in the 1980s. Initial success of TIL therapy was 

reported in transplantable tumor mouse models, where TILs together with 

systemically administered cyclophosphamide (Cy) and interleukin (IL)-2 where 

able to eradicate cancer cells (Eberlein et al., 1982; Rosenberg et al., 1986). In 

humans, metastatic melanoma was treated with TIL therapy and objective tumor 

regression was observed in 9 of 15 patients (Rosenberg et al., 1988). This laid 

the groundwork for future ACT studies and more evidence that T cells are 

capable of killing transformed cells was derived from human transplant studies. 

Patients relapsing with leukemia after receiving a bone marrow transplant 

received a donor leukocyte infusion (DLI) from the original donor and 

experienced durable remissions in chronic myeloid leukemia (CML), acute 

myeloid leukemia (AML), and acute lymphoblastic leukemia (ALL) (Collins et al., 

1997; Kolb et al., 1995). Another example of the potency of T cell-dependent 

antitumor effects is illustrated in patients developing Epstein-Barr virus (EBV)-

associated lymphoproliferative disease post allogeneic bone marrow transplant. 

After receiving a DLI containing EBV-specific cytotoxic T cells, a small number of 

patients experienced clinical remissions (Papadopoulos et al., 1994). 
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Additionally, infusion of cytomegalovirus (CMV)-specific T cells (VSTs) into 

immunecompromised patients after bone marrow transplantation provided 

patients with protective immunity against CMV (Walter et al., 1995). All these 

therapies had in common the isolation of existing cancer- or virus-specific T cell 

populations and their use as a “living” drug to combat abnormal cells. The advent 

of T cell engineering, developed in the concurrent decades, allowed agnostic 

design of new T cell specificities independently of pre-existing immunity.  

T cell engineering 

The technology of T cell engineering is based on introducing a gene-of-interest 

into a T cell encoding for a protein in trans that imparts a desired function to the 

engineered T cell. These gene modifications can be generally divided into viral 

and non-viral gene delivery methods. The first viral modifications of primary T 

cells were based on γ-retroviral transduction of activated T cells (Bunnell et al., 

1995; Gallardo et al., 1997; Mavilio et al., 1994; Rosenberg et al., 1990). 

Together with lentiviral gene delivery, γ-retroviral T cell transduction has been the 

method of choice in several successful clinical trials utilizing engineered T cells 

(Brentjens et al., 2011; Kalos et al., 2011; Kochenderfer et al., 2010). Both 

retroviral gene delivery platforms insert into the genome, allowing stable gene 

expression post transduction. Stable gene insertion harbors the risk of insertional 

oncogenesis, as documented in patients receiving gene-edited bone marrow 

cells (Hacein-Bey-Abina et al., 2003). However, mature T cells seem to be less 

prone to transformation after retroviral gene transduction (Newrzela et al., 2008; 

Scholler et al., 2012). Differences between lentiviral and γ-retroviral gene delivery 

has been observed in terms of their integration sites across the genome, with 

lentiviral vectors less likely integrating close to promoters and other gene 

regulatory regions, but more likely to cause aberrant gene transcription due to 

disruption of splice sites (Mitchell et al., 2004; Suerth et al., 2012). Whereas 

lentiviruses are capable of infecting non-dividing cells, retroviruses depend on 

mitotically active cells for successful infection (Suerth et al., 2012). 

Non-viral gene delivery methods have also been used in T cell gene 

engineering. The transposon/transposase system “sleeping beauty” is a two-part 
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system, consisting of the gene-of-interest (=transposon) and the gene-integrating 

enzyme (=transposase) (Wang and Rivière, 2015). Both components are 

introduced into the T cell as DNA plasmids via electroporation, where, after 

translation the transposase inserts the transgene into TA dinucleotide repeats of 

the genome. This enables stable transgene expression in modified primary T 

cells (Kebriaei et al., 2016). Non-viral RNA-delivery methods via electroporation 

allow transient expression of the transgene if genome integration is not desired 

(Maus et al., 2013). 

Introducing TCR α and β chains with known specificities into T cells allows 

redirection of T cells to a desired antigen. However, expression of transgenes in 

T cells is associated with diverse challenges and limitations. The endogenous α 

and β chains can mispair with the introduced αβ chains, leading to unanticipated 

TCR specificities and non-functional TCRs (Schumacher, 2002). Also, the 

introduced TCR has to compete with the endogenous TCR for signaling 

members of the CD3 TCR complex, potentially limiting surface expression and 

signaling output (Ochi et al., 2011; Voss et al., 2008). Another limitation of TCR 

gene transfer is the HLA restriction of the TCR, making this therapy only useful 

for a specific subset of patients carrying the TCR-specific HLA haplotype. Most 

clinically used TCRs are restricted to HLA-A*01 and HLA-A*02 haplotypes, 

thereby only covering a subset of patients (Klebanoff et al., 2016). 

The clinical experience of TCR-engineered ACT has highlighted the unfortunate 

toxicities caused by TCR-crossreactivity. MAGE-A3, a cancer-testes antigen not 

expressed in normal tissue, was targeted in melanoma and sarcoma patients 

with an HLA-A*01-restricted MAGE-A3-specific affinity-enhanced TCR (Morgan 

et al., 2013). Shortly after ACT, two patients suffered fatal cardiotoxicity due to 

recognition of the unrelated cardiac protein titin by the MAGE-A3-specific TCR 

(Cameron et al., 2013). These unanticipated toxicities highlight both the 

therapeutic potential and danger of adoptively transferred T cells engineered to 

eliminate a specific cell population. Repurposing the potency of T cells 

independently of pMHC:TCR specificity led to the development of synthetic 
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receptors that can target a T cell to virtually any surface molecule and instruct the 

T cell to exert its effector functions upon target molecule encounter.  

CAR design 

The first synthetic receptors designed for T cell activation were fusion proteins 

composed of a immunoglobulin (Ig)-derived variable light (VL) or heavy (VH) 

chain fused to the constant region of the TCR α or β chain (Gross et al., 1989; 

Kuwana et al., 1987). Both fusion proteins were transfected into a transformed 

murine T cell line (EL4) and after receptor stimulation cytoplasmic calcium 

concentrations increased; seving as readout for receptor-specific cell activation 

(Kuwana et al., 1987). Further work fusing the intracellular chain of the CD3ζ 

molecule to the extracellular domains of CD4, CD8, or Fc receptors was 

sufficient to induce activation of transformed T cell lines upon extracellular 

receptor crosslinking (Irving and Weiss, 1991; Letourneur and Klausner, 1991; 

Romeo and Seed, 1991). Eshhar and Brocker then designed single chain fusion 

receptors consisting of an extracellular single chain variable fragment (scFv) plus 

the intracellular CD3ζ or Fcγ domains (Brocker et al., 1993; Eshhar et al., 1993).  

This allowed modular engineering of receptors based on the choice of the 

antibody-derived scFv. These receptors were initially called “T-bodies” and are 

now more generally known as “first generation CARs”. However, signaling via the 

CD3ζ chain alone provided only “signal 1” to primary resting T cells and, 

therefore, was insufficient to fully activate modified T cell (Brocker and 

Karjalainen, 1995). Only providing costimulation together with CD3ζ chain 

activation enabled augmented T cell cytokine release, even in primary T cells 

isolated from cancer patients (Gong et al., 1999). This realization inspired the 

development of “second-generation CARs” that additionally contain the 

intracellular domain of the costimulatory molecule CD28 in combination with the 

scFv and CD3ζ chain in one gene product (Finney et al., 1998). CD28 is 

constitutively expressed on naïve T cells and upon binding to its ligands CD80 

and CD86 on APCs “signal 2” is transmitted to the T cell, which is essential to 

initiate growth, survival, and memory formation. Besides some cancer cells of 

hematological origin, most cancer cells do not express CD80 and/or CD86 on 
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their surface, preventing full T cell activation upon TCR engagement. Thus, 

incorporating the costimulatory CD28 molecule into the CAR molecule obviates 

the need for cancer cell CD80/CD86 expression to induce a functional T cell 

response. Upon antigen-binding, second-generation CARs are capable of 

secreting high amounts of IL-2 (Hombach et al., 2001), efficiently lyse cells 

expressing target antigen, and have a superior proliferative response compared 

to first generation CARs (Maher et al., 2002).  

Introduction of different costimulatory domains showed robust activation of 

second-generation CAR T cells and emphasized the importance of and ability to 

provide signal 1 and 2 via a synthetic receptor. One of the first alternative 

costimulatory domains used in second generation CAR T cells instead of CD28 

was 4-1BB (Imai et al., 2004), but other stimulatory domains such as ICOS, 

OX40, DAP12, NKG2D and others have also been successfully implemented 

(Van Der Stegen et al., 2015). Combining two costimulatory domains with the 

CD3ζ chain, so-called “third generation CARs”, have also generated functional 

CAR T cells. There, CD28 was combined with OX40 (Pulè et al., 2005), or with 4-

1BB (Wang et al., 2007). A third generation CAR incorporating the 4-1BB plus 

ICOS costimulatory domains has also been described (Guedan et al., 2018). 

Whereas third generation CARs displayed similar or even improved tumor 

cytolysis compared to second generation CARs, clinical data suggests no 

improved antitumor efficacy (Morgan et al., 2010; Till et al., 2012). 

CD19 CAR T cell therapy 

CD19 is a 95 kD type I transmembrane protein that spans across the plasma 

membrane with an extracellular N-terminus and an intracellular C-terminus 

(Wang et al., 2012). No ligand for CD19 has so far been identified. CD19 is part 

of a multi-component signaling complex together with CD21, CD81, and CD225 

and regulates signaling thresholds important for B cell activation and 

development (Engel et al., 1995; Tedder et al., 1997). CD19 is specifically 

expressed on B cells starting at the pro-B cell stage during development and 

CD19 expression is only lost at terminal plasma cell differentiation (Wang et al., 

2012). CD19 is also expressed on most malignant B cells in leukemia and 
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lymphoma and on follicular DCs. With this restricted expression pattern, CD19 

was identified as an ideal surface target antigen to treat B cell malignancies with 

CD19-targeted CAR T cells.  This lead to the first demonstration of eradicating 

CD19+ human leukemia and lymphoma cells with a single infusion of first 

generation CD19 (19z) CAR T cells in a xenograft mouse model (Brentjens et al., 

2003). Following studies showed that second generation 1928z CAR T cells 

outperformed first generation 19z CAR T cells in a B cell lymphoma model 

(Kowolik et al., 2006). Further validation of the superior antitumor effect by 

second-generation CAR T cells soon followed in additional xenograft studies 

(Brentjens et al., 2007; Milone et al., 2009). The use of mouse tumor models 

showed that both first and second generation CAR T cells can also function in a 

fully syngeneic setting (Cheadle et al., 2010; Davila et al., 2013). 

 The first clinical case report of using second-generation CD19 CARs described 

a patient with follicular lymphoma experiencing a partial remission lasting 32 

weeks before eventually relapsing with CD19+ disease (Kochenderfer et al., 

2010). Additional clinical results were reported for chronic lymphocytic leukemia 

(CLL) patients. In combining lymphodepletive conditioning with second 

generation CD19 CARs, two out of three CLL patients showed long-term 

complete remissions (Kalos et al., 2011). The importance of conditioning prior to 

ACT was documented in a larger study of 10 patients with refractory B cell 

leukemias, where none of the patients receiving no pre-conditioning responded 

to the CAR T cell infusion (Brentjens et al., 2011). Consistent clinical success of 

CD19 CAR therapy across several treatment centers has been achieved in B cell 

ALL (B-ALL). Complete responses were reported in both adult and pediatric 

patients with B-ALL (Brentjens et al., 2013; Davila et al., 2014; Grupp et al., 

2013; Lee et al., 2015; Maude et al., 2014; Park et al., 2018). This clinical 

success eventually led to the approval of CD19 CAR therapy for B-ALL in 

children and young adults (Maude et al., 2018) and refractory diffuse large B cell 

lymphoma (Neelapu et al., 2017), making it the first FDA-approved cancer 

treatment modality based on genetic engineering of cells. 



 

13 

The 15+ years of clinical experience has defined several challenges in CD19 

CAR therapy. Whereas response rates range from 50-80% (Park et al., 2018; 

Schuster et al., 2018), some patients do not respond at all to autologous CAR 

therapy. Additionally, several centers have reported the outgrowth of antigen-

negative or antigen-low tumor cells that escape CAR T cell-mediated tumor 

killing (Maude et al., 2014; Park et al., 2018; Rizvi et al., 2015; Turtle et al., 

2016). This outgrowth causes relapse in patients that cannot be treated with the 

initial CAR therapy anymore, making alternative treatment strategies targeting 

different surface antigens necessary (Fry et al., 2018). 

CD19 CAR T cell therapy-related adverse events 

CD19 CAR T cell treatment-related adverse events have also been described. 

One commonly experienced short-term toxicity is termed cytokine release 

syndrome (CRS) and involves an inflammatory host response that manifests 

itself by high fevers, myalgia, and malaise. Severe cases of CRS have resulted in 

hypotension, hypoxia, coagulopathy, multiorgan toxicity, and even death (Brudno 

and Kochenderfer, 2016). Management of CAR therapy-associated CRS has 

been achieved by glucocorticoid injection and, in severe cases, antibody-

mediated IL-6 receptor blockade (tocilizumab) plus supportive therapy in an 

intensive care unit (Bonifant et al., 2016). Neurological symptoms such as 

encephalopathy, aphasia, delirium, tremor, seizures, and fatal cerebral edema 

have also been associated with CAR therapy (Santomasso et al., 2018). These 

neurological symptoms were correlated with pretreatment disease burden, CAR 

T cell dose, peak CAR T cell expansion, severity of CRS, and preexisting 

neurologic comorbidities (Gust et al., 2017; Hay et al., 2017). The breakdown of 

the blood-brain barrier (BBB) seems to permit accumulation of pro-inflammatory 

cytokines in the cerebrospinal fluid, leading to cerebral inflammation and onset of 

symptoms (Gust et al., 2017). Further studies are needed to address 

management of these neurological toxicities. Besides CRS and neurotoxicity, the 

third anticipated adverse event caused by CD19 CAR therapy is B cell aplasia. 

The absence of B cells is a direct functional readout of CD19 CAR T cell efficacy 

and is reversible upon CD19 CAR T cell removal (Paszkiewicz et al., 2016). B 
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cell aplasia is managed with intravenous immunoglobulin injection to supplement 

the deficit in antibody production. 

CAR T cells in other malignancies 

Following the clinical success of CD19 CAR T cell, other B cell-specific surface 

markers were targeted to combat B cell malignancies. Anti-CD20 and anti-CD22 

CAR T cell trials have demonstrated similar response rates in non-Hodgkin 

lymphoma and B-ALL, respectively, compared to anti-CD19 CAR T cell therapy 

(Fry et al., 2018; Zhang et al., 2016). Additional hematological diseases are 

under investigation and being targeted with genetically engineered CAR T cells. 

Multiple myeloma has successfully been targeted with BCMA- and GPRC5D-

specific CAR T cells in clinical and preclinical studies (Raje et al., 2019; Smith et 

al., 2019). In developing CAR T cells to treat AML, several potential targets have 

been identified. However, current preclinical and clinical investigation is 

warranted to validate a safe target in AML CAR therapy (June and Sadelain, 

2018). 

The translation of CAR therapy into solid tumor malignancies has been most 

challenging. Finding a target cell-specific antigen is highly imperative, as any off-

tumor/on-target activity – akin to B cell aplasia in CD19 CAR therapy – in the 

setting of solid tumors could be lethal. This is documented by two unfortunate 

clinical case reports of using CAR T cells to treat metastatic renal cell carcinoma 

or colon cancer. Patients with metastatic kidney cancer were injected with CAR T 

cells specific for carbonic anhydrase IX (CAIX), an enzyme expressed by certain 

kidney cancers (Lamers et al., 2006). After CAR T cell administration, patients 

developed liver toxicities and cholangitis due to CAIX expression and recognition 

on healthy epithelial cells in the bile duct (Lamers et al., 2006). One patient with 

metastatic colon cancer was injected with ERBB2-specific CAR T cells and 

suffered lethal lung toxicities due to low levels of ERBB2 expression on healthy 

lung epithelium (Morgan et al., 2010). Another case of on-target/off-tumor CAR 

toxicity in the lung was reported in patients with CAECAM5+ malignancies 

(Thistlethwaite et al., 2017). Together, this highlights the potency of CAR T cells 

in lysing antigen-positive cells and the importance of carefully considering targets 
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for safe patient treatment. So far, some safe targets in solid malignancies have 

been identified, but CAR T cell treatment in those cases has at best resulted in 

stable disease (Knochelmann et al., 2018). This emphasizes the need to develop 

safer and more potent CAR T cell treatment strategies in order to make this 

technology useful for treatment in a wider array of cancer malignancies. 

Emerging CAR T cell strategies 

Current efforts are focused on additional engineering of T cells besides only 

introducing a CAR molecule. The ability to fuse intracellular signaling domains of 

choice directly to extracellular domains of choice allows the design of any desired 

synthetic receptor. The use of chimeric costimulatory receptors (CCRs) was 

demonstrated early on in TCR-stimulated cells that expressed a CCR combining 

an antigen-specific scFv and the intracellular CD28 signaling domain (Krause et 

al., 1998). Upon TCR and antigen stimulation, T cells expanded and secreted IL-

2, which then inspired the generation of a second-generation CAR that 

incorporated both the CD3ζ chain from the TCR and the CD28 costimulatory 

domain (Maher et al., 2002). CCRs also laid the foundation for dominant-

negative receptors (DNRs) and switch receptors. DNRs are engineered proteins 

that contain the extracellular domain of a T cell inhibitory receptor but lack the 

cytoplasmic inhibitory signaling domains (Knochelmann et al., 2018). 

Overexpression of DNRs containing only the extracellular and transmembrane 

domain of PD-1, TGF-β receptor, or Fas in T cells has been shown to resist PD-

L1, TGF-β, or Fas ligand-mediated T cell suppression, respectively, augmenting 

CAR T cell function and proliferation (Cherkassky et al., 2016; Kloss et al., 2018; 

Yamamoto et al., 2019). Switch receptors are artificial proteins that combine an 

extracellular recognition domain from “protein A” with a cytoplasmic signaling 

domain of “protein B”. Fusion of PD-1 with CD28 resulted in a PD1:CD28 switch 

receptor that, when expressed in CD8+ cytotoxic T cells and exposed to PD-L1, 

resulted in T cell activation rather than anergy (Prosser et al., 2012). A different 

strategy was based on connecting the IL-4 receptor ectodomain to the IL-7 

receptor endodomain (Leen et al., 2014). This chimeric cytokine receptor 

instructed T cells to maintain a Th1 effector phenotype in the context of inhibitory 
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IL-4 cytokine stimulation and improved the in vivo antitumor function of the 

engineered T cells. 

Different strategies have been employed to control CAR expression and 

increase CAR therapy safety. Expression of an inhibitory CAR (iCAR), that 

contains a PD-1 or CTLA-4 cytoplasmic domain instead of a costimulatory 

domain, in combination with a conventional CAR in the same T cell allows control 

of cell activation dependent of antigen presence (Fedorov et al., 2013). If the 

iCAR recognizes “antigen A” and the CAR recognizes “antigen B”, T cell 

activation is inhibited when antigen A alone or A and B together are rexpressed 

on the target cell. This allows more restrictive antigen-dependent CAR activation 

and potentially limits on-target/off-tumor toxicities in healthy tissue expressing 

antigen A. The concept of splitting the two stimulatory domains into two different 

CAR molecules recognizing two different antigens allows controlled T cell 

activation only in the presence of both antigens (Kloss et al., 2013; Wilkie et al., 

2012). These dual-targeted” CAR T cells also have a more restrictive activation 

threshold, but there often is still significant activation of the CAR T cell even if 

only one antigen is present. The generation of synthetic Notch (synNotch) 

receptors allows expression of a specific CAR only after priming with a separate 

activation signal (Lim and June, 2017). The activation signal is chosen to bind to 

the synNtch receptor on the surface of the engineered cell, leading to 

transcriptional activation and expression of a gene of interest (Morsut et al., 

2016). The combinatorial strategy applied to CAR T cells limits CAR expression 

and effector function only in the context of both the synNotch activation signal 

and the CAR antigen (Roybal et al., 2016). These different CAR activation 

modalities of NOT- and AND-gated CAR activation provide ways to explore more 

safe CAR T cell therapy design for targeting solid tumor tissue.  

Recent efforts have demonstrated improved cytotoxic function of the CAR T 

cells by modulating the components of the CAR and introducing novel 

costimulatory domains (Feucht et al., 2019; Kagoya et al., 2018), by controlling 

CAR expression at a physiological level through targeted genomic integration of 

the CAR transgene (Eyquem et al., 2017), by engineering the CAR T cell to 
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secrete a therapeutically active anti-PD-1 scFv (Rafiq et al., 2018), or by over-

expressing a second transgene, such as immunestimulatory cytokines or ligands, 

in addition to the CAR in the T cell to enhance the antitumor efficacy of the CAR 

T cell (Hu et al., 2017; Pegram et al., 2012; Zhao et al., 2015). Several different 

cytokines that are naturally not secreted by T cells have been introduced into 

CAR T cells, such as IL-12, which is canonically secreted by licensed DCs 

(Macatonia et al., 1995) and in the context of CAR T cell therapy was shown to 

improve the antitumor response by affecting “bystander” cells present in the 

tumor microenvironment. Immune-inhibitory macrophages and myeloid-derived 

suppressor cells (MDSCs) lost their suppressive capacities when being exposed 

to IL-12-secreting CARs (Chmielewski et al., 2011; Kerkar et al., 2011; Yeku et 

al., 2017). IL-18 secretion by CAR T cells was shown to enhance CAR T cell 

proliferation and antitumor efficacy, as well as to recruit non-CAR T cells to the 

antitumor response (Avanzi et al., 2018; Hu et al., 2017). Engineering CD19 CAR 

T cells to express IL-15, another cytokine naturally not produced by lymphocytes, 

also improved anti-tumor CAR function in murine xenograft leukemia models 

(Hoyos et al., 2010; Hurton et al., 2016). As an alternative to secretable 

cytokines, forced expression of the membrane-bound molecule 4-1BB ligand (4-

1BBL) enhanced CAR T cell treatment in preclinical models by increasing T cell 

persistence and decreasing T cell exhaustion (Stephan et al., 2007; Zhao et al., 

2015). Our lab has recently published the use of a different membrane-bound 

ligand, CD40 ligand (CD40L, CD154), in concert with CAR T cells to enhance the 

antitumor effect (Curran et al., 2015; Kuhn et al., 2019). 

CD40/CD40 Ligand Biology 

CD40/CD40L in the immune system  

CD40L is a type II transmembrane protein that belongs to the tumor necrosis 

factor gene superfamily and is mainly expressed on activated T cells and 

platelets. On T cells that have been stimulated through their T cell receptor 

(TCR) and costimulatory ligands such as CD28, pre-formed CD40L is 

upregulated within minutes on the cell surface, reaches peak levels after 6 hours, 
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and then its surface expression declines over the next 24 hours (Casamayor-

Palleja et al., 1995; Castle et al., 1993; Jaiswal et al., 1996). CD40L binds to 

CD40, which is expressed on several immune cells including B cells, dendritic 

cells (DCs), and macrophages, as well as on hematopoietic and solid tumor cells 

(Elgueta et al., 2009). DCs belong to the innate immune system and have 

important established functions in antitumor response, wherein they can prime 

antitumor T cell responses through their TCR by presenting antigenic peptides on 

their cell surface via MHC-I and MHC-II (Banchereau and Steinman, 1998). The 

CD40-CD40L interaction leads to activation of DCs, wherein they are matured 

and primed to secrete the pro-inflammatory cytokine IL-12 and support CD4+ T 

cell helper responses (Cella et al., 1996; Heufler et al., 1996). Further, CD40-

mediated activation of DCs improves T cell function through priming of CD8+ 

cytotoxic T cells (Bennett et al., 1998; Ridge et al., 1998; Schoenberger et al., 

1998). Pharmacological activation of DCs via agonistic anti-CD40 or checkpoint 

blockade in combination with chemotherapy was shown to drive T cell-mediated 

immunity against cancer in syngeneic in vivo mouse models (Byrne and 

Vonderheide, 2016; de Mingo Pulido et al., 2018; Salmon et al., 2016).  

CD40 on tumor cells 

CD40 is expressed on many cancer cells of hematological origin, such as CLL, 

ALL, lymphoma, multiple myeloma, and AML, but also on many non-

hematological cancer cells (Elgueta et al., 2009). Melanoma, lung, prostate, 

bladder, cervical, and ovarian cancer have all been reported to also express 

CD40 protein (Elgueta et al., 2009). The function and effect of CD40 signaling in 

these different cancer types is only partly understood and warrants further 

investigation. Low level of CD40L expression on non-Hodgkin’s lymphoma, 

Burkitt’s lymphoma, and CLL cell has been reported and attributed to constitutive 

CD40 signaling in these cells promoting upregulation of anti-apoptotic, pro-

survival proteins such as Bcl-xL (Choi et al., 1995). A similar effect was 

documented in human CD40-positive breast cancer cells (Baxendale et al., 

2005), showing that low-level CD40/CD40L signaling can promote malignant cell 

survival across different tumor types. 
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The mode of CD40 activation on transformed cells seems to be important in 

determining the signaling outcome. Contrary to chronic low-level activation 

stimulating survival, transient CD40 stimulation via cross-linking antibodies or 

high levels of soluble CD40L has a strong anti-proliferative and pro-apoptotic 

effect on lymphoma cells (Funakoshi et al., 1994). The same enhanced 

susceptibility to apoptosis after receiving a strong CD40 stimulus was also 

observed in different carcinoma cells (Hess and Engelmann, 1996; Wingett et al., 

1998). The molecular events determining CD40-induced apoptosis in 

transformed cells remain elusive. Tumor growth inhibition of CD40+ lymphoma 

and breast cancer cells in SCID mice via an agonistic CD40 antibody or soluble 

CD40L suggest that the inhibitory effect of CD40/CD40L signaling in tumor cells 

is independent of functional T and B cells (Funakoshi et al., 1994; Hirano et al., 

1999; Tong et al., 2001). Furthermore, many in vitro experiments demonstrating 

direct proliferative and apoptotic effects in cancer cells upon CD40 stimulation 

indicate a cell-intrinsic mechanism of tumor cell response (Elgueta et al., 2009). 

Aims 
Given the known CD40/CD40L biology and the conveyed T cell cytotoxicity 

through CARs, T cells are genetically engineered to overexpress both CD40L 

and a CD19-targeted CAR to generate CD40L-modified CAR T cells. The overall 

aim of the thesis is to interrogate if, in the context of tumor treatment, CD40L-

modified CAR T cells are capable of licensing APCs in vivo and if this licensing 

event can prime endogenous immune effectors to aid in the antitumor response. 

Ultimately, we hypothesize that CD40L-modified CAR T cells enhance the 

antitumor response compared to CAR-only T cells. The aims are addressed in 

chapters 3, 4, and 5. 

Genetic engineering of T cells to express CAR and CD40L transgenes 

The aim in chapter 3 is to engineer T cells to constitutively express CD40L in 

combination with a CD19-targeted second generation CAR. The effect of 

constitutive CD40L expression on CAR T cells will be investigated with regard to 

their proliferation, viability, differentiation, and their capability to specifically lyse 
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CAR-targeted tumor cells. Also, chapter 3 will assess the ability of overexpressed 

CD40L to exert its biological function of stimulating cells through CD40/CD40L 

interactions. Further, it will serve to determine any differences in antitumor 

efficacy between CAR-only T cells and CD40L-modified CAR T cells. Importantly, 

this question will be addressed in a fully immune-competent syngeneic mouse 

tumor model in vivo. The experiments establish a model that allows investigation 

of the interactions between the adoptively transferred CAR T cells, tumor cells, 

and the endogenous host immune system in the following chapters. 

In vivo licensing of APCs via CAR T cells 

Chapter 4 will focus on in vivo licensing of CD40+ APCs by CD40L-modified 

CAR T cells and how this event changes the immune cell composition in the host 

on a molecular and cellular level. The aim is to assess if CD40L-modified CAR T 

cells provide a pro-inflammatory environment specifically through CD40/CD40L 

interactions in the host leading to tumor rejection. 

Priming and recruitment of CD8+ cytotoxic T cells to aid in antitumor response 

Chapter 5 is dedicated to the analysis of endogenous non-CAR T cell 

populations and their priming after CD40L-modified CAR T cell treatment. The 

working hypothesis states that CD40/CD40L-licensed APCs upregulate 

costimulatory molecules and cross-present antigen to CD8+ cytotoxic T cells, 

thereby priming an endogenous T cell population to recognize and lyse tumor 

cells. This would provide the host with a sustained endogenous antitumor 

response initiated by CD40L-modified CAR T cell treatment. 
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CHAPTER 2 

MATERIALS AND METHODS 

Animal Models 
Mice were bred and housed under SPF conditions in the animal facility of 

Memorial Sloan Kettering Cancer Center. All experiments were performed in 

accordance with the MSKCC Institutional Animal Care and Use Committee 

(IACUC) approved protocol guidelines (MSKCC #00-05-065). Wild-type BALB/c 

mice were purchased from Charles River. Wild-type C57BL/6, BALB/c Thy1.1+ 

(CBy.PL(B6)-Thy1a/ScrJ), and BALB/c CD45.1 (CByJ.SJL(B6)-Ptprca/J) mice 

were purchased from Jackson laboratories. BALB/c Cd40-/- (CNCr.129P2-

Cd40tm1Kik/J) were kindly provided by Dr. Anna Valujskikh and bred in-house. 

BALB/c Batf3-/- (C.129S-Batf3tm1Kmm/J) were kindly provided by Dr. Barney 

Graham and bred in-house. 8-12 week old gender-matched mice challenged with 

firefly luciferase-expressing tumor were imaged via bioluminescence to confirm 

equal tumor load and randomized to different treatment groups one day before 

treatment. Mice were euthanized when tumor growth led to a weight gain of 20% 

due to a distended abdomen or when mice suffered from hind limb paralysis. The 

investigator was blinded when assessing the outcome. 

Cell Lines 
A20 cells (catalog number TIB-208) and Phoenix-ECO packaging cells (catalog 

number CRL-3214) were purchased from ATCC. The Eµ-ALL01 cell line was a 

kind gift from Michel Sadelain (Davila et al., 2013). The ID8.VegfA-Defb29 cell 

line was a kind gift from Jose R. Conejo-Garcia. All cell lines were maintained in 

RPMI-1640 supplemented with 10% heat-inactivated FBS, nonessential amino 

acids, 1 mM sodium pyruvate, 10 mM HEPES, 2 mM L-glutamine, 1% 

penicillin/streptomycin, 11 mM glucose, and 2 µM 2-mercaptoethanol. Cell lines 

were routinely tested for potential mycoplasma contamination. 
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Generation of retroviral constructs 
Plasmids encoding the CAR construct in the SFG γ-retroviral vector (Riviere et 

al., 1995) were used to transfect gpg29 fibroblasts (H29) with the ProFection 

Mammalian Transfection System (Promega) according to the manufacturer’s 

instructions in order to generate vesicular stomatitis virus G-glycoprotein-

pseudotyped retroviral supernatants. These retroviral supernatants were used to 

construct stable Moloney murine leukemia virus-pseudotyped retroviral particle-

producing Phoenix-ECO cell lines. The SFG-m1928z-CD40L vector was 

constructed by stepwise Gibson Assembly (New England BioLabs) using the 

cDNA of previously described anti-mouse CD19 scFv (Davila et al., 2013), Myc-

tag sequence (EQKLISEEDL), murine CD28 transmembrane and intracellular 

domain, murine CD3ζ intracellular domain without the stop codon, P2A self-

cleaving peptide, and the murine CD40L protein.  
 

Mouse T cell isolation and retroviral transduction 
Mice were euthanized and their spleens were harvested. Following tissue 

dissociation and red blood cell lysis, CD3+, CD4+, or CD8+ T cells were enriched 

via negative selection using the EasySep Mouse T Cell Isolation Kit (StemCell). 

Cells were then expanded in vitro by culturing in RPMI-1640 supplemented with 

10% heat-inactivated FBS, nonessential amino acids, 1 mM sodium pyruvate, 10 

mM HEPES, 2 mM L-glutamine, 1% penicillin/streptomycin, 11 mM glucose, 2 

µM 2-mercaptoethanol, 100 IU of recombinant human IL-2 (rhIL-2) (Prometheus 

Therapeutics & Diagnostics), and anti-CD3/28 Dynabeads (Life Technologies) at 

a bead:cell ratio of 1:2. 24 h and 48 h after initial expansion, T cells were 

spinoculated on retronection (Takara)-coated plates with viral supernatant 

collected from Phoenix-ECO cells as described previously (Lee et al., 2009). 

After the second spinoculation, cells were rested for one day and then used in 

adoptive transfer studies. 
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Human T cell isolation and retroviral transduction 
Human T cells were isolated from fresh blood-derived leukocyte concentrate 

(Leukopack) purchased from the New York Blood Center. Mononuclear cells 

were separated using density gradient centrifugation with Accu-prep (axis-Shield 

PoC, AS, Oslo, Norway). Post cell separation, the mononuclear cell mixture was 

resuspended in RPMI-1640 supplemented with 10% heat-inactivated FBS, 100 

U/ml penicillin and streptomycin, 2 mM L-glutamine, and 100 IU/ml rhIL-2. Cells 

were activated with 10 ug/ml PHA (Sigma Aldrich) and 48 hr later activated T 

cells were enumerated and retrovirally transduced by spinoculation. T cells were 

spinoculated with supernatant from HEK293.GalV-9 retroviral producer cells on 

retronectin-coated plates as described before (Brentjens et al., 2003). After the 

second spinoculation, new media and rhIL-2 (100 IU/ml) was added and cells 

were rested for 24 hr and then assessed for transgene expression by flow 

cytometry. 

Human T cell co-culture experiment 
Human anti-CD19 CAR T cells were co-cultured with antigen-negative murine 

NIH/3T3 fibroblast cells or CD19-expressing NIH/3T3 cells (3T3.hCD19) at a 1:1 

ratio at 1x105 cells each per well in a 12-well tissue culture plate. After 4, 24, and 

48 hr of co-culture, cells were collected and CD40L expression on CAR T cells 

was assessed by flow cytometry. 

Cytotoxicity assays 

Short-term quantitative cytotoxicity assay 

The short-term cytotoxicity of CAR+ T cells was determined by a standard 

luciferase-based killing assay. 1x105 target tumor cells expressing firefly 

luciferase were co-cultured with effector CAR+ T cells at different effector-to-

target ratios in triplicates in white-walled 96-well plates (Corning) in a total 

volume of 200 ul of cell media. Target cells alone were plated at the same cell 

density to determine the maximal luciferase expression as a reference (“max 

signal”). 16 hr later, 75 ng of D-Luciferin (Gold Biotechnology) dissolved in 50 ul 

of PBS was added to each well. Emitted luminescence of each sample (“sample 
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signal”) was detected in a Spark plate reader (Tecan) and quantified using the 

SparkControl software (Tecan). Percent lysis was determined as (1 – (“sample 

signal” / “max signal”)) x 100. 

Long-term cytotoxicity assay 

5x105 GFP+ A20 or A20.CD40-KO were co-cultured with 5x105 CAR+ T cells at a 

1:1 ratio in 1 ml of complete media in a 5 ml round-bottom tube in sterile 

conditions. Twice a week, half of the media was removed and an equivalent 

amount of new media was added. At day 0, 7, 14, and 21 an aliquot of each 

sample was taken for flow cytometric analysis of GFP and surface CD19 

expression. 

Ex vivo cytotoxicity assay 

CD45.2+ wild-type A20 tumor-bearing mice were treated with 3x106 CD45.1+ 

CAR T cells via i.v. injection on day 7 after tumor challenge. On day 7 after CAR 

T cell treatment, endogenous CD45.2+ T cells were sorted from spleens by FACS 

and cultured with luciferase-expressing A20.CD19-KO target cells as described 

above, except that 1x104 instead of 1x105 target tumor cells were used per well. 

After 24 hr, tumor cell numbers and percent lysis was determined as described 

above. 

Adoptive transfer of CAR T cells 
For tumor studies, mice were injected i.v. with 1 x 106 firefly luciferase-expressing 

tumor cells on day 0. On day 6, bioluminescence imaging using the Xenogen 

IVIS Imaging System (Xenogen) with Living Image software (Xenogen) for 

acquisition of imaging datasets was done to guarantee equal tumor burden of 

mice at time of treatment. Mice were then randomized into different treatment 

cohorts and on day 7, mice were treated with 1-3 x 106 CAR+ T cells 

intravenously. In B cell aplasia studies, one cohort of mice received 200 mg/kg 

cyclophosphamide (Sigma) intraperitoneally on day -1, whereas the other cohort 

was left untreated. On day 0, both groups received 3 x 106 CAR+ T cells 

intravenously. Tumor burden over time was monitored by bioluminescent imaging 
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and quantified over the whole animal body as photons/second/cm2/steradian 

(p/s/cm2/sr). 

Tumor challenges with CAR antigen-negative tumor cells 
Long-term surviving BALB/c or C57BL/6 mice (99+ after initial tumor challenge 

with CD19+ tumor cells) were injected i.v. with 1x105 A20.CD19-KO cells 

(BALB/c) or 1x106 Eµ-ALL01.CD19-KO (C57BL/6). Naïve age-matched mice 

served as controls. Survival was monitored over time. 

Depletion of CD4+ or CD8+ cell populations 
To deplete CD4+ T cells in tumor-bearing mice, 200 µg of anti-CD4 depletion 

antibody (GK1.5) or IgG control antibody (LTF-2) were injected i.p. 2x per week 

for 4 weeks starting one week prior to CAR T cell treatment. To deplete CD8+ T 

cells in mice for re-challenge experiments with CD19-negative tumor cells, 200 

µg of anti-CD8 depletion antibody (2.43) or IgG control antibody (LTF-2) were 

injected i.p. on days -3, 0, 7, 14, and 21 relative to tumor cell challenge. 

Depletion of CD4+ and CD8+ T cells was confirmed in the peripheral blood of 

treated mice by different antibody clones (RM4-5 for CD4 and 53-6.7 for CD8 

staining). 

Cell isolation for subsequent analyses 
Spleens were mechanically disrupted with the back of a 5-ml syringe, filtered 

through a 40 µM strainer, washed with PBS, and red blood cell lysis was 

achieved with an ACK (Ammonium-Chloride-Potassium) Lysing Buffer (Lonza). 

Cells were washed with PBS, counted, and then used for subsequent analyses. 

Liver tissue was mechanically disrupted using a 150 µM metal mesh and glass 

pestle in 3% FCS/HBSS and passed through a 100 µM cell strainer. The liver 

homogenate was spun down at 400 g for 5 min at 4 °C to pellet the cells, which 

were then resuspended in 15 ml 3% FCS/HBSS, 500 ul (500 U) heparin, and 8 

ml Percoll (GE), mixed by inversion, and spun at 500 g for 10 min at 4 °C. Red 

blood cell lyisis of the pelleted cells was done with an ACK Lysis buffer. Cells 

were then washed, counted, and used for subsequent analyses. 
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In vitro cytokine secretion analysis 
For in vitro cytokine CAR T cell production, 1x105 CAR+ T cells and 1x105 A20 

tumor cells were co-cultured in a 96-well round-bottom plate in 200 ul of media. 

For in vitro IL-12p70 production of bone marrow-derived dendritic cells (BMDCs), 

1x106 BMDCs were co-cultured with 3x106 CAR+ T cells in 12-well plates in 2 ml 

of media. After 24 h the supernatant was collected and analyzed using the 

MILLIPLEX MAP Mouse Cytokine/Chemokine, Premixed 13 Plex kit (Millipore) 

and the FLEXMAP 3D system (Luminex).  

Serum cytokine analysis 
Whole blood was collected from mice and serum was prepared by allowing the 

blood to clot by centrifuging at 20,000 g for 15 min at 4 °C. Cytokine detection 

was done using the MILLIPLEX MAP Mouse Cytokine/Chemokine, Premixed 13 

Plex kit (Millipore) and the FLEXMAP 3D system (Luminex). 

Cytokine Array 
A20 lymphoma-bearing mice were treated with 3x106 m1928z or m1928z-CD40L 

CAR T cells on day 7. On day 14, mouse spleens were harvested and 

homogenized in 1 ml of PBS with cOmplete Protease Inhibitor Cocktail (Roche) 

on ice. An equal amount of tissue lysate was used to probe 

cytokines/chemokines using the Proteome Profiler Mouse Cytokine Array Kit, 

Panel A (R&D Systems, ARY006) according to the manufacturer’s instructions. 

Quantification of the spot intensity on the blot membranes was done after 

background subtraction with ImageJ. 

In vitro T cell stimulation 
To assess CD40 surface expression on T cells, purified CD3+ T cells as 

described above were seeded at 1x105 cells per well in a round-bottom 96-well 

plate in 200 ul of media and stimulated with or without rhIL-2 (100 IU/ml) and 

CD3/28 dynabeads (1-to-2 bead-to-T cell ratio). At indicated time points, cells 

were collected, washed, fixed and stored in 1% paraformaldehyde (Sigma). After 

all time points were collected, cells were surface stained and analyzed by flow 

cytometry.  
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In vitro T cell culture 
1x105 CAR T cells were seeded in 200 ul of media in a 96-well round bottom 

plate without any supportive cytokines or stimulation. Triplicate wells were 

seeded for every time point. Cells were collected at indicated time points and 

quantified using 123count eBeads Counting Beads (Thermo Fisher). Dead cells 

were excluded by gating on DAPI- cells. 

Bone marrow-derived dendritic cell solation and co-culture with CAR T 
cells 
BMDCs were generated as previously described (Helft et al., 2015). Briefly, 

1x107 bone marrow cells per well were cultured in tissue-culture-treated 6-well 

plates in 4 ml of RPMI-1640 supplemented with 10% heat-inactivated FBS, 

nonessential amino acids, 1 mM sodium pyruvate, 10 mM HEPES, 2 mM L-

glutamine, 1% penicillin/streptomycin, 11 mM glucose, 2 µM 2-mercaptoethanol, 

and 20 ng/ml GM-CSF (Peprotech). Half of the medium was removed at day 2 

and new medium supplemented with GM-CSF (2x, 40 ng/ml) was added. The 

culture medium was entirely discarded at day 3 and replaced by fresh medium 

with GM-CSF (20 ng/ml). On day 6 of culture, non-adherent cells in the culture 

supernatant were used in the co-culture experiments. Cells were co-cultured in 

96-well flat bottom culture by co-incubating 1x105 BMDCs and 1x105 CAR+ T 

cells per 100 ul for 24 to 48 h. Plates were briefly spun down and culture 

supernatants were collected and assayed for IL-12p70 secretion via Luminex 

Mouse TH17 Assay (Millipore) or ELISAPRO kit Mouse IL-12 (p70) (Mabtech) 

according to the manufacturer’s instructions. Cells were used for flow cytometric 

analysis. 

CRISPR/Cas9-mediated knockout in tumor cells 
A20 and Eµ-ALL01 cells were transfected by electrotransfer of modified Cas9 

mRNA (Trilink) and gRNA using an AgilePulse MAX system (Harvard 

Apparatus). 2x105 cells were mixed with 5 µg of Cas9 mRNA and 10 µg of gRNA 

into a 2 mm gap cuvette. For MHC-II knockout, two gRNAs were added 

simultaneously. Following electroporation, cells were transferred into media and 
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incubated at 37 °C, 5% CO2. 48 h later, knockout efficiency was detected by 

surface staining of target molecule. Single cell clones were generated via serial 

dilution and expanded to generate a homogenous knockout line. gRNA was 

generated by in vitro transcription using the MEGAshortscript T7 Transcription Kit 

(Thermo Fisher) and subsequently purified using the MEGAclear Transcription 

Clean-Up Kit (Thermo Fisher) according to the manufacturer’s instructions; or 

chemically modified gRNA (2’-O-methyl analogs at the first three 5’ RNA residues 

and 3’ phosphorothioate internucleotide linkages at the last three 3’ RNA 

residues) was purchased from Synthego. 

Flow cytometry and FACS sorting 
Flow cytometric analyses were performed using a Beckman Coulter Gallios or a 

Thermo Fisher Attune NxT flow cytometer. Data were analyzed using FlowJo 

(Tree Star). DAPI (0.5 mg/ml, Sigma-Aldrich) or a LIVE/DEAD fixable violet dead 

cell stain kit (Thermo Fisher) were used to exclude dead cells in all experiments, 

and anti-CD16/CD32 antibody (93) was used to block non-specific binding of 

antibodies via Fc receptors. The following anti-mouse antibodies were used for 

flow cytometry: anti-CD3ε (clone 145-2C11), anti-CD4 (GK1.5), anti-CD8α (53-

6.7), anti-CD11b (M1/70), anti-CD11c (N418), anti-CD19 (eBio1D3), anti-CD40 

(3/23), anti-CD40L (MR1), anti-CD44 (IM7), anti-CD45 (30-F11), anti-CD45.1 

(A20), anti-CD45.2 (104), anti-CD62L (MEL14) anti-CD80 (16-10A1), anti-CD86 

(GL1), anti-CD103 (2E7), anti-CXCL9 (MIG-2F5.5), anti-F4/80 (BM8), anti-Foxp3 

(FJK-16s), anti-IFNγ (XMG1.2), anti-IL-2 (JES6-5H4), anti-IL-4 (11B11), anti-IL-

12p40 (C17.8), anti-IL-17A (eBio17B7), anti-Ly-6G/Ly-6C (Gr-1) (RB6-8C5), anti-

MHC class I (MHC-I) H-2Kd (SF1-1.1.1), anti–MHC class II (MHC II) I-A/I-E 

(M5/114.15.2), anti-Myc-tag (9B11), anti-Thy1.1 (HIS51), anti-Thy1.2 (30-H12), 

and anti-TNFα (MP6-XT22). Quantification of total cell numbers by flow 

cytometry was done using 123count eBeads Counting Beads (Thermo Fisher). 

For intracellular staining of IFNγ, TNFα, IL-2, IL-4, and IL-17, a single cell 

suspension of liver or spleen tissue was generated (for IFNγ and TNFα stain) or 

in vitro cultured CAR T cells were collected (for IL-2, IL-4, and IL-17 stain) and 

cells were stimulated with 1x Cell Stimulation Cocktail (phorbol 12-myristate 13-
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acetate (PMA), ionomycin, brefeldin A, and monensin) from Thermo Fisher for 5 

h. Cells were then processed with the Cytofix/Cytoperm Plus kit (BD 

Biosciences) per the manufacturer’s instructions. For intracellular staining of IL-

12p40 and CXCL9 ex vivo, the same staining protocol was used without prior 

stimulation. Staining of Foxp3 was done using the Foxp3/Transcription factor 

staining buffer set from eBioscience. All antibodies were purchased from 

Biolegend, BD Biosciences, Cell Signaling, eBioscience, or Thermo Fisher. 

Sorting of splenocytes after tissue processing was done using a BD FACSAria 

under sterile conditions. Purity of cell populations was determined by reanalysis 

of an aliquot of sorted cell samples. 

ELISpot assay 
Splenocytes from tumor-challenged non-treated or treated mice were harvested 

on day 14 after tumor inoculation. Single cell suspensions were prepared and 

sorted by FACS as described above. 1x105 T cells (CD4+ Thy1.2+ or CD8+ 

Thy1.2+ or CD8+ CD45.2+) cells were assayed per well. Cells were either left 

unstimulated or stimulated with 1x105 tumor cells (A20.GFPluc, A20.MHCII-KO 

or A20.B2M-KO) or concanavalin A (4 ug/ml) as a positive control. After a 24 hr 

culture period, detection of INFγ-producing T cells was performed according to 

manufacturer’s instructions using Millipore ELISpot plates (Mabtech). 

Immunofluorescent Microscopy 
Mouse lymph nodes or spleens were snap frozen in OCT Compound (Tissue-

Tek) and stored at -80 °C. 10 µm sections of frozen tissue were dried for 1-2 h at 

room temperature and then fixed in 100% acetone for 20 min at -20 °C, dried for 

5-10 min at room temperature, and blocked for 90 min with 10% rat serum and 

TruStain FcX (anti-mouse CD16/32) antibody (1:100) in PBS. After washing the 

tissue sections in PBS for three times at room temperature, the samples were 

incubated with rat anti-mouse CD3-A488 (Biolegend), rat anti-mouse/human 

B220-A549 (Biolegend), and mouse Myc-Tag-A647 (Cell Signaling) antibodies 

overnight at 4 °C in the dark. The sections were then washed again three times 

in PBS at room temperature and counterstained with 1 µg/ml DAPI in PBS for 10 
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min at room temperature in the dark. Samples were mounted with Fluoromount-

G (Thermo Fisher) and scanned using Pannoramic Flash (Perkin Elmer) with a 

20x/0.8NA objective. Images were processed using CaseViewer (3D Histech) 

and ImageJ (NIH). 

Necropsy and Histopathology  
Mice were euthanized with CO2. Following gross examination all organs were 

fixed in 10% neutral buffered formalin, followed by decalcification of bone in a 

formic acid solution (Surgipath Decalcifier I, Leica Bioosystems). Tissues were 

then processed in ethanol and xylene and embedded in paraffin in a Leica 

ASP6025 tissue processor. Paraffin blocks were sectioned at 5 microns, stained 

with hematoxylin and eosin (H&E), and examined by a board-certified veterinary 

pathologist. The following tissues were processed and examined: heart, thymus, 

lungs, liver, gallbladder, kidneys, pancreas, stomach, duodenum, jejunum, ileum, 

cecum, colon, lymph nodes (submandibular, mesenteric), salivary glands, skin 

(trunk and head), urinary bladder, uterus, cervix, vagina, ovaries, oviducts, 

adrenal glands, spleen, thyroid gland, esophagus, trachea, spinal cord, 

vertebrae, sternum, femur, tibia, stifle join, skeletal muscle, nerves, skull, nasal 

cavity, oral cavity, teeth, ears, eyes, pituitary gland, brain.  

Hematology and Serum Chemistry  
For hematology, blood was collected into tubes containing EDTA. Automated 

analysis was performed on an IDEXX Procyte DX hematology analyzer and 

platelet count was determined. For serum chemistry, blood was collected into 

tubes containing a serum separator, the tubed were centrifuged and the serum 

was obtained for analysis. Serum chemistry was performed on a Beckman 

Coulter AU680 analyzer and the concentration of the following analytes was 

determined: alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST).  

Quantification and Statistical Analysis 
All statistical analyses were performed using GraphPad Prism software 

(GraphPad). Data points represent biological replicates and are shown as the 
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mean ± SEM or mean ± SD as indicated in the figure legends. Statistical 

significance was determined using an unpaired two-tailed Student’s t-test. The 

log-rank (Mantel-Cox) test was used to determine statistical significance for 

overall survival in mouse survival experiments. Significance was assumed 

with *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Table 2.1 Reagents and other Resources 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

TruStain fcX (anti-mouse CD16/32) BioLegend Cat# 101319, RRID:AB_1574973 

anti-mouse/human B220 (clone 

RA3-6B2) AlexaFluor-594 

BioLegend 103254, RRID:AB_2563229 

anti-mouse CD3 (clone 17A2) 

AlexaFluor 488 

BioLegend 100212, RRID:AB_493530 

anti-mouse CD3ε (clone 145-

2C11) PE-eFluor 610 

eBioscience 61-0031, RRID:AB_2574514 

anti-mouse CD4 (GK1.5) 

AlexaFluor 700 

eBioscience 56-0041, RRID:AB_493999 

anti-mouse CD8α (53-6.7) APC-

eFluor 780 

eBioscience 47-0081, RRID:AB_1272185 

anti-mouse/human CD11b (M1/70) 

AlexaFluor 700 

eBioscience 56-0112, RRID:AB_657585) 

anti-mouse CD11c (N418) APC-

eFluor 780 

eBioscience 47-0114, RRID:AB_1548663 

anti-mouse CD19 (eBio1D3) APC-

eFluor 780 

eBioscience 47-0193, RRID:AB_10853189 

anti-mouse CD19 (eBio1D3) PE eBioscience 12-0193, RRID:AB_657661 

anti-mouse CD19 (eBio1D3) PE-

eFluor 610 

eBioscience 61-0193, RRID:AB_2574536 

anti-mouse CD40 (1C10) PerCP-

eFluor 710 

eBioscience 46-0401, RRID:AB_2573677 

anti-human CD40L (TRAP) PE BD Pharmingen 555700 

anti-mouse CD40L (MR1) PE eBioscience 12-1541, RRID:AB_465887 

anti-mouse CD44 (IM7) APC-

eF780 

eBioscience 47-0441 

anti-mouse CD45 (30-F11) BV605 BioLegend 103139, RRID:AB_2562341 

anti-mouse CD45 (30-F11) PE-Cy7 eBioscience 25-0451, RRID:AB_469625 

anti-mouse CD45.1 (A20) PE-

eFluor610 

eBioscience 61-0453 

anti-mouse CD45.2 (104) PE-Cy7 eBioscience 25-0454 

anti-mouse CD62L (MEL14) eBioscience 56-0621 

anti-mouse CD69 (H1.2F3) FITC BioLegend 104505, RRID:AB_313108 
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anti-mouse CD80 (16-10A1) PE eBioscience 12-0801, RRID:AB_465753 

anti-mouse CD86 (GL1) PE-Cy7 eBioscience 25-0862, RRID:AB_2573372 

anti-mouse CD103 (2E7) BV711 BioLegend 121435 

anti-mouse CXCL9 (MIG-2F5.5) 

PE 

BioLegend 515604 

anti-human EGFR (Cetuximab) 

APC 

MSKCC Antibody 

Core 

 

anti-mouse F4/80 (BM8) APC eBioscience 17-4801, RRID:AB_469452 

anti-mouse Foxp3 (FJK-16s) PE eBioscience 12-5773, RRID:AB_465936 

anti-mouse IFNγ (XMG1.2) PE-

Cy7 

eBioscience 25-7311, RRID:AB_1257211 

anti-mouse IL-2 (JES6-5H4) eBioscience 17-7021 

anti-mouse IL-4 (11B11) 

PerCPeF710 

eBioscience 46-7041 

anti-mouse IL-12p40 (C17.8) PE eBioscience 12-7123, RRID:AB_466185 

anti-mouse IL-17A (eBio17B7) 

APC 

eBioscience 17-7177 

anti-mouse Ly-6G/Ly-6C (Gr-1) 

(RB6-8C5) PE-eFluor 610 

eBioscience 61-5931, RRID:AB_2574639 

anti-mouse Ly-6G/Ly-6C (Gr-1) 

(RB6-8C5) PE-Cy7 

eBioscience 25-5931, RRID:AB_469662 

anti-mouse MHC class I (MHC-I) 

H-2Kd (SF1-1.1.1) PerCP-eFluor 

710 

eBioscience 46-5957, RRID:AB_10735380 

anti-mouse MHC class II (MHC-II) 

I-A/I-E (M5/114.15.2) BV510 

BioLegend 107635, RRID:AB_2561397 

anti-human Myc-tag (9B11) 

AlexaFluor 647 

Cell Signaling 2233S, RRID:AB_10693328 

anti-mouse Thy1.1 (HIS51) APC eBioscience 17-0900, RRID:AB_469420 

anti-mouse Thy1.2 (30-H12) 

BV510 

BioLegend 105307, RRID:AB_313178 

anti-mouse TNFα (MP6-XT22) 

BV510 

BioLegend 506339, RRID:AB_2563127 

Anti-   

Chemicals, Peptides, and Recombinant Proteins  

LPS from E.coli O55:B5 Sigma-Aldrich L2880 
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Cell Stimulation Cocktail (plus 

Protein Transport Inhibitors) 

eBioscience 00-4975 

LIVE/DEAD Fixable Violet Dead 

Cell Stain Kit 

Thermo Fisher L34955 

RetroNectin Recobminant Human 

Fibronectin Fragment 

Takara T100B 

cOmplete EDTA-free Protease 

Inhibitor Cocktail 

Roche 04693159001 

Cyclophosphamide monohydrate Sigma-Aldrich C0768 

D-Luciferin, Potassium Salt 

(Proven and Published) 

Gold 

Biotechnology 

LUCK-1G 

Recombinant human IL-2 

(Proleukin/Aldesleukin) 

Prometheus 

Therapeutics & 

Diagnostics 

NDC 65483-116-07 

Recombinant mouse GM-CSF Peprotech 315-03 

Critical Commercial Assays 

Foxp3/Transcription Factor 

Staining Buffer Set 

eBioscience 00-5523-00 

EasySepTM Mouse T Cell Isolation 

Kit 

Stemcell 

Technologies 

19851 

EasySepTM Mouse B cell Isolation 

Kit 

Stemcell 

Technologies 

19854 

Fixation/Permeabilization Solution 

Kit 

BD Biosciences 554714 

123count eBeads Counting Beads eBioscience 01-1234-42 

Luminex Mouse TH17 Assay Millipore MTH17MAG-47K 

Proteome Profiler Mouse Cytokine 

Array Kit, Panel A 

R&D Systems ARY006 

ELISAPRO kit Mouse IL-12 (p70) Mabtech 3456-1 HP-2 

Mouse IFN-γ ELISpotPLUS Mabtech 3321-4HPW-2 

MEGAshortscript T7 Transcription 

Kit 

Thermo Fisher AM1354 

MEGAclear Transcription Clean-

Up Kit 

Thermo Fisher AM1908 

Experimental Models: Cell Lines 

Human: Phoenix-ECO ATCC CRL-3214, RRID:CVCL_H717 
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Mouse: A20 lymphoma cell line ATCC TIB-208, RRID:CVCL_1940 

Mouse: A20.GFPluc This study N/A 

Mouse: A20.CD19-KO This study N/A 

Mouse: A20.CD40-KO This study N/A 

Mouse: A20.MHCII-KO This study  

Mouse: A20.B2M-KO This study N/A 

Mouse: ID8.VegfA-Defb29 Laboratory of Jose 

R. Conejo-Garcia 

N/A 

Mouse: Eµ-ALL01 Laboratory of 

Michel Sadelain 

N/A 

Mouse: NIH/3T3 ATCC CRL-1658 

Mouse: NIH/3T3.hCD19 This study  

Experimental Models: Organisms/Strains 

Mouse: BALB/cAnN Charles Rivers CR: 028; RRID:MGI:5654849 

Mouse: CBy.PL(B6)-Thy1a/ScrJ The Jackson 

Laboratory 

JAX: 005443; 

RRID:IMSR_JAX:005443 

Mouse: CNCr.129P2-Cd40tm1Kik/J The Jackson 

Laboratory 

JAX: 002927; 

RRID:IMSR_JAX:002927 

Mouse: CByJ.SJL(B6)-Ptprca/J The Jackson 

Laboratory 

JAX: 006584 

Mouse: C.129S-Batf3tm1Kmm/J The Jackson 

Laboratory 

JAX: 013756 

Mouse: C57BL/6J The Jackson 

Laboratory 

JAX: 00664; RRID: 

IMSR_JAX:000664 

Oligonucleotides 

CleanCapTM Cas9 mRNA 

(modified) 

Trilink Biotech Cat# L-7206 

gRNA Cd19 AUUCAAACUGC

UCCCCCGAGUU

UUAGAGCUAGA

AAUAGCAAGUU

AAAAUAAGGCU

AGUCCGUUAUC

AACUUGAAAAA

GUGGCACCGAG

UCGGUGC 

N/A 
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gRNA Cd40 CCUCGGCUGUG

CGCGCUAUGUU

UUAGAGCUAGA

AAUAGCAAGUU

AAAAUAAGGCU

AGUCCGUUAUC

AACUUGAAAAA

GUGGCACCGAG

UCGGUGC 

N/A 

gRNA B2m GUGAGUAUACU

UGAAUUUGAGU

UUUAGAGCUAG

AAAUAGCAAGU

UAAAAUAAGGC

UAGUCCGUUAU

CAACUUGAAAAA

GUGGCACCGAG

UCGGUGC 

N/A 

gRNA H2-Ab1 (MHC-II) GTGCGCTACGA

CAGCGACGTGU

UUUAGAGCUAG

AAAUAGCAAGU

UAAAAUAAGGC

UAGUCCGUUAU

CAACUUGAAAAA

GUGGCACCGAG

UCGGUGC 

N/A 

gRNA H2-Eb2 (MHC-II) GTGGGAGTGAA

TGCCACATGGU

UUUAGAGCUAG

AAAUAGCAAGU

UAAAAUAAGGC

UAGUCCGUUAU

CAACUUGAAAAA

GUGGCACCGAG

UCGGUGC 

N/A 

Recombinant DNA 



 

37 

Plasmid: SFG This study N/A 

Software and Algorithms 

GraphPad Prism v7 GraphPad https://www.graphpad.com/scientific-

software/prism/ 

 

FlowJo Version 10 FlowJo LLC https://www.flowjo.com/ 

 

SparkControl Tecan https://lifesciences.tecan.com/multim

ode-plate-reader?p=Software 

CaseViewer 3D Histech https://www.3dhistech.com/caseview

er 

FIJI/ImageJ  https://imagej.net/Fiji/Downloads 
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CHAPTER 3 

Engineering CAR T Cells to Overexpress CD40L 

Introduction 
To investigate the potential of CAR T cells to actively recruit endogenous 

members of the immune system, we relied on a syngeneic immunecompetent 

mouse model. Murine A20 cells are cancerous cells isolated from an aged (>15 

months) BALB/cAnN mouse with a spontaneously developed neoplasm (Kim et 

al., 1979). After in vivo passaging, the A20 cell line was established and 

characterized as IgM-, IgG-, IgA-, MHC-II+ (I-Ad), MHC-I+ (H-2Kd), FcR+, and 

complement receptor+ (Kim et al., 1979), with CD19, CD20, B220, and CD40 

surface expression characterizing A20 cells as B cell lineage-derived (Figure 

3.1A). This cell line was chosen as the first tumor model to test CD40L-modified 

CD19-targeted CAR T cells. After i.v. injection, the A20.GL cells (transduced to 

express a GFP-luciferase fusion protein to allow in vivo tracking) disseminate 

systemically to several lymphoid and non-lymphoid organs, such as the spleen, 

lymph nodes, bone marrow, and liver (Kim et al., 1979) (Figures 3.1B-3.1D), 

recapitulating aspects of late-stage B cell malignancies.  

Targeting of tumor cells is achieved through genetic engineering of murine T 

cells to express an anti-mouse CD19 CAR T cell with or without concomitant 

overexpression of CD40L. Characterization of these genetically engineered T 

cells and their antitumor efficacy is described in the following chapter. 
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Figure 3.1. Characterization of the A20 lymphoma model 
(A) Surface expression of CD19 and CD40 on A20 lymphoma cells by flow cytometry. 
(B) Bioluminescence images of two representative mice on day 7 and 14 after being injected 
intravenously with A20.GL cells on day 0. 
(C and D) Hematoxylin and eosin stains of liver (C) and spleen (D) of a moribund mouse 
harboring A20 lymphoma after i.v. injection. Tumor growth in liver visible as nodules. No tumor 
growth in spleen. Boxed-in regions are shown at higher magnification. Scale bar, 500 or 20 µm. *, 
tumor; †, artefact; p, liver parenchyma with hepatocytes; rp, red pulp; wp, white pulp. Adapted 
from Kuhn et al. (2019), Cancer Cell, 35(3):473-488. 
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Results 

Genetic Engineering of T cells with Chimeric Antigen Receptors and CD40L 

A previously generated anti-mouse CD19 scFv (Davila et al., 2013) was fused 

to a myc-tag, the murine CD28 transmembrane and intracellular domains, and 

the CD3ζ intracellular domain to generate a murine second-generation CAR 

(m1928z, Figure 3.2A). The self-cleaving P2A element between the CAR and 

murine CD40L allowed expression of both transgenes from one expression 

cassette driven by the same promoter (m1928z-CD40L, Figures 3.2A and 3.2B). 

Stable transgene expression in murine T cells is achieved by γ-retroviral 

transduction of murine T cells. The 5’ LTR of the Moloney Mouse Leukemia Virus 

(MoMLV) drives expression of the transgene downstream after stable genomic 

integration. Addition of splice acceptor (SA) and splice donor (SD) sites flanking 

the packaging signal ψ enables splicing of the RNA transcript, resulting in 

removal of the complex secondary structure encoding the packaging signal ψ 

and subsequent efficient translation of the spliced RNA transcript (Krall et al., 

1996). 

As expected, anti-CD19 CAR T cells specifically lysed the CD19+ A20 

lymphoma (Figure 3.2C) and Eµ-ALL01 leukemia cell lines (Figure 3.2D), but not 

CD19- ID8 cells (Figure 3.2E). 4h11-28z CAR T cells served as negative 

controls. The 4h11 scFv recognizes the retained ectodomain of human MUC16 

(hMUC16Ecto), a glycosylated mucin overexpressed in ovarian cancer (Koneru et 

al., 2015). Constitutive CD40L expression conveyed no additional benefit in 

short-term cytotoxicity (Figures 3.2C and 3.2D), nor did it affect CAR-mediated 

effector cytokine release by T cells upon antigen encounter (Figure 3.2F). 

CRISPR/Cas9-mediated knockout (KO) of CD19 in A20 cells (A20.CD19-KO) 

prevented CD19-targeted CAR T cells from target lysis (Figure 3.2G). However, 

CAR T cells expressing CD40L – m1928z-CD40L and 4h11-28z-CD40L – still 

lysed the A20.CD19-KO cells at a low efficiency (Figure 3.2G). The antigen-

independent lysis by the CD40L+ CAR T cells was dependent on tumor CD40 

expression, as neither CD19+ CD40- Eµ-ALL01 cells, nor A20 cells lacking CD40 
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(A20.CD40-KO) were lysed by the CD40L-expressing off-target CAR T cell 4h11-

28z-CD40L (Figures 3.2D and 3.2H). 

The function of the CD28 signaling domain was validated by crosslinking CARs 

containing different costimulatory domains on transduced T cells and measuring 

subsequent IL-2 production by intracellular staining of the cytokine. The m19DEL 

construct has the extracellular anti-CD19 scFv, myc-tag, and CD28 

transmembrane domain, but no intracellular costimulatory domains (Figure 3.3A). 

The m19z construct is referred to as the “first-generation” CAR with the 

intracellular CD3ζ costimulatory domain fused to the C-terminus of m19DEL and 

serves as the negative control, whereas the “second-generation” m1928z CAR 

construct incorporates the CD28 intracellular domain and allows IL-2 production 

in CAR T cells after anti-myc antibody-mediated receptor crosslinking (Figure 

3.3B), akin to surface stimulation of CD3 and CD28 on non-modified T cells with 

αCD3/28 microbeads (Figure 3.3C). 
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Figure 3.2. Genetic engineering of murine T cells with chimeric antigen receptors (CARs) 
and CD40L 
(A) Transgene cassettes encoding CARs with or without CD40L. The 1D3 scFv binds murine 
CD19 and the 4h11 scFv binds the ectodomain of human MUC16, serving as a negative control 
throughout this study. 
(B) Transgene surface expression after retroviral transduction of mouse T cells analyzed by flow 
cytometry. 
(C-E) In vitro cytotoxicity of CAR T cells was assessed using a 16 hr bioluminescence assay. 
CD19+ CD40+ A20 (C), and CD19+ CD40- Eµ-ALL01 (D) cells were used as targets. CD19- CD40- 
hMUC16+ ID8 (E) cells served as a negative control. Plots are representative of two independent 
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experiments. Data are means ± SEM. Dot plots of Eu-ALL01 (D) and ID8 (E) cells show surface 
expression of CD40 and CD19. 
(F) m1928z or m1928z-CD40L CAR T cells were co-cultured with or without CD19+ A20 tumor 
cells. Supernatants were collected after 24 hr and cytokine production was measured by 
Luminex. Data are means ± SEM. *p<0.05, **p<0.01, ns, non-significant (Student’s t-test). 
(G and H) In vitro cytotoxicity of CAR T cells was assessed using a 16 hr bioluminescence assay 
against A20 cells with KO of CD19 (I) or CD40 (J). Plots are representative of two independent 
experiments. Data are means ± SEM. Dot plots of A20.CD19-KO (F) and A20.CD40-KO (G) cells 
show surface expression of CD40 and CD19. 
LTR, long terminal repeats; MT, myc tag; P2A, P2A element; SA, splice acceptor; scFv, small 
chain variable fragment; SD, splice donor; Ψ, packaging signal. Adapted from Kuhn et al. (2019), 
Cancer Cell, 35(3):473-488. 
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Figure 3.3. Validation of the CD28 signaling domain 
(A) Construct maps encoding CARs with different intracellular signaling domains. The m19DEL 
construct lacks both CD28 and CD3ζ signaling domains. The “first-generation” m19z encodes for 
the CD3ζ signaling domain and the “second-generation” m1928z construct encodes for both 
CD28 and CD3ζ signaling domains. 
(B) Murine T cells were retrovirally transduced with the different constructs depicted in (A) and the 
CAR was crosslinked with plate-bound α-myc-tag antibody for 6 hr. Cytokine production of IFNγ 
and IL-2 was measured by intracellular flow cytometry. 
(C) Murine T cells were cultured with or without αCD3/28 Dynabeads for 6 hr at a 1:2 bead-to-T-
cell-ratio. Cytokine production of IFNγ and IL-2 was assessed by intracellular flow cytometry. 
LTR, long terminal repeats; MT, myc tag; SA, splice acceptor; scFv, small chain variable 
fragment; SD, splice donor; Ψ, packaging signal. 
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m1928z-CD40L CAR T cells circumvent tumor immune escape via antigen 

downregulation through CD40/CD40L-mediated cytotoxicity 

Anti-CD19 CAR therapy has produced tumor relapse in select leukemia 

patients with CD19- tumor outgrowth (Park et al., 2018). Thus, we wanted to 

investigate if the dual cytotoxic effect of m1928z-CD40L CAR T cells would still 

ensure tumor cell lysis in settings of immune escape via antigen downregulation 

on the tumor cell surface or outgrowth of CD19- tumor cells. Long-term co-culture 

of CD19+ GFP+ A20 cells with m1928z CAR T cells led to downregulation of cell 

surface CD19 and outgrowth of CD19- tumor cells by day 21 that could not be 

targeted and eliminated by the m1928z CAR T cells (Figure 3.4A). Co-culture of 

CD19+ GFP+ A20 cells with m1928z-CD40L CAR T cells also led to 

downregulation of cell surface CD19, as demonstrated by the presence of a 

small fraction of GFP+ CD19- cells at day 1 of co-culture (Figure 3.4A). However, 

m1928z-CD40L CAR T cells were able to eliminate these CAR-antigen-negative 

tumor cells and prevent their eventual outgrowth. This effect was dependent on 

tumor CD40 expression, as m1928z-CD40L CAR T cells were unable to 

eliminate the CD19+ CD40- A20.CD40-KO tumor cells (Figure 3.4B). The 

CD40/CD40L-mediated cytotoxicity alone was sufficient to target the tumor cells, 

as off-target 4h11-28z-CD40L CAR T cells also completely eliminated A20 cells 

(Figures 3.4C and 3.4D). These results demonstrate the ability of CD40L+ CAR T 

cells to circumvent tumor immune escape by antigen downregulation through 

CD40/CD40L-mediated cytotoxicity in settings of tumor CD40 expression. 
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Figure 3.4. m1928z-CD40L CAR T Cells circumvent tumor immune escape via antigen 
downregulation through CD40/CD40L-mediated cytotoxicity 
(A and B) CD19+ CD40+ GFP+ A20 cells (A) or CD19+ CD40- GFP+ A20 cells (B) were co-cultured 
at a 1:1 ratio with m1928z or m1928z-CD40L CAR T cells. Percentage of GFP+ tumor cells and 
CD19 surface expression was assessed over time by flow cytometry. Shown is one of 3 
independent experiments. 
(C and D) Same as (A and B), except that 4h11-28z or 4h11-28z-CD40L CAR T cells were co-
cultured with A20 (C) or A20.CD40-KO (D) cells. Shown is one of 3 independent experiments. 
Adapted from Kuhn et al. (2019), Cancer Cell, 35(3):473-488. 
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m1928z-CD40L CAR T cells function in vivo without preconditioning  

We next wanted to evaluate the efficacy of m1928z-CD40L CAR T cells in 

eradicating systemic CD19+ disease. Others have previously reported that 

preconditioning with cyclophosphamide (Cy) enables complete eradication of 

CD19+ tumors by T cells transduced to express an anti-CD19 CAR with the CD3ζ 

domain and lacking any co-stimulatory domains in an immunecompetent mouse 

model (Cheadle et al., 2010). Here, we noticed that second-generation m1928z 

CAR T cells conveyed improved survival in mice bearing systemic A20 

lymphoma when preconditioned with Cy one day before ACT, leading to 20% 

long-term survival (Figure 3.5A). Treatment with a single injection of m1928z-

CD40L CAR T cells after Cy preconditioning improved long-term survival 

significantly to 100% (Figure 3.5A, p < 0.01). 

These results prompted us to assess the necessity of preconditioning for 

m1928z-CD40L CAR T cell function since our lab has previously reported that IL-

12-secreting first-generation anti-CD19 CAR T cells can eradicate systemic 

tumors without prior conditioning (Pegram et al., 2012). Additionally, obviating the 

need for preconditioning in cancer patients could potentially alleviate adverse 

events, as higher doses of lymphodepleting agents have been associated with 

exacerbated toxicity symptoms in the clinical setting (Hay et al., 2017). After ACT 

of CD19-targeted CAR T cells, we used the presence/absence of endogenous 

CD19+ B cells as a biomarker for anti-CD19 CAR T cell in vivo functional 

persistence (Figure 3.5B). Cy preconditioning was necessary for successful in 

vivo persistence of m1928z CAR T cells in fully immunecompetent mice (Figure 

3.5C), whereas m1928z-CD40L CAR T cells induced long-term B cell aplasia 

without preconditioning. These results demonstrate the improved in vivo efficacy 

and functional cell engraftment of m1928z-CD40L CAR T cells in the absence of 

preconditioning. 
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Figure 3.5. m1928z-CD40L CAR T cells function in vivo without preconditioning 
(A) Kaplan-Meier survival plots of BALB/c mice that were injected with 5x106 A20.GL cells i.v. on 
day 0. On day 13, mice were given 100 mg/kg cyclophosphamide (Cy; dotted arrow). One day 
later, mice were left untreated or treated with 3x106 m1928z or m1928z-CD40L CAR T cells i.v. 
(solid arrow) (n = 3-5 mice per group). *p < 0.05, **p < 0.01 by logrank (Mantel-Cox) test. 
(B) Experimental layout for (C). 
(C) Non-tumor-bearing mice were preconditioned with (left) or without (right) Cy and treated as 
outlined in (B). Mice were bled at indicated time points and the percentage of CD19+ B cells in the 
CD45+ population in the peripheral blood was assessed by flow cytometry. Means ± SEM are 
shown (n=5/group). Data is plotted as mean ± SEM and is representative of two independent 
experiments. Adapted from Kuhn et al. (2019), Cancer Cell, 35(3):473-488. 
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m1928z-CD40L CAR T cells display improved antitumor response in murine 

CD19+ disease models independent of CD40 expression on the tumor 

A20 cells were transduced with a GFP-luciferase fusion gene (A20.GL) to allow 

in vivo tracking of tumor burden. As described above, A20 cells injected 

intravenously (i.v.) into mice predominantly seed in the liver and bone marrow 

(Figures 3.1B), causing a distended abdomen and hind limb paralysis due to 

progressive tumor growth. Whereas m1928z CAR T cell treatment without 

preconditioning did not increase survival of A20.GL tumor-bearing mice, 

presumably due to lack of successful functional engraftment (Figure 3.5B), 

m1928z- CD40L CAR T cell treatment without preconditioning delayed the onset 

of tumor-causing symptoms and significantly enhanced survival in these mice 

(Figure 3.6A). Whole-body bioluminescence imaging (BLI) of mice challenged 

with luciferase-expressing A20.GL cells showed no delay of tumor outgrowth in 

mice treated with m1928z CAR T cells (Figure 3.6B). Eventually all m1928z-

treated mice succumbed to overt tumor outgrowth without any survival benefit 

compared to untreated mice (Figures 3.6A and 3.6B). m1928z-CD40L CAR T cell 

treatment delayed tumor outgrowth in all mice and improved survival (Figures 

3.6A and 3.6B). The majority of mice subsequently relapsed – all with CD19+ 

disease (Figure 3.6C).  

The enhanced antitumor effect of m1928z-CD40L CAR T cells was not entirely 

dependent on tumor CD40 expression, as they also enhanced survival of mice 

challenged with A20.CD40-KO cells (Figure 3.6D), and not limited to the A20 

lymphoma model in BALB/c mice. C57BL/6 mice challenged with the murine 

leukemia cell line Eµ-ALL01 (Davila et al., 2013) also benefited from a single 

injection of m1928z-CD40L CAR T cells, with 46% of all treated mice surviving 

long-term (Figure 3.6E). The Eµ-ALL01 cell line is CD19+ CD40-, demonstrating 

again that the increased antitumor efficacy of m1928z-CD40L CAR T cells does 

not entirely depend on tumor CD40 expression, despite the CD40/CD40L-

mediated cytotoxicity of these CAR T cells (Figure 3.4). 

The extracellular domain of CD40L contains membrane proximal integrin 

binding and cleavage sites that are recognized by the matrix metalloproteinases 
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ADAM10 and ADAM 17, resulting in the release of soluble CD40L from CD40L 

expressing T cells (Figure 3.1H) (Yacoub et al., 2013). Masuta et al. have shown 

that introducing mutations in either the integrin binding or the cleavage site can 

disrupt cleavage of CD40L from the cell surface (Masuta et al., 2007). Deletion of 

the integrin binding and cleavage site generated a non-cleavable CD40L 

(ncCD40L) molecule that is expressed on the surface of T cells after transduction 

to similar levels as the conventional CD40L (Figure 3.6F), but is detectable at 4-

to-8-fold lower levels in the supernatant of transduced cells (Figure 3.6G). To 

test, if sustained expression of CD40L with reduced cleavage from the CAR T 

cell surface improves antitumor response, A20 tumor-bearing mice were treated 

with the conventional CD40L-modified CAR T cells or with the ncCD40L-modified 

CAR T cells. Whereas m1928z-ncCD40L CAR T cell treatment improved survival 

of mice challenged with A20 cells compared to m1928z CAR T cells (Figure 

3.6H), m1928z-CD40L treatment was superior compared to m1928z-ncCD40L 

CAR T cells, implying that cleaving of the CD40L molecule from the cell surface 

is necessary for the CD40L+ CAR T cell to exert full antitumor efficacy. 
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Figure 3.6. m1928z-CD40L CAR T cells display improved antitumor response in murine 
CD19+ disease models independent of CD40 surface expression on the tumor 
(A) Survival of BALB/c mice injected with 1x106 A20.GL tumor cells i.v. on day 0 and treated with 
3x106 CAR T cells i.v. on day 7 without preconditioning (n=6-15/group, pooled from 3 
independent experiments). 
(B) Tumor burden of A20.GL injected mice was monitored using bioluminescence imaging 
(average radiance, photons / s / cm2 / sr) after treatment with CAR T cells (n=4-5 /group). One of 
three representative experiments is shown. 
(C) BALB/c mice were injected with 1x106 A20.GL cells (GFP+) i.v. and then either left untreated 
or treated with 3x106 m1928z or m1928z-CD40L CAR T cells i.v. on day 7. At time of death, 
GFP+ tumor cells were analyzed for surface CD19 expression by flow cytometry (n=3-5 / group). 
(D) Same as in (A), except that mice were injected with 1x106 A20.CD40-KO tumor cells (n=8-
9/group, pooled from two independent experiments). 
(E) Survival of C57BL/6 mice injected with 1x106 CD19+ CD40- Eµ-ALL01 leukemia cells i.v. on 
day 0 and treated with 1-2x106 CAR T cells i.v. on day 7 without preconditioning (n=8-15, pooled 
from two independent experiments).  
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(F) Transgene expression after retroviral transduction of mouse T cells analyzed by flow 
cytometry. 
(G) Media supernatant of 3T3 cells transduced with m1928z-CD40L or m1928z-ncCD40L 
constructs was collected after 24 hr and probed for sCD40L by Luminex analysis. Each dot 
represents one experimental replicate. *p<0.05 (Student’s t test). 
(H) Survival of BALB/c mice injected with 1x106 A20.GL cells i.v. and treated with 3x106 m1928z, 
m1928z-CD40L, or m1928z-ncCD40L CAR T cells i.v. on day 7. *p<0.05, **p<0.01, ***p<0.001 by 
a log-rank (Mantel-Cox) test (A, D, E, and H). Adapted from Kuhn et al. (2019), Cancer Cell, 
35(3):473-488. 
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m1928z-CD40L CAR T cell treatment is safe in preclinical setting 

Anti-CD19 CAR T cell treatment in humans leads to cytokine release syndrome 

(CRS) in the majority of patients (Park et al., 2018). Whereas cytokine secretion 

by activated CAR T cells is an expected event, maintenance of severe CRS via 

immunesuppressive glucocorticoids and/or the anti-IL-6 receptor monoclonal 

antibody tocilizumab are essential to ensure patient safety (Davila et al., 2014). 

To assess how constitutive expression of CD40L in CAR T cells can influence 

systemic cytokine production in mice, serum cytokine levels were analyzed after 

CAR T cell treatment. Only m1928z-CD40L CAR T cells increased IFNγ and 

TNFα serum levels in tumor-bearing mice (Figure 3.7A). The CAR expression 

alone (m1928z) or CD40L expression with an irrelevant CAR (4h11-28z- CD40L) 

did not affect systemic effector cytokine levels (Figure 3.7A). Other effector 

cytokines, such as IL-2 and granulocyte macrophage colony-stimulating factor 

(GM-CSF) were not elevated any time after CAR T cell transfer (Figure 3.7A). 

We also observed no systemic increase in IL-6 or soluble CD40L (sCD40L) in 

m1928z-CD40L CAR T cell treated mice (Figure 3.7A), consistent with the 

localized release of sCD40L at the tumor site from the cell surface of CD40L+ 

CAR T cell. 

Other preclinical reports have observed diverse toxicities upon anti-CD40 

antibody therapy, namely perivascular infiltrates in the liver and lung with fatal 

hepatotoxicity, as well as thrombocytopenia (Byrne et al., 2016; Knorr et al., 

2018). Upon pathological analysis, tumor-bearing mice receiving 3x106 m1928z-

CD40L CAR T cells displayed moderate multifocal perivascular mononuclear cell 

infiltration in the lung and liver of unknown significance (Figure 3.7B). The same 

multifocal perivascular cell infiltrate was observed in Cd40-/-, but only to a minimal 

to mild degree. However, no necrosis or thrombotic events were detected in any 

tissue, not in wild-type, nor in Cd40-/- mice. Platelet counts remained normal and 

transaminase (ALT and AST) serum levels remained low in m1928z-CD40L CAR 

T cell treated mice, indicating absence of thrombocytopenia and hepatocyte cell 

damage (Figure 3.7C). Furthermore, non-tumor-bearing mice receiving CAR T 

cells at 10 to 100 times the clinical dose displayed no outward signs of toxicity. 
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Mice receiving 1x107 m1928z-CD40L had an average weight loss of 7.4% 

(±2.2%) on day 3 after cell transfer, which recovered back to baseline at day 5 

(Figure 3.7D). Together, these results show the superior and safe in vivo 

antitumor effect of CD40L+ CAR T cells in CD19+ disease models. 

To test the possibility of controlling the expression level of surface CD40L after 

gene transfer, human T cells were retrovirally transduced with either of two 

different constructs that encode an internal ribosomal entry site (IRES) 

(E.p.1928z.i.CD40L) or the “self-cleaving” T2A peptide upstream of the CD40L 

transgene (E.p.1928z.t.CD40L) (Figure 3.8). Both constructs also encode for 

truncated epidermal growth factor receptor (EGFRt) as an internal control of 

gene transfer efficiency, allowing comparison of normalized CD40L surface 

expression between the two different constructs (GeoMFICD40L / GeoMFIEGFRt = 

NormCD40L). Absolute and NormCD40L expression at baseline, i.e. after gene 

transfer and without CAR stimulation, was higher in T cells transduced with the 

E.p.1928z.t.CD40L construct (Figure 3.8B). CAR stimulation after co-culture of 

E.p.1928z.i.CD40L or E.p.1928z.t.CD40L CAR T cells with CD19-expressing 3T3 

cells led to an increase of surface CD40L expression in both groups (Figure 

3.8C), with E.p.1928z.t.CD40L CAR T cells still displaying higher CD40L levels 

than E.p.1928z.i.CD40L CAR T cells (Figure 3.8D). Thus, surface CD40L 

expression on CAR T cells can be engineered to lower or higher levels by using 

different intergenic elements in the transgene expression cassette. 
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Figure 3.7. m1928z-CD40L CAR T cell treatment is safe in preclinical setting 
(A) Serum levels of IFNγ, TNFα, IL-6, sCD40L, IL-2, GM-CSF, and IL-12p70 in A20.GL tumor-
bearing mice treated with 3x106 CAR T cells i.v. (n=3-5/group) were measured on days 3 and 7 
after CAR treatment by Luminex. Data is plotted as mean ± SEM and is representative of two 
independent experiments.  
(B) Hematoxylin and eosin stains of lung (left) and liver (right) of BALB/c mice treated with 3x106 
m1928z (top) or m1928z-CD40L (bottom) CAR T cells on day 7 after being injected i.v. with 1x106 
A20.GL cells. Mice were sacrificed and analyzed on day 7 after CAR T cell transfer. One of two 
representative mice per group and organ is shown. Scale bar in low magnification image (left), 
500 µm. Scale bar in high magnification (right), 20 µm. *, tumor. 
(C) BALB/c mice were injected with 1x106 A20.GL cells i.v. and then either left untreated or 
treated with 3x106 of indicated CAR T cells i.v. on day 7. At day 14, mice were analyzed for 
platelet counts, alanine aminotransferase (ALT), and aspartate aminotransferase (AST) levels in 
the peripheral blood. Data is plotted as mean ± SD with two mice per group. U, unit; L, liter. 
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(D) The fold change of body weight of BALB/c mice was plotted after mice received 1x106, 3x106, 
or 1x107 m1928z or m1928z-CD40L CAR T cells i.v. (n=5 mice/group). Body weight 
measurement at day 0 was normalized to 1. Mean ± SD is plotted over time. Adapted from Kuhn 
et al. (2019), Cancer Cell, 35(3):473-488. 
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Figure 3.8. Surface level CD40L expression on human CAR T cells can be controlled by 
choice of intergenic element 
(A) Schematic of construct maps encoding gene elements with intergenic IRES or T2A elements. 
Truncated EGFR (EGFRt) lacks the extracellular ligand binding domain and is separated by the 
“self-cleaving” P2A element from the second-generation CAR construct. The SJ25C1 scFv 
recognizes human CD19 and is fused to the CD28 and CD3ζ signaling domains. The CD40L 
transgene is separated from the CAR cassette by either an internal ribosome entry site (IRES; 
E.p.1928z.i.CD40L) or the “self-cleaving” T2A element (E.p.1928z.t.CD40L). 
(B) Contour plots of retrovirally transduced human T cells with the two constructs depicted in (A). 
Surface expression of CD40L and EGFRt was analyzed by flow cytometry (pre-gate EGFR+). 
Quantification of absolute and normalized CD40L surface expression for both constructs is 
plotted on the right. Each pair of dots represents one donor transduced with either the IRES 
(yellow) or the T2A (blue) encoding construct.  
(C) CAR T cells were co-cultured with CD19-negative  (3T3) or CD19-overexpressing murine 
fibroblasts (3T3.hCD19). At indicated time points, surface CD40L was measured by flow 
cytometry. Each dot represents one donor and mean ± SD of 4 donors is plotted. 
(D) Surface CD40L expression after 24 hr of CAR T cell stimulation on 3T3.hCD19 cells. Each 
pair of dots represents one donor transduced with either the IRES (yellow) or the T2A (blue) 
containing construct.  
*p<0.05, ns, non-significant (Student’s t-test). LTR, long terminal repeats; GeoMFI, geometric 
mean fluorescence intensity; SA, splice acceptor; scFv, small chain variable fragment; SD, splice 
donor; Ψ, packaging signal. 
  



 

59 

Validation of biological function of transgenically expressed CD40L 

T cell activation through mitogens or TCR crosslinking leads to a transient 

increase of CD40L surface expression (Casamayor-Palleja et al., 1995). This 

allows binding of CD40L to its cognate receptor CD40 on APCs, mainly DCs and 

B cells, which serves as a survival, proliferation, and maturation signal as 

displayed by upregulation of T cell co-stimulatory molecules CD80 and CD86 

(Ranheim and Kipps, 1993). CD19+ hematological malignancies arise from the B 

cell lineage and can express CD40 on their cell surface (Figure 3.1A). Forced 

expression of CD40L in chronic lymphocytic leukemia (CLL) tumor cells via 

intranodal CD40L gene delivery by an adenovirus increased co-stimulatory 

molecule expression on the tumor cells and resulted in clinical responses (Castro 

et al., 2012), demonstrating the feasibility of turning tumor cells into antigen-

presenting stimulatory cells. Co-culture of A20 cells with CD40L+ T cells induced 

upregulation of CD80 and CD86 (Figure 3.9A). A20.CD40-KO cells did not 

respond to CD40L+ T cells (Figure 3.9B), indicating that this effect is dependent 

on CD40/CD40L interactions. CAR T cells recognize antigen independently of 

pMHC:TCR interactions, thus we wanted to evaluate if constitutive expression of 

CD40L on T cells is sufficient for APC activation. Bone marrow-derived DCs 

(BMDCs) upregulated CD80, CD86, and MHC-II and secreted IL-12 when co-

cultured with CD40L+ T cells (Figures 3.9C and 3.9D), indicative of DC licensing. 

Altogether, these results demonstrate upregulation of T cell co-stimulatory 

markers on tumor cells and licensing of CD40+ professional APCs by CD40L+ 

CAR T cells. 
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Figure 3.9. Validation of biological function of transgenically expressed CD40L 
(A) Representative histograms of flow cytometry analysis of CD80 and CD86 expression on A20 
cells co-cultured for 48 hr with CD40L+ or CD40L- T cells. Graph summarizes results of 3 
independent experiments as geometric mean fluorescence intensity (GeoMFI) fold-change (mean 
± SEM; CD40L- T cells normalized to 1). *p<0.05, ***p<0.001 (Student’s t-test). 
(B) Same as in (A), but this time T cells were co-cultured with A20.CD40-KO cells. Results are 
representative of two independent experiments. 
(C) Representative histograms of flow cytometry analysis of CD80, CD86, and MHC-II on BMDCs 
co-cultured for 48 hr with CD40L+ or CD40L- T cells. Graph summarizes percentage of CD80hi, 
CD86hi, and MHC-IIhi BMDCs of 3 independent experiments (mean ± SD). *p<0.01 (Student’s t-
test). 
(D) IL-12p70 concentration in the supernatant from cultured cells in (C) was measured by 
Luminex. Graph represents mean ± SD of experimental triplicates. One of two representative 
experiments is shown. n.d., not detected. Adapted from Kuhn et al. (2019), Cancer Cell, 
35(3):473-488. 
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Characterization of transgenically expressed CD40L on CAR T cells 

We wanted to evaluate if constitutive surface expression of CD40L could impart 

an autocrine or juxtacrine effect on T cells. Others have reported that a 

transgenic murine CD8+ T cell line expresses CD40 on its surface (Bourgeois et 

al., 2002) suggesting that CD40/CD40L interactions on T cell surfaces could lead 

to T cell stimulation. Following reports, however, have shown that conditional 

CD40 KO in CD8+ T cells had no detrimental effect on CD8+ T cell-dependent 

immune responses and T cell memory formation in an influenza model (Lee et 

al., 2003). We could not detect any CD40 surface expression on stimulated T 

cells (Figure 3.10A). Additionally, constitutive CD40L expression did not induce 

effector cytokine production (Figure 3.1H), nor increase proliferation or survival of 

murine T cells (Figure 3.10B). The lack of an autocrine or juxtacrine proliferative 

signal through CD40L was also observed in human T cells transduced to 

overexpress human CD40L (Figure 3.10C). Cd40-/- m1928z- CD40L CAR T cells 

had no impaired antitumor effect in vivo (Figure 3.10D), ruling out a potential 

direct CD40/CD40L effect on the CAR T cells and arguing that there is no 

necessary autocrine or juxtacrine effect mediated by CD40/CD40L interactions 

on T cells in our system. 

Further characterization of m1928z vs. m1928z-CD40L CAR T cells showed 

that constitutive CD40L expression has no effect on the CD4-to-CD8 ratio in the 

transduced T cell product (Figure 3.11A), nor on CD62 ligand (CD62L) and CD44 

expression as markers for naïve (Tn, CD62Lhi CD44lo), memory (Tmem, CD62L+ 

CD44hi), effector (Teff, CD62L- CD44hi) T cells (Figure 3.11B). Also, T helper 

subset differentiation was similar between transduced m1928z and m1928z-

CD40L CAR T cells (Figure 3.11C), with CAR T cells predominantly secreting 

Th1 subset-associated cytokines. Finally, to assess the contribution of CD4 and 

CD8 CAR T cells in the improved antitumor response in m1928z-CD40L-treated 

mice (Figure 3.6A), A20 tumor-bearing mice were selectively injected with either 

only CD4+ or CD8+ m1928z-CD40L CAR T cells. Wherein CD4+ m1928z-CD40L 

CAR T cells alone provided no survival benefit, CD8+ m1928z-CD40L CAR T 

cells protected mice from tumor relapse (Figure 3.11D). CD8+ m1928z CAR T 
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cell treatment also conveyed a survival benefit compared to untreated mice, 

albeit all mice eventually died from overt disease outgrowth; indicating the 

necessity of added CD40L expression on CAR T cells for improved antitumor 

efficacy, even when only adoptively transferring cytotoxic CD8+ T cells. 
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Figure 3.10. Characterization of transgenically expressed CD40L on CAR T cells 
A) Splenic CD3+ T cells from BALB/c (left) or C57BL/6 (right) mice were magnetically isolated 
through negative selection and then cultured in complete media and stimulated with CD3/28 
beads and rhIL-2 (100 IU/ml). Cells were collected at different time points, fixed, and stored. After 
collection of the last time point, all samples were surface stained and analyzed. Cell surface 
expression of CD40, CD40L, and CD69 (positive control) was measured by flow cytometry on 
CD4+ (left) and CD8+ (right) T cells. One representative of two independent experiments is 
shown. 
(B) CAR T cells from BALB/c (left) or C57BL/6 (right) mice were cultured in complete media 
without any supportive cytokines or stimulation. Relative cell numbers were counted at indicated 
time points. Experimental triplicates are summarized as mean ± SEM. One representative of 
three or two independent experiments is shown. 
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(C) Human CAR T cells transduced with the h1928z or h1928z-CD40L CAR construct were 
cultured in complete media without any supportive cytokines or stimulation. Relative cell numbers 
were counted at indicated time points. Experimental triplicates are summarized as mean ± SEM. 
Biological duplicates from two different donors are plotted on separate graphs. 
(D) Survival of BALB/c mice injected with 1x106 A20.GL cells i.v. on day 0 and treated with 3x106 
Cd40-/- CAR T cells i.v. on day 7 (n=5/group). **p < 0.01 by a logrank (Mantel-Cox) test. Adapted 
from Kuhn et al. (2019), Cancer Cell, 35(3):473-488. 
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Figure 3.11. CD40L overexpression in CAR T cells does not change CD4/CD8-ratio, 
memory, or Thelper cell phenotype 
(A) Flow cytometry dot plots displaying percentage of CD4+ and CD8+ T cells in m1928z and 
m1928z-CD40L CAR T cell products after transduction. One of three representative experiments 
is shown. 
(B) Flow cytometry dot plots displaying surface expression of CD62L and CD44 in m1928z and 
m1928z-CD40L CAR T cell products after transduction. One of two representative different 
experiments is shown. 
(C) m1928z or m1928z-CD40L CAR T cells were stimulated with PMA/Ionomycin for 4 hr. 
Cytokine production was measured by intracellular staining and analyzed by flow cytometry. Dot 
plots are gated on CD4+ T cells and show production of IFNγ and IL-4 (left) or IL-17 (right). 
(D) Survival of BALB/c mice injected with 1x106 A20.GL tumor cells i.v. on day 0 and treated with 
3x106 CD4+ (left) or CD8+ (right) CAR T cells i.v. on day 7 (n=4-5/group). 
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Discussion 
The direct cytotoxic effect of CD40/CD40L interactions on CD40-expressing 

tumor cells in short- (Figure 3.1) and long-term (Figure 3.3) co-culture assays 

highlight mechanism of protection by CD40L+ CAR T cells against antigen-

negative tumor outgrowth. CD40 engagement on resting B cells leads to 

proliferation and upregulation of Fas, which makes them susceptible to Fas-

mediated apoptosis after CD40-mediated activation (Garrone et al., 1995). The 

sensitization to Fas-mediated apoptosis by CD40 engagement is also true for 

cancer cells (Dicker et al., 2005). However, both pro- and anti-apoptotic effects 

have been described for CD40/CD40L interactions on transformed cells, 

depending on the mode of engagement. Low-level constitutive engagement on 

CD40+ tumor cells can promote survival and cell proliferation (Baxendale et al., 

2005; Pham et al., 2002), whereas transient activation can have the opposite 

effect. Tumors from the B cell lineage express high levels of cell surface CD40 

and engagement can have pro-apoptotic effects on ALL, CLL, and multiple 

myeloma cell lines (Tong and Stone, 2003). Constitutive ERK activation or 

mutated p53 in tumor cells has been associated with susceptibility to CD40 

signaling-induced apoptosis (Hollmann et al., 2006), whereas CD40 stimulation 

in APCs via CD40L promotes survival through induction of anti-apoptotic Bcl-xL 

via the nuclear factor kB (NF-kB) pathway (Ouaaz et al., 2002). CD40 expression 

has also been observed on several epithelial cancers, such as breast, ovarian, 

and lung carcinomas and melanoma (Elgueta et al., 2009). There, transient 

activation of the CD40 signaling pathway through sCD40L in vivo had growth-

inhibitory effects on human breast cancer cells (Hess and Engelmann, 1996; 

Wingett et al., 1998), demonstrating the antitumor effect of CD40/CD40L 

interactions across different tumor types. This provides a rationale for the use of 

CD40L+ CAR T cells in different cancer settings due to the additional 

CD40/CD40L-mediated tumor cell killing despite CAR-mediated antigen 

downregulation and/or outgrowth of antigen-negative escape variants.  

The effect CD40/CD40L interactions have on transformed cells raises the issue 

of potential detrimental effects impinging on physiological CD40+ tissues. 
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Preclinical and clinical experience using agonistic anti-CD40 antibodies has 

documented adverse events; manifested by fatal liver toxicity, drop in platelet 

levels, and moderate CRS (Knorr et al., 2018; Vonderheide, 2018). Whereas we 

observed no such adverse events in our system, we did detect perivascular 

infiltration in lung and liver (Figure 3.10B). The significance of this event is 

unknown, but potentially explained by CD40 expression on endothelial cells 

(Elgueta et al., 2009) and their subsequent activation upon encountering 

m1928z-CD40L CAR T cells form the bloodstream. In the clinical setting, we 

would argue for treating patients starting at low doses and then escalating the 

cell numbers under strict clinical supervision and analysis of blood biomarkers for 

liver damage (AST and ALT) and CRS (IL-6 and fever). Encouragingly, we 

neither observed an increase in these markers in our preclinical system (Figure 

3.10), nor detected any visible toxic effects on mice injected with m1928z-CD40L 

CAR T cells at doses 10-to-100-fold above the conventional clinical doses 

normalized to body weight (Figure 3.10E). 

Besides controlling the applied CAR T cell dose, we can control CD40L 

expression levels via modifications of intergenic elements in the transgene 

construct (Figure 3.8). By positioning the CAR transgene upstream of the CD40L 

transgene in the expression cassette, we can insert an IRES or 2A element 

between the two genes. This leads to low or high CD40L surface levels on the T 

cell, whereas a consistent CAR expression level is maintained. Use of an IRES 

element results in lower expression levels compared to the use of a 2A element. 

Additionally, in a multicistronic vector, positioning a gene towards the end of the 

expression cassette leads to lower expression (Liu et al., 2017). This allows 

further tuning of relative gene expression between CAR and CD40L. Together, 

this permits design of engineered CAR T cells that express relatively low or high 

levels of CD40L, potentially mitigating toxicities. 

It was previously reported that retroviral overexpression of CD40L in murine 

bone marrow or thymic cells led to thymic lymphoproliferative disease in mice 

(Brown et al., 1998). The authors suggest that constitutive expression of CD40L 

in developing T cells contributes to the dysregulated proliferation in the thymus. 
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We did not see any evidence of lymphoproliferative disease in over 40 mice 

treated with m1928z-CD40L CAR T cells that were monitored for up to 2 years, 

arguing that CD40L over-expression in mature T cells does not have the same 

effect. Furthermore, besides the absence of any lymphoproliferative phenotype, 

we also did not observe any abnormal differentiation in CD40L-modified CAR T 

cells, as both murine m1928z and m1928z-CD40L CAR T cells displayed the 

same ratios of CD4+, CD8+, naïve, and memory T cells, and CD4+ T-helper 

subtypes (Figure 3.11). Introduction of suicide/elimination switches in the clinic 

should be considered to improve safety and combat potential CD40L-mediated 

lymphoproliferation in human CAR T cells (Bonifant et al., 2016). 

Suicide/elimination switches can be used to deplete the adoptively transferred 

cell product when deemed necessary by a clinician. One example is the iCasp9 

molecule, which is an artificial caspase molecule that is expressed in the cell 

product and can be activated by addition of a small molecule. This leads to 

homodimerization of the iCasp9 molecule and subsequent activation of the 

apoptotic pathway in the iCasp9-expressing cells (Di Stasi et al., 2011). A 

different strategy for depleting engineered T cells is to also express the 

extracellular domain of EGFR (EGFRt) on their surface. This enables antibody-

mediated elimination of T cells after injection of the clinically approved and 

EGFR-specific antibody cetuximab (Wang et al., 2011). 

Therapeutic interventions should maximize efficacy and minimize toxicity. CAR 

T cell treatment in clinical trials at different treatment centers has produced 

unanticipated toxicities that have not been previously observed in mice, such as 

CRS and neurotoxicity, highlighting the difficulty of translating therapy-induced 

adverse events between mouse and human (Park et al., 2018). The severity of 

these toxicities is potentially correlated with the intensity of lymphodepleting 

preconditioning (Hay et al., 2017). Encouragingly, m1928z-CD40L CAR T cells 

did not require preconditioning for successful in vivo antitumor function (Figure 

3.5), potentially alleviating previously seen adverse events in humans by 

reducing or eliminating preconditioning regimens. In addition, sparing 

preconditioning could help to maintain the endogenous lymphoid and myeloid cell 
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compartments, allowing them to aid in the antitumor response of CD40L+ CAR T 

cells.  
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CHAPTER 4 

CD40L+ CAR T Cells License APCs in vivo 

Introduction 
In the previous chapter we could demonstrate the safe and improved antitumor 

response of CD40L-modified CAR T cells compared to CAR T cells without 

CD40L overexpression (Figure 3.6), as well as the ability of CD40L-modified 

CAR T cells to induce DC licensing in vitro (Figure 3.9). The underlying 

hypothesis explaining the improved antitumor response states that CD40+ host 

cells are licensed through CD40L+ CAR T cells upon ACT and in turn recruit 

additional endogenous immune effectors to assist in tumor cell recognition and 

eradication. This chapter will investigate the in vivo licensing of APCs by CD40L+ 

CAR T cells, and is based on known biology describing the involvement of CD40+ 

APCs in the antitumor response. 

CD40 protein is predominantly expressed in cells belonging to the 

hematopoietic system, namely DCs, monocytes, and B cells (Van Kooten and 

Banchereau, 2000). Low levels of CD40 expression have also been observed on 

non-hematopoietic cells, such as endothelial cells, some epithelial cells, and 

fibroblasts (Van Kooten and Banchereau, 2000). The importance of CD40 

expression on non-hematopoietic cells is still relatively unknown. The lack of any 

gross organ abnormalities in Cd40-/- mice in non-pathological conditions suggests 

CD40 is mainly important in the hematopoietic system. The involvement and 

function of APCs in an effective antitumor response is well documented, where 

especially DCs are instructive in T cell priming (Broz et al., 2014; Engelhardt et 

al., 2012; Spranger et al., 2017). The importance of functional DCs in an effective 

antitumor response is further supported by observations describing lack of tumor 

control in settings of DC dysfunction (Gabrilovich, 2004). 

In the context of tumor progression, macrophages are thought to fall along a 

polarization axis spanning from an activated M1 antitumor phenotype on one 

side, to an alternatively activated M2 pro-tumor phenotype on the other side 

(Qian and Pollard, 2010). One study has found that antibody-mediated CD40 
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activation on macrophages in a murine pancreatic tumor model induces non-

durable tumor regression, which is dependent on CD40-activated macrophages 

(Beatty et al., 2011). Finally, as the third member of hematopoietic APCs, CD40-

activated B cells are neglected in this study for further analysis as they are 

eradicated when mice are injected with CD19-targeted CAR T cells (Figure 

3.5C). 

In combination with chemotherapy and/or radiation, monoclonal agonistic 

CD40-targeted antibodies have been used in the preclinical setting to 

successfully treat pancreatic and bladder cancer (Beatty et al., 2011; Byrne and 

Vonderheide, 2016; Sandin et al., 2013), but the use of agonistic CD40-targeted 

antibodies as a single agent has so far met with less success in the clinic, where 

objective tumor response rates have been below 25% (Vonderheide and 

Glennie, 2013). Here, we demonstrate that m1928z-CD40L CAR T cells can, in 

addition to their antigen-specific cytotoxicity, also license CD40+ APCs in vivo 

with the potential of priming endogenous non-CAR T cells to aid in the antitumor 

response. The aspect of non-CAR T cell priming is explored in the following 

chapter 5. The licensing of APCs through T cells is usually dependent on the 

presentation of peptide-MHC (pMHC) antigen on the APC and its recognition by 

the TCR on a CD4+ T cell. This leads to the formation of an immunological 

synapse between APC and T cell, resulting in TCR-mediated signaling and 

activation of the T cell. Early activation signals, such as CD40L, are expressed 

on the cell surface and bind to constitutively expressed CD40 on the APC. This 

CD40/CD40L interaction, as a response to the initial pMHC:TCR recognition, is 

necessary for efficient licensing of the APC. Successfully licensed APCs increase 

surface expression of antigen-presenting molecules (such as MHC), co-

stimulatory molecules (such as CD80 and CD86, as well as TNF-related surface 

molecules), adhesion molecules (such as ICAM-1), and secrete cytokines (such 

as IL-12) to prime and engage T cells in an antigen-specific immune response. 

Thus, this chapter investigates the ability of CD40L-expressing genetically 

engineered CAR T cells to invert the relationship between DCs and T cells, 
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wherein the CAR T cells function as the initiator of APC maturation independently 

of pMHC:TCR interactions. 

Results 

m1928z-CD40L CAR T cells promote APC maturation in vivo 

Taking advantage of our syngeneic mouse model, we investigated if CD40L+ 

CAR T cells could license APCs in vivo. A20.GL tumor-bearing mice received 

ACT 7 days after tumor inoculation to model established systemic disease, 

followed by analysis of activation and maturation markers on tumor-resident 

myeloid cells in the liver (Figures 4.1A). Whereas there was a brief detectable 

upregulation of the co-stimulatory marker CD86 on DCs and macrophages on 

day 1 and 3 after m1928z-CD40L CAR T cell treatment (Figure 4.1B), no 

indications of sustained licensing of these cell populations was observed. This is 

supported by comparable levels of CD86, MHC-II, and CD40 in both m1928z and 

m1928z-CD40L treated mice (Figures 4.1B-4.1D). Thus, an interaction between 

CD40L+ CAR T cells and CD40+ APCs did not occur at sufficiently high levels to 

induce APC licensing at the primary tumor site and prompted the analysis of 

APCs in lymphoid tissue. 

The spleen was chosen for lymphoid tissue analysis at day 7 after ACT 

because no A20 tumor cells are detectable at this time point (Figure 3.1D). Here, 

m1928z-CD40L CAR T cell treatment increased surface expression of the 

activation/maturation markers CD86, MHC-II, and CD40 on both splenic DCs and 

macrophages (Figures 4.2B-4.2D). CD86 upregulation on DCs and macrophages 

was observed at early time points (days 1 and 2) and remained high until day 7 

(Figure 4.2B). Changes in MHC-II levels induced by m1928z-CD40L treatment 

were observed at later time points, with the highest levels detectable on day 7 in 

both DCs and macrophages (Figure 4.2C). Low level upregulation was seen for 

CD40, wherein m1928z-CD40L treatment did significantly affect CD40 

expression in DCs early (day 3), compared to m1928z alone, and late (day 7) on 

macrophages (Figure 4.2D). Furthermore, the licensing of DCs was also 

observed in celiac and portal lymph nodes (Figure 4.2E), the lymph nodes 
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draining the liver where the A20 tumor nodules reside (Barbier et al., 2012) 

(Figure 3.1D). Lymph-node resident DCs displayed higher levels of CD80, CD86, 

and MHC-II in m1928z-CD40L treated mice, albeit not to a statistically significant 

margin for CD86 (Figure 4.2E). Collectively, m1928z-CD40L CAR T cells 

promoted APC licensing in vivo by inducing upregulation of co-stimulatory and 

maturation markers. 

Besides the immunophenotypical changes that were observed and described 

above, we next thought to examine how CAR T cell treatment changes the 

immune cell infiltrate in the tumor and the spleen. Fluorescent microscopic 

images revealed infiltration of CAR T cells into B and T cell zones of lymphoid 

organs (Figure 4.3A and 4.3B), with m1928z-CD40L CAR T cell treated mice 

having no detectable B cell zones in lymph nodes due to B cell aplasia. 
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Figure 4.1. m1928z-CD40L CAR T cells do not license tumor-resident myeloid cells 
(A) Experimental layout for B-D. 
(B) Normalized surface expression of CD86 on CD11b- CD11c+ DCs (left) and CD11b+ F4/80+ 
macrophages (right) at indicated time points (CD45+ CD3- CD19- Gr-1- pre-gates; m1928z 
normalized to 1). Representative overlay histograms depict surface expression on day 7.  
(C) Normalized surface expression of MHC-II on DCs (left) and macrophages (right) at indicated 
time points (m1928z normalized to 1). Representative overlay histograms depict surface 
expression on day 7. 
(D) Normalized surface expression of CD40 on DCs (left) and macrophages (right) at indicated 
time points (m1928z normalized to 1). Representative overlay histograms depict surface 
expression on day 7. 
Each dot represents one mouse (n=3-13/group). Data is plotted as mean ± SEM and is 
representative of 1-3 independent experiments. **p<0.01, ***p<0.001 (Student’s t test). FMO, 
fluorescence minus one; ns, non-significant. Adapted from Kuhn et al. (2019), Cancer Cell, 
35(3):473-488. 
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Figure 4.2. m1928z-CD40L CAR T cells license splenic myeloid cells 
(A) Experimental layout for B-D. 
(B) Normalized surface expression of CD86 on CD11b- CD11c+ DCs (left) and CD11b+ F4/80+ 
macrophages (right) at indicated time points (CD45+ CD3- CD19- Gr-1- pre-gates; m1928z 
normalized to 1). Representative overlay histograms depict surface expression on day 7.  
(C) Normalized surface expression of MHC-II on DCs (left) and macrophages (right) at indicated 
time points (m1928z normalized to 1). Representative overlay histograms depict surface 
expression on day 7. 
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(D) Normalized surface expression of CD40 on DCs (left) and macrophages (right) at indicated 
time points (m1928z normalized to 1). Representative overlay histograms depict surface 
expression on day 7. 
(E) Normalized surface expression of CD80, CD86, and MHC-II on DCs in tumor-draining lymph 
nodes (pooled celiac and portal lymph nodes) of A20 tumor-bearing mice on day 6 after CAR T 
cell treatment (m1928z is normalized to 1). Overlay histograms depict representative surface 
expression from one sample. 
Each dot represents one mouse (n=3-13/group). Data is plotted as mean ± SEM and is 
representative of 1-3 independent experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
(Student’s t test). FMO, fluorescence minus one; ns, non-significant. Adapted from Kuhn et al. 
(2019), Cancer Cell, 35(3):473-488. 
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Figure 4.3. m1928z-CD40L CAR T cells infiltrate lymphoid tissue and deplete B cell zones 
BALB/c mice were injected i.v. with 1x106 A20.GL cells followed by ACT of 3x106 CAR T cells 7 
days after tumor challenge. The spleens and tumor-draining (hepatic & celiac) lymph nodes of the 
mice were analyzed 7 days after ACT.  
(A) Immunofluorescent staining for DAPI (blue), B220 (red), CD3 (green), and CAR (white) in 
spleens of m1928z (top) or m1928z-CD40L (bottom) CAR T cell treated mice. One of two 
representative spleens is shown per cohort. Individual antibody stains at higher magnification of 
boxed-in region are shown on the right. Scale bar, 250 or 50 µm. 
(B) Same analysis as in (A), except that tumor-draining lymph nodes were analyzed. One of two 
representative lymph nodes is shown per cohort. Individual antibody stains at higher 
magnification of boxed-in region are shown on the right. Scale bar, 250 or 50 µm. Adapted from 
Kuhn et al. (2019), Cancer Cell, 35(3):473-488. 
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Local pro-inflammatory cytokine release after m1928z-CD40L CAR T cell 

treatment 

Upon CD40/CD40L-mediated cell licensing, myeloid cells upregulate activation 

markers – as seen above in Figure 4.2 – and are also instructed to release 

immunestimulatory signal molecules (Caux et al., 1994; Cella et al., 1996). To 

assess if m1928z-CD40L CAR T cell treatment can instruct myeloid cells to 

secrete such signal molecules in vivo, splenic lysates of CAR treated mice were 

analyzed by a cytokine/chemokine protein array. The spleen was chosen as the 

site of analysis because m1928z-CD40L CAR T cells induced the most 

pronounced degree of licensing we could detect in splenic myeloid cells (Figures 

4.2B-4.2D). Thirteen of 40 proteins analyzed were detected at high levels (Figure 

4.4A). m1928z-CD40L CAR T cell treatment mediated significantly higher levels 

of the IL-1 receptor antagonist IL-1Ra (Figure 4.4B), which is protective of severe 

CRS (Giavridis et al., 2018). Also, monocytic (CCL3 and CCL5) and lymphocytic 

(CXCL9 and CXCL10) chemoattractants were present at higher levels following 

m1928z-CD40L CAR T cell treatment (Figure 4.4B). The remaining 8 detectable 

proteins were present at similar levels between the two treatment cohorts. These 

data provide evidence that CAR T cells can provide a pro-inflammatory milieu 

and potentially facilitate expansion of immune effectors.  

The lymphocyte-attracting chemokines CXCL9 and CXCL10 are responsible for 

CD4+ T cell, CD8+ T cell, and natural killer (NK) cell trafficking by binding to 

CXCR3 on their cell surface (Griffith et al., 2014). In antiviral host responses, 

CXCL9 production is attributed to stromal and myeloid cells in lymphoid tissue 

following IFNγ stimulation (Kastenmüller et al., 2013; Sung et al., 2012). This 

leads to recruitment of Th1 CD4+ and cytotoxic CD8+ T cells, followed by 

subsequent priming of these cells to function in viral control (Nakanishi et al., 

2009). In a murine breast cancer model, de Mingo Pulido et al. showed that 

CXCL9 is produced by intratumoral DCs. Inhibition of its biological function by 

blocking its cognate receptor CXCR3 on lymphoid cells decreased an 

immunotherapy-based antitumor response (de Mingo Pulido et al., 2018). To 

assess if the higher levels of CXCL9 in m1928z-CD40L treated mice in our 



 

79 

system can also be attributed to its production by intratumoral DCs, tumor- and 

spleen-resident APCs were stained intracellularly for CXCL9 protein. Intriguingly, 

m1928z-CD40L CAR T cell treatment stimulated CXCL9 production in splenic 

macrophages (Figure 4.4C), whereas no CXCL9 protein was detected in tumor-

resident APCs at day 7. 

Stimulation of human and murine DCs with CD40L showed that CD40/CD40L 

interaction is sufficient to induce IL-12 release (Cella et al., 1996; Koch et al., 

1996). IL-12 instructs CD4+ T cells to differentiate into IFNγ-producing Th1 cells 

(Teng et al., 2015) and has tumor-protective effects when combined with CAR T 

cell therapy (Pegram et al., 2012). Here, we wanted to investigate if m1928z-

CD40L CAR T cells could stimulate in vivo production of IL-12 in myeloid cells.  

m1928z-CD40L CAR T cell treatment significantly increased IL-12p40 production 

in splenic DCs, but not tumor-resident DCs, as measured by ex vivo intracellular 

staining (Figure 4.4D). IL-12p40 production was specific to CD11b- CD11c+ 

splenic DCs in mice receiving CD40L+ CAR T cells. CD11b+ F4/80+ macrophages 

in the same mice were IL-12-negative (Figure 4.4D). Cumulatively, these results 

demonstrated that splenic CD40+ macrophages and DCs could be instructed to 

produce the immunestimulatory molecules CXCL9 and IL-12, respectively, upon 

m1928z-CD40L CAR T cell treatment. 
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Figure 4.4. Local pro-inflammatory cytokine release after m1928z-CD40L CAR T cell 
treatment. 
(A) BALB/c mice were injected i.v. with 1x106 A20.GL cells followed by ACT of 3x106 CAR T cells 
7 days after tumor challenge. Array of 40 proteins taken from the supernatant of homogenized 
spleens of m1928z or m1928z-CD40L CAR T cell treated mice 7 days after ACT. 
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(B) Quantification of significantly changed cytokines in (A) (n=3 mice/group). One of two 
representative experiments is shown. 
(C) Intracellular flow cytometry of DCs (left) and macrophages (right) for CXCL9 production in 
tumor (top) and spleen (bottom) of mice treated with m1928z or m1928z-CD40L CAR T cells. 
Boxed-in regions highlight CXCL9-producing cells. One representative plot per treatment 
condition is shown. Frequency of CXCL9+ DCs or macrophages is plotted on the right 
(n=3/group). 
Each dot represents one mouse. Data is plotted as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 
(Student’s t test). ns, non-significant. 
(D) Intracellular flow cytometry of DCs (left) and macrophages (right) for IL-12p40 production in 
tumor (top) and spleen (bottom) of mice treated with m1928z or m1928z-CD40L CAR T cells. 
Boxed-in regions highlight IL-12p40-producing cells. One representative plot per treatment 
condition is shown. Frequency of IL-12p40+ DCs or macrophages is plotted on the right 
(n=3/group; representative of 2 different experiments). Adapted from Kuhn et al. (2019), Cancer 
Cell, 35(3):473-488. 
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Further, m1928z-CD40L CAR T cells changed the cellular composition of the 

tumor compared to m1928z CAR T cells (Figure 4.5). More DCs, CD4+ and CD8+ 

T cells infiltrated the tumor after mice were injected with m1928z-CD40L CAR T 

cells (Figures 4.5A and 4.5B). Intriguingly, the tumor-resident CD4+ Foxp3+ T 

regulatory (Treg) cell fraction was also slightly elevated in CD40L+ CAR-treated 

mice (Figure 4.5B), resulting in similar CD8+-to-Treg ratios (Figure 4.5C). No 

significant difference in CAR T cell tumor infiltration was observed between the 

two treatment cohorts (Figure 4.5D). Focusing on the lymphoid tissue, more 

macrophages and DCs were recruited to the spleen after mice received m1928z-

CD40L CAR T cells (Figure 4.5E), indicative of engagement of CD40+ APCs in 

lymphoid organs. Splenic lymphoid populations were also strongly altered after 

CAR treatment. In m1928z-CD40L CAR T cell- treated mice, more CAR- CD4+ 

and CD8+ T cells localized to the spleen (Figure 4.5F). This coincided with a 

favorable CD8+-to-Treg ratio in the spleen (Figure 4.5G) and an increase of 

m1928z-CD40L CAR T cells (Figure 4.5H). 
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Figure 4.5. m1928z-CD40L CAR T cell treatment promotes the recruitment of immune 
effectors 
Quantification of different immune cell populations in A20 tumor-bearing mice 7 days after being 
treated with 3x106 CAR T cells.  
(A) Frequency of macrophages (MAC) and dendritic cells (DC) as percentage of CD45+ cells in 
tumor tissue. 
(B) Frequency of CD4+ T cells, CD8+ T cells, NKp46+ lymphocytes, and Treg cells (CD4+ Foxp3+) 
as percentage of CD45+ cells in tumor tissue.  
(C) The CD8+ / Treg cell ratio in tumor tissue.  
(D) Quantification of CAR+ T cells per mg of tumor tissue. 
(E-H) Same as in (A-D), except that immune populations were analyzed in the spleen. 
Each dot represents one mouse. Data is plotted as mean ± SEM and is representative of 2-3 
independent experiments. *p<0.05, **p<0.01, ***p<0.001 (Student’s t test). ns, non-significant. 
Adapted from Kuhn et al. (2019), Cancer Cell, 35(3):473-488. 
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m1928z-CD40L CAR T cell-induced expansion and maturation of DCs is 

dependent on host CD40 expression  

Having demonstrated the superior antitumor response of m1928z-CD40L CAR 

T cells compared to m1928z CAR T cells (Figure 3.6A) and the capability of 

CD40L+ CAR T cells to license DCs in vivo (Figures 4.2), we wanted to evaluate 

if these effects are necessitated by host expression of CD40, the cognate 

receptor of CD40L. We hypothesized that the CD40L+ CAR T cells activate host 

immune cells via CD40/CD40L interactions to enhance the immune response. 

Thus, we challenged CD40-deficient mice with A20 tumor cells before CAR T cell 

treatment. We used the A20.CD40-KO cell line to avoid any potential tumor 

rejection due to recognition of CD40 as foreign in the Cd40-/- mice. Here, 

m1928z-CD40L CAR T cells lost their protective effect (Figure 4.6A), implying 

that CD40L+ CAR T cells need to engage with CD40+ cells in the host to exert 

their improved antitumor response. 

To ensure that CAR T cells in Cd40-/- mice do not have an inherent defect in 

cytotoxicity, we tested their capacity to induce B cell aplasia after 

preconditioning. Similar to WT host mice (Figure 3.5C), both m1928z and 

m1928z-CD40L CAR T cells induced complete B cell aplasia in Cd40-/- mice 

when preconditioned with cyclophosphamide (Figure 4.6B). These data 

demonstrated that lack of host CD40 expression does not impair CD19-targeted 

CAR T cell function. 

Additionally, we noticed that m1928z-CD40L CAR T cells in A20 tumor-bearing 

Cd40-/- mice did not license DCs or macrophages to mature, as evidenced by a 

lack of CD86 and MHC-II upregulation in the spleen (Figure 4.6C). IL-12p40 

production by DCs was also dependent on CD40 expression, as no IL-12p40 

was detected in splenic DCs after CAR T cell treatment (Figure 4.6D). 

Importantly, Cd40-/- DCs are capable of IL-12 production. Stimulating bone 

marrow-derived DCs (BMDCs) of both WT and Cd40-/- mice with the toll-like 

receptor 4 agonist lipopolysaccharide (LPS) leads to IL-12 release (Figure 4.6E). 

In line with the absence of APC licensing in Cd40-/- mice, these mice also lacked 
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significant differences in immune cell infiltrates when comparing m1928z and 

m1928z-CD40L CAR T cell treated mice in tumor tissue or spleen (Figure 4.6F).  

Together, these results demonstrate the necessity of host Cd40 expression for 

the improved antitumor response through m1928z-CD40L CAR T cell treatment 

and the mechanism of in vivo APC licensing by these CAR T cells. 
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Figure 4.6. m1928z-CD40L CAR T cell antitumor efficacy and licensing of DCs is dependent 
on host Cd40 expression 
(A) Survival of WT or Cd40-/- BALB/c mice injected with 1x106 A20.CD40-KO cells i.v. and treated 
with 3x106 m1928z-CD40L CAR T cells i.v. on day 7. Graph summarizes two independent 
experiments (n=4-10/group). *p<0.05, ****p<0.0001 by log-rank (Mantel-Cox) test. 
(B) Cd40-/- Mice were preconditioned with Cy on day -1 and received 3x106 m1928z or m1928z-
CD40L CAR T cells i.v. on day 0. Peripheral blood was collected at indicated time points and the 
percentage of CD19+ B cells of CD45+ cells was assessed by flow cytometry. Means ± SEM are 
shown (n=3/group). One of two representative experiments is shown. Cy, cyclophosphamide. 
(C) Surface expression of CD40, CD86, and MHC-II on CD11b- CD11c+ DCs (CD45+ CD3- CD19- 
Gr-1- pre-gates) in spleen tissue of Cd40-/- mice 7 days after CAR T cell treatment. Quantification 
of surface marker expression is plotted underneath the histograms (n=7/group, m1928z 
normalized to 1).  
(D) Intracellular flow cytometry of DCs for IL-12p40 production in spleen of mice on day 7 after 
m1928z or m1928z-CD40L CAR T cells treatment. Boxed regions highlight IL-12p40-producing 
DCs. One representative plot per treatment condition is shown.  Frequency of IL-12p40+ DCs is 
plotted on the right (n=7/group). 
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(E) IL-12p70 production of WT and Cd40-/- BMDCs stimulated with LPS (1 ug/ml) for 24 hr was 
measured by ELISA sandwich assay. Data is plotted as mean ± SD (n=3).  
(F) Fraction of macrophages (MAC), dendritic cells (DC), CD4+ T cells, CD8+ T cells, NKp46+ 
lymphocytes, and Treg cells (CD4+ Foxp3+) as a percentage of CD45+ cells in spleen tissue of 
mice on day 7 after m1928z (black) or m1928z-CD40L (blue) CAR T cell treatment (n=7 mice per 
group).  
Data is the summary of two independent experiments and plotted as mean ± SEM. ns, non-
significant (Student’s t-test). Adapted from Kuhn et al. (2019), Cancer Cell, 35(3):473-488. 
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Discussion 
CAR T cells can be modified to license APCs in vivo via CD40/CD40L-

mediated stimulation. This CAR T cell-to-APC crosstalk results in production of 

immunestimulatory chemokines and cytokines, and is responsible for a superior 

antitumor response. 

Previous reports have demonstrated that combining checkpoint blockade with 

chemotherapy expands and activates cross-presenting DCs at tumor site and 

tumor-draining lymph nodes (tdLNs), leading to an enhanced antitumor CD8+ T 

cell response (de Mingo Pulido et al., 2018; Salmon et al., 2016). In our 

analyses, m1928z-CD40L CAR T cell treatment did not trigger the activation of 

tumor-resident DCs, as DCs in the tumor mass of those mice had no increased 

CD40, CD86, or MHC-II surface expression. Despite a lack of sustained APC 

licensing at the tumor site, we did notice increased CD4+ and CD8+ T cell tumor 

infiltration in m1928z-CD40L CAR T cell-treated mice. Lack of increased TIL 

presence, cytokine production, splenic APC cell activation, and IL-12 production 

in Cd40-/- mice implies that m1928z-CD40L CAR T cells mediate these effects 

through the licensing of APCs in lymphoid organs. 

Leveraging the CD40 pathway for an improved antitumor response is actively 

being investigated. Agonistic CD40 monoclonal antibodies (mAbs) have been 

used in tumor-bearing mice with success. There it was noticed that anti-CD40 

mAb therapy as a single agent is only effective in immunogenic tumors carrying 

viral antigens (van Mierlo et al., 2002) or transiently effective in less 

immunogenic transgenic autochthonous pancreatic model (Beatty et al., 2011). 

Thus, attempts to combine agonistic anti-CD40 antibodies with chemotherapy 

are explored in patients (Beatty et al., 2013) and have already been shown to 

induce more robust responses in pancreatic mouse models (Byrne and 

Vonderheide, 2016). Here, we combine CD40/CD40L stimulation with the 

cytotoxic capabilities of CAR T cells. Whereas Byrne et al. predominantly saw 

intratumoral myeloid cell activation and T cell infiltration; we primarily saw APC 

activation in the spleen and tdLNs, and not at the primary tumor site. This 
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difference could be attributed to the different modalities of delivering CD40 

stimulation. After ACT, CAR T cells presumably accumulate at anatomical sites 

with high antigen density. Therefore, CD40L+ anti-CD19 CAR T cells would 

predominantly seed to the lymphoid tissue, a site with an abundant CD19+ B cell 

population, and engage with CD40+ DCs there. This was supported by a 20-fold 

increase in m1928z-CD40L CAR T cell numbers in the spleen compared to the 

liver. 

The use of IL-12 in cancer immunotherapy has been pursued in the past. IL-12 

is considered a pleiotropic cytokine with a wide range of biological activity in the 

immune system. Several immunestimulatory effects have been attributed to IL-

12, such as the promotion of lymphocyte effector function, promotion of MHC-I 

expression on tumor cells, induction of CXCL9, 10, and 11 secretion to attract 

lymphocytes to the tumor site, and remodeling of tumor vasculature and stroma 

to enhance recruitment of T cells (Lasek et al., 2014). However, systemic 

administration of recombinant IL-12 in clinical settings have caused severe side 

effects and even deaths (Lasek et al., 2014). This halted the use of recombinant 

IL-12 as a monotherapy in cancer immunotherapy. A safer route of IL-12 

administration was identified by local/intratumoral injection of IL-12 encoding 

DNA in combination with electroporation (Daud et al., 2008). Other strategies are 

based on genetically engineering tumor-infiltrating T cells (TILs) or CAR T cells to 

secrete IL-12, anticipating local cell-based delivery of the cytokine to the tumor 

site and have demonstrated antitumor efficacy in animal models (Chmielewski et 

al., 2011; Pegram et al., 2012). In patients, the autologous adoptive transfer of 

isolated TILs from melanoma patients after being transduced with an activation-

induced nuclear factor of activated T cells (NFAT) promoter driving IL-12 

production caused severe dose-limiting toxicities associated with high IL-12 and 

IFNγ serum levels (Zhang et al., 2015). These findings further highlight the 

narrow therapeutic index of therapeutically used IL-12, calling for improved 

design of IL-12-based immunotherapies. Using intravital imaging, a recent report 

elegantly depicts intratumoral IL-12 production by DCs in mice treated with anti-
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PD1-based immune checkpoint blockade (Garris et al., 2018). There, IL-12 

production was restricted to DCs and necessary for anti-PD1 treatment efficacy. 

Our results also show specific IL-12 production in splenic DCs by intracellular 

flow cytometry after m1928z-CD40L CAR T cell treatment, whereas no IL-12 is 

detected in the cytokine array as a readout of local IL-12 production on the level 

of an organ (Figure 4.4A), nor in the serum of m1928z-CD40L CAR T cell treated 

mice as a readout of systemic IL-12 level increases (Figure 3.7A). The lack of IL-

12 detection outside of the microenvironment of spleen-resident DCs suggests 

the presence of a close-by sink, such as activated T cells known to upregulate 

surface IL-12R expression (Trinchieri, 2003), which would be primed to produce 

IFNγ. T cell activation in this context is examined in the following chapter 5. In the 

A20 tumor model, the spleen is just one of several anatomical sites expressing 

the anti-CD19 CAR antigen, namely endogenous B cells present in germinal 

centers, whereas the liver is the predominant site of A20 tumor cell seeding and 

growth (Figure 3.1D). As we did not detect any IL-12 production in the tumor 

present in the liver, use of a locally growing tumor – instead of a systemic A20 

lymphoma model – would help to delineate if the spleen acts as a sink for 

m1928z-CD40L CAR T cells, potentially explaining the licensing of APCs at that 

site, or if CD40L-modified CAR T cells are capable of inducing APC maturation 

and IL-12 production in the tumor microenvironment as well.  

Furthermore, the importance of IL-12 production by DCs and its effect on IL-

12R expressing lymphocytes on the improved antitumor response would require 

more careful analysis. The use of tumor-bearing Il-12p40-/- mice would prevent 

IL-12 and IL-23 production in host DCs after m1928z-CD40L CAR T cell 

treatment and would be informative in deciphering their roles in the improved 

antitumor response. However, since the IL-12p40 subunit is part of both IL-12 

and IL-23 cytokine heterodimers, elucidating an unequivocal role of IL-12 in 

lymphocyte priming after m1928z-CD40L CAR T cell treatment would require a 

different strategy. Whereas the IL-23 cytokine signals via binding of IL-23R and 

IL-12Rβ1 subunits, IL-12 exclusively signals by binding to the IL-12Rβ1 and IL-

12Rβ2 subunits of the IL-12 receptor (Teng et al., 2015). Thus, lymphocytes in 
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Il12rb2-/- mice would be unresponsive to m1928z-CD40L CAR T cell-mediated IL-

12 production by DCs. This would allow testing the relevance of IL-12 signaling 

on the lymphocyte population.  

Besides IL-12 in DCs, m1928z-CD40L CAR T cells also stimulated CXCL9 

production in macrophages. In the antiviral response, microscopic staining of 

CXCL9 in lymph nodes identified stromal cells and macrophages as producers of 

the lymphocyte-attracting chemokine (Kastenmüller et al., 2013; Sung et al., 

2012). There, lymph-borne viruses were taken up by sentinel macrophages at 

the entry of the lymph node and predominantly recruit CXCR3+ central memory 

CD8+ T cells via CXCL9/CXCR3 stimulation. Importantly, CXCL9 production by 

the macrophages is dependent on IFNγ release from the recruited CD8+ T cells, 

resulting a positive feedback loop between the APC and the T cell. The next 

chapter will investigate potential IFNγ sources, with both CAR T cells and 

endogenous T cells being the most likely candidates, potentially explaining the 

increased CXCL9 production in splenic macrophages upon m1928z-CD40L CAR 

T cell treatment. Whereas we detected CXCL9 protein in macrophages, similar to 

its production in an antiviral response, de Mingo Pulido et al. detected CXCL9 

mRNA and protein production specifically in breast tumor-residing DCs – and not 

macrophages – after αTIM-3 treatment (de Mingo Pulido et al., 2018). 

Additionally, they demonstrated that increased CXCL9 mRNA levels in human 

breast cancer tissue correlates with an improved response to chemotherapy. The 

question, if CXCL9 production in m1928z-CD40L CAR T cell treated mice is also 

necessary for the observed improved antitumor response in our lymphoma 

model, prompts further investigation. The use of a CXCR3 blocking antibody – 

blocking the receptor for CXCL9 on CXCR3+ lymphocytes – and/or CXCR3-

deficient (Cxcr3-/-) CAR T cells could help to elucidate if systemic blocking of the 

biological function of CXCL9 and/or targeted-deletion in CAR T cells can 

abrogate the CAR T cell-mediated antitumor response.  
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CHAPTER 5 

Recruitment and Activation of endogenous Immune Effectors by m1928z-
CD40L CAR T Cell Treatment 

Introduction 
Most T cell-based immunotherapies are focused on directly increasing the 

number of tumor-targeted T cells by adoptively transferring T cells into patients, 

removing immune-inhibitory checkpoints that act on the endogenous repertoire of 

the polyclonal T cell population, redirecting the endogenous T cell population to 

the tumor via bispecific antibodies, and/or genetically engineered T cells with 

chimeric antigen receptors that allow supraphysiological antitumor T cell 

responses. All these strategies directly manipulate and redirect immune 

responses on the T cell level. With the findings in the previous chapter of in vivo 

APC licensing after m1928z-CD40L CAR T cell treatment, this chapter 

investigates if the APC licensing mediates priming of an endogenous T cell 

antitumor response. Unlike most conventional immunotherapies targeting T cell 

activation, m1928z-CD40L CAR T cell treatment potentially leads to recruitment 

and activation of these additional immune effectors with the help of APCs.  

Conventional DCs (cDCs), as opposed to plasmacytoid DCs (pDCs), are the 

most potent antigen-presenting cells and can be further subdivided into cDC1 

and cDC2 populations (Merad et al., 2013). cDCs express high levels of MHC-II 

and CD11c in both humans and mice. The transcription factors BATF3, IRF8, 

and ID2 are essential for cDC1 development, whereas cDC2s depend on the 

transcription factors RELB, IRF4, and ZEB2 (Murphy et al., 2016). cDC2s are 

predominantly involved in initiating CD4+ T cell responses against nematodes 

and viral infections (Gao et al., 2013; Krishnaswamy et al., 2017). So far, there is 

limited understanding of cDC2 function in the immune antitumor response, but a 

recent study has identified cDC2s in mice and humans and their involvement in 

CD4+ T cell activation (Binnewies et al., 2019). 

cDC1s express surface CD8α and CD103 (Integrin αE) in lymphoid and non-

lymphoid tissue, respectively. Both lymphoid and non-lymphoid tissue cDC1s 
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share a very similar transcriptional profile and a central role in the adaptive 

immune response by cross-presenting antigen to cytotoxic CD8+ T cells in 

antiviral and antitumor responses (Broz et al., 2014; Hildner et al., 2008; Merad 

et al., 2013). In humans, cDC1s are identified by CD141/BDCA3 surface 

expression (Jongbloed et al., 2010) and seem to be excluded from tumor tissue 

compared to matched, healthy tissue (Lavin et al., 2017). This suggests that 

cDC1s have a role in the antitumor immune response and is further supported by 

the finding that high levels of intratumoral BDCA3+ cDC1s correlate with 

responsiveness to anti-PD-1 immunotherapy in melanoma patients (Barry et al., 

2018). Thus, the aim of several preclinical tumor transplantation studies was to 

increase the accumulation of tumor-resident cDC1s, where it was noted that NK 

cell-derived Flt3 ligand (FLT3L) and other cDC1 chemoattractants stimulated 

cDC1 recruitment to the tumor and controlled further tumor growth (Barry et al., 

2018; Böttcher et al., 2018). The accumulation of tumor-resident cDC1s 

improved CD8+ T cell expansion and responses to anti-PD-L1 treatment (Salmon 

et al., 2016). 

T cell-mediated antitumor responses are well characterized and can be based 

on recognition of non-mutated cancer-related antigens or neoantigens derived 

from mutated proteins (Rosenberg and Restifo, 2015; Schumacher and 

Schreiber, 2015). The antigen is recognized by the TCR of the CD4+ or CD8+ T 

cell on presented MHC-II or MHC-I, respectively. The importance of CD8+ T cell-

mediated tumor control through pMHC-I:TCR interactions is highlighted by the 

observation that MHC-I or β2M loss in tumor cells – both resulting in the absence 

of antigen presentation on the cancer cell surface – leads to tumor immune 

evasions and subsequent tumor outgrowth in patients (Tran et al., 2016; Zaretsky 

et al., 2016). Still, long-term survival for up to 10 years has now been described 

in a subset of patients with metastatic disease who were treated with T cell-

mobilizing immunotherapies (Postow et al., 2018). Similar results have been 

described for B-ALL patients treated with anti-CD19 CAR T cells in a long-term 

follow up (Park et al., 2018). However, some patients relapse with CAR-antigen-

negative disease at later time points. Thus, a sustained antitumor response that 
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is based on the highly cytotoxic effector function of the CAR T cell, plus the 

recruitment of cytotoxic non-CAR T cells recognizing tumor cell-specific antigens 

is explored in this chapter. m1928z-CD40L CAR T cells, through the mobilization 

of other endogenous immune effectors, could potentially induce long-lived 

immune cell-based antitumor memory and, thereby, provide protection from 

CAR-antigen-negative tumor outgrowth. 

Results 

m1928z-CD40L CAR T cells produce more effector cytokines in vivo and 

increase the effector cytokine production of endogenous non-CAR T cells 

The licensing of APCs through CD40L CAR T cells described in the previous 

chapter was prominent in lymphoid tissue at day 7 after ACT (Figure 4.1). Since 

we did not detect any profound changes in the tumor tissue, we analyzed earlier 

time points after ACT and quantified DC recruitment to both tumor and spleen 

(Figure 5.1A). Again, m1928z-CD40L CAR T cell treatment did not affect the 

recruitment of bulk MHC-II+ CD11c+ DCs to the tumor tissue over time (Figure 

5.1B), whereas, compared to m1928z CAR T cell treatment, CD40L+ CAR T cells 

induced the accumulation of splenic MHC-II+ CD11c+ DCs not until day 7 after 

ACT (Figure 5.1C). Clearly, m1928z-CD40L CAR T cell treatment has no effect 

on DC tumor infiltration numbers – not at earlier or later time points – nor does it 

affect the lymphoid compartment until one week after ACT. 

Encouraged by the observation of in vivo DC licensing by m1928z-CD40L CAR 

T cells (Figure 4.2) and their quantitative increase at day 7 after ACT in the 

spleen (Figure 5.1C), we chose day 7 post ACT to test whether this DC activation 

can bolster the CAR T cell response and/or prime endogenous non-CAR T cells 

as bystanders for enhanced tumor recognition. Despite similar DC infiltration 

numbers and lack of licensing in the tumor (Figures 5.1B and 4.1), CD40L+ CAR 

T cells produced significantly more IFNγ and TNFα than T cells only expressing 

the CAR (Figure 5.1D). The same increase in T cell effector cytokine production 

was seen in the spleen (Figure 5.1E). Focusing on the bystander cells, we 

noticed that more double-positive IFNγ+ TNFα+ CD3+ CAR- T cells were present 
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in both tumor and spleen of m1928z-CD40L compared to m1928z CAR T cell-

treated mice (Figures 5.1D and 5.1E). 

The combination of lack of tumor-resident DC licensing with increased cytokine 

production of tumor-infiltrating lymphocytes prompted a more detailed analysis of 

potential changes in the tumor-resident DC compartment. As outlined in the 

introduction of this chapter, conventional DCs can be further divided into cDC1 

and cDC2 subpopulations. Both subpopulations have been described to have 

roles in antitumor immune responses, where they control T cell immunity 

(Salmon et al., 2016; Spranger et al., 2017). Thus, we investigated DC 

subpopulations in m1928z-CD40L CAR T cell treated mice. 
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Figure 5.1. m1928z-CD40L CAR T cell recruit DCs to spleen, produce more effector 
cytokines in vivo, and increase effector cytokine production of endogenous non-CAR T 
cells 
(A) Experimental layout for B-E. 
(B and C) Absolute numbers of MHC-II+ CD11c+ DCs (CD45+ Gr1- CD19- CD3e- pre-gates) in 
tumor (B) and spleen (C) of A20 tumor-bearing mice treated as outlined in (A). Each dot 
represents one mouse (n=3/group). Data is representative of two experiments and plotted as 
mean ± SEM. 
(D and E) BALB/c mice were injected with 1x106 A20.GL cells i.v. and treated with 3x106 CAR T 
cells i.v. after 7 days. On day 7 after ACT, CD3+ CAR+ (top) and CD3+ CAR- (bottom) cells 
(CD45+ CD19- CD11b- Gr-1- pre-gate) in tumor (D) or spleen (E) were isolated and analyzed for 
production of IFNγ and TNFα by intracellular flow cytometry after 4 hr ex vivo stimulation with 
PMA/ionomycin. Overlay plots (left) and frequency IFNγ+ TNFα+ T cells (right) are plotted. Each 
dot represents one mouse (n=3/group). Data is representative of two independent experiments 
and plotted as mean ± SEM. ns, non-significant. *p<0.05, **p<0.01, ***p<0.001 (Student’s t test). 
Adapted from Kuhn et al. (2019), Cancer Cell, 35(3):473-488.  



 

97 

Improved antitumor response of m1928z-CD40L CAR T cells requires presence 

of Batf3-expressing cDC1s 

cDC1 and cDC2 populations can be immunophenotyped based on surface 

marker expression. Identified by high expression of the conventional DC markers 

MHC-II and CD11c, cDC1 populations in non-lymphoid tissue express the 

integrin CD103 and are CD11b-, whereas cDC2s are CD11b+ CD103- (Figure 

5.2A). In the lymphoid tissue, the cDC1 population loses its CD103 expression 

and instead is identified by CD8α expression, with cDC2 cells maintaining their 

CD11b+ CD8α+ status (Figure 5.2B). With this mutually exclusive surface marker 

expression, the frequencies of cDC1 and cDC2 populations were assessed over 

time. A20 lymphoma-bearing mice were treated with m1928z or m1928z-CD40L 

CAR T cells and changes in cDC1/2 populations were analyzed at different time 

points post ACT (Figures 5.2C and 5.2D). Whereas we previously did not 

observe a change in absolute numbers of tumor-resident DCs (Figure 5.1B), 

now, m1928z-CD40L CAR T cell treatment led to a relative increase in the tumor-

resident cDC1 population at day 7 post ACT (Figure 5.2C). These findings, for 

the first time, documented a change in the myeloid cell compartment of the tumor 

tissue after m1928z-CD40L CAR T cell treatment. Whereas previous analyses 

did not detect any changes in activation status (Figure 4.1) or numbers (Figure 

5.1B), m1928z-CD40L CAR T cells skew the tumor-resident cDC1-to-cDC2 ratio 

in favor of the cDC1 population. Curiously, the opposite skewing was observed in 

the spleen, where the cDC2 population dominated after m1928z-CD40L CAR T 

cell treatment (Figure 5.2D). These observations highlighted the effect m1928z-

CD40L CAR T cells have on DC subpopulations and prompted the question of its 

relevance in the antitumor response.  

Next, we wanted to prevent cDC1 accumulation in the tumor and, thereby, 

assess its necessity in the m1928z-CD40L CAR T cell-mediated antitumor 

response. The transcription factor BATF3 is important for the development of 

cDC1s, as mice lacking Batf3 expression are deficient in CD8α+ DCs and tumor-

resident CD103+ DCs, making them more susceptible to CD8+ T cell-controlled 

viral infections and tumor growth (Hildner et al., 2008; Spranger et al., 2017). We 
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challenged both wild-type and Batf3-/- mice with A20 lymphoma cells and, as 

expected, no CD11b- CD103+ cDC1 cells were present in the tumor of Batf3-/- 

mice (Figure 5.2E). This allowed investigation of their involvement in the 

m1928z-CD40L CAR T cell treatment-induced antitumor response. Subsequent 

treatment with CAR T cells showed that m1928z-CD40L CAR T cells in Batf3-/- 

mice improves survival of tumor-bearing mice (Figure 5.2F), demonstrating that 

the cDC1 population is not solely responsible for in vivo m1928z-CD40L CAR T 

cell function. However, their presence in wild-type mice significantly improved 

survival and allowed complete tumor clearance by m1928z-CD40L CAR T cells 

in 40% of mice (Figure 5.2F). Taken together, the improved antitumor response 

of and tumor cell eradication by m1928z-CD40L CAR T cells requires the 

presence of cDC1 cells. 
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Figure 5.2. Improved antitumor response of m1928z-CD40L CAR T cells requires presence 
of Batf3-expressing cDC1 
(A and B) Gating strategy for MHC-II+ CD11c+ cDC1 and cDC2 populations in tumor (A) and 
spleen (B). 
(C and D) BALB/c mice were injected with 1x106 A20.GL cells i.v. on day -7 and treated with 
3x106 CAR T cells on day 0. Ratios of cDC1-to-cDC2 populations in tumor (C) and spleen (D) are 
plotted over time. Data is plotted as mean ± SEM (n=3/group). Representative flow cytometry 
contour plots on day 7 of m1928z or m1928z-CD40L CAR T cell treated mice are shown on the 
right. *p<0.05, **p<0.01 (Student’s t test).  
(E) Flow cytometry contour plots of the MHC-II+ CD11c+ DC population in tumors of WT and 
Batf3-/- mice on day 14 after A20.GL i.v. injection. 
(F) Survival of BALB/c WT or Batf3-/- mice challenged with 1x106 A20.GL cells and treated with 
3x106 CAR T cells on day 7. *p<0.05, ***p<0.001 by a log rank (Mantel-Cox) test. 
  



 

100 

Host Cd40 expression, but not Batf3 expression, is necessary for m1928z-

CD40L CAR T cell-mediated T cell cytokine production 

With the increased priming of tumor-infiltrating CAR+ and CAR- T cells (Figure 

5.1D), the accumulation of tumor-resident cDC1 population (Figure 5.2C), and an 

impaired antitumor response in m1928z-CD40L CAR T cell treated Batf3-/- mice 

(Figure 5.2F), we hypothesized that m1928z-CD40L CAR T cells prime the 

tumor-infiltrating T cell population through the cDC1 population. Due to the 

known function of cDC1 cells cross-presenting antigen to CD8+ T cells, we 

focused on analyzing the CD8+ T cell compartment. As expected, after A20 

tumor challenge and CAR T cell treatment, CD8+ T cells in m1928z-CD40L CAR 

T cell treated mice produced more IFNγ after ex vivo PMA/ionomycin stimulation 

(Figures 5.3A and 5.3B). However, this elevated IFNγ production was sustained 

in the absence of cDC1 cells in Batf3-/- mice (Figures 5.3A and 5.3B). This 

indicates that m1928z-CD40L CAR T cells can provide a permissive environment 

in vivo that allows endogenous CD8+ T cells to robustly produce IFNγ 

independently of cDC1 cells. 

To assess if absence of cDC1 cells has any effect on the adoptively transferred 

T cell population, which might explain the impaired antitumor response in Batf3-/- 

mice, IFNγ production in CD3+ CAR+ T cells was assessed. Again, more IFNγ 

was detected in m1928z-CD40L CAR T cells compared to m1928z CAR T cells 

and this difference was not affected by genetic deletion of cDC1 cells in Batf3-/- 

mice (Figures 5.3C and 5.3D). This suggested that cDC1 cells are not 

responsible for the increased effector cytokine production observed in both CAR- 

and CAR+ T cells of m1928z-CD40L CAR T cell treated mice.  

In a different attempt to link the observations of in vivo APC licensing (Figure 

4.2) and enhanced T cell cytokine production in m1928z-CD40L CAR T cell 

treated mice (Figures 5.1D and 5.1E), we focused on the most proximal 

interaction between CAR T cell and APC in our system: the CD40/CD40L 

interaction. Previous results have demonstrated that absence of host Cd40 

expression completely negated the antitumor response of m1928z-CD40L CAR T 

cell treatment (Figure 4.6A), highlighting the importance of the CD40/CD40L 
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interaction in our system. Intriguingly, absence of CD40+ APCs in Cd40-/- mice 

also blunted the effector cytokine production of both CAR+ and CAR- tumor-

infiltrating (Figure 5.3E) and spleen-resident T cells (Figure 5.3F). Collectively, 

these results demonstrate that host Cd40 expression, but not Batf3 expression, 

is necessary for CAR+ and CAR- T cell effector cytokine production after m1928z-

CD40L CAR T cell treatment. Importantly, it suggests that DC licensing by 

CD40L+ CAR T cells is upstream of and necessary for T cell activation in this 

system. 
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Figure 5.3. Host Cd40 expression, but not Batf3 expression, is necessary for m1928z-
CD40L CAR T cell-mediated T cell cytokine production 
BALB/c mice were injected i.v. with 1x106 A20.GL cells followed by ACT of 3x106 CAR T cells 7 
days after tumor challenge. The tumor and spleens were analyzed 7 days after ACT.  
(A and B) Flow cytometry contour plots of CAR- CD8+ T cells (CD45+ CD19- CD11b- Gr-1- CD3+ 
CAR- pre-gates) after 4 hr ex vivo PMA/ionomycin stimulation isolated from tumor (A) and spleen 
(B) of WT (top) or Batf3-/- (bottom) mice. IFNγ-producing cells are highlighted by boxed-in region. 
Percentage of IFNγ+ cells is summarized on the right. Each dot represents one mouse (n=3-
4/group) and data is plotted as mean ± SEM. ns, non-significant. *p<0.05, **p<0.01, ***p<0.001 
(Student’s t test).  
(C and D) Flow cytometry contour plots of CAR+ T cells (CD45+ CD19- CD11b- Gr-1- CD3+ pre-
gates) after 4 hr ex vivo PMA/ionomycin stimulation isolated from tumor (C) and spleen (D) of WT 
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(top) or Batf3-/- (bottom) mice. IFNγ-producing cells are highlighted by boxed-in region. 
Percentage of IFNγ+ cell is summarized on the right. Each dot represents one mouse (n=3-
4/group) and data is plotted as mean ± SEM. ns, non-significant. *p<0.05, **p<0.01, ***p<0.001 
(Student’s t test).  
(E and F) Cd40-/- BALB/c mice were treated as described. CD3+ CAR+ (top) and CD3+ CAR- 
(bottom) cells in tumor (D) or spleen (E) were isolated and analyzed for production of IFNγ and 
TNFα by intracellular flow cytometry after 4 hr ex vivo stimulation with PMA/ionomycin. Overlay 
plots (left) and frequency IFNγ+ TNFα+ T cells (right) are plotted. Each dot represents one mouse 
(n=3/group). Data is representative of two independent experiments and plotted as mean ± SEM. 
ns, non-significant (Student’s t test). Adapted from Kuhn et al. (2019), Cancer Cell, 35(3):473-
488. 
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Endogenous T cells recognize and lyse tumor cells post CAR T cell treatment 

The results above demonstrate the importance of the CD40/CD40L interaction 

between CAR T cell and APC in vivo to sustain T cell effector cytokine 

production. Assessment of cytokine production was done by ex vivo intracellular 

cytokine staining after non-specific activation of T cells by the diacylglycerol 

(DAG) analog PMA and the calcium ionophore ionomycin. Together, these 

stimulants lead to protein kinase C activation (via PMA) and calcium release (via 

ionomycin) in T cells and activate T cells downstream of TCR-induced activation. 

Thus, analysis of PMA/ionomycin stimulated cell populations provides a readout 

for general cell activation potential, but not a readout for cell-specific tumor 

recognition.  

However, we wanted to assess if the increase in bystander CAR- T cell 

activation translates into recruitment of endogenous T cells recognizing tumor 

cells specifically through their TCR. To do this, congenically marked Thy1.1+ 

CAR T cells were adoptively transferred into A20 tumor-bearing Thy1.2+ mice 

allowing post-treatment sorting and ex vivo analysis of endogenous Thy1.2+ non-

CAR T cells (Figure 5.4A). Upon restimulation of the sorted CAR- Thy1.2+ CD4+ 

T cell population with A20 cells, we noticed that m1928z CAR T cell treatment 

alone led to an increase in recruitment of tumor-specific CD4+ T cells as 

assessed by IFNγ ELIspot (Figures 5.4B and 5.4C). Importantly, the recruitment 

of these cells was further increased upon m1928z-CD40L CAR T cell treatment 

(Figures 5.4B and 5.4C). The IFNγ release in CD4+ T cells was strictly dependent 

on pMHC:TCR interactions, because no IFNγ was detected when endogenous 

Thy1.2+ CD4+ T cells were co-cultured with MHC-II- A20.MHCII-KO cells (Figure 

5.4D).  

The recognition of tumor cells via pMHC:TCR was also detected in endogenous 

Thy1.2+ CD8+ T cells. CAR T cell treatment led to IFNγ release in Thy1.2+ CD8+ 

T cells upon A20 tumor cell stimulation and this effect was potentiated when mice 

were treated with m1928z-CD40L CAR T cells (Figures 5.4E and 5.4F). When 

sorted Thy1.2+ CD8+ T cells were co-cultured with A20.B2M-KO cells, which lack 

MHC-I expression due to KO of B2m, no increase in IFNγ was detected (Figure 
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5.4G), indicating that the endogenous CD8+ T cells produced IFNγ upon binding 

to MHC-I-peptide on A20 tumor cells via their TCR. These results demonstrate 

that m1928z-CD40L CAR T cells prime endogenous non-CAR T cells to 

recognize tumor cells through their TCR. 

Finally, to test if the increased mobilization of IFNγ-producing endogenous 

CD4+ and CD8+ T cells to recognize tumor via pMHC:TCR interactions translates 

to more tumor cell killing, non-CAR T cell populations were assessed for their ex 

vivo killing capacity after CAR T cell treatment. Again, to provide enough time for 

the endogenous T cells to be primed, A20 tumor-bearing mice were treated with 

CAR T cells and 7 days after ACT endogenous T cells were isolated. Non-CAR T 

cells from m1928z-CD40L CAR T cell treated mice consistently lysed more 

CD19-negative A20.CD19-KO cells ex vivo compared to T cells from m1928z 

CAR T cell treated mice (Figure 5.4H). Taken together, these results 

demonstrate the priming effect m1928z-CD40L CAR T cells have on endogenous 

CD4+ and CD8+ T cells to recognize tumor cells through their TCR. 
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Figure 5.4. Endogenous T cells recognize and lyse tumor cells post CAR T cell treatment 
in a TCR-dependent manner 
(A) Experimental layout for (B-G). 
(B-G) Thy1.2+ BALB/c mice were treated as depicted in (A). On day 7, mice were sacrificed and 
Thy1.2+ CAR- host T cells were sorted from spleens via FACS. Sorted CD4+ T cells were then 
cultured without any stimulation (B), stimulated by co-culturing with A20 (C) or A20.MHCII-KO 
(MHC-II-) A20 cells (D) for 24 hr. Sorted CD8+ T cells were cultured without stimulation (E), co-
cultured with A20 cells (I) or A20.B2M-KO (MHC-I-) cells (J) for 24 hr. IFNγ release was 
measured by ELISpot assay. Data are representative of one experiment (D and G) or summary of 
two independent experiments (B, C, E, and F) and plotted as mean ± SEM (n=3-6/group). 
*p<0.05, **p<0.01, ***p<0.001 (Student’s t test). ns, non-significant. 
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(H) Ex vivo A20.CD19-KO tumor cell killing assay by endogenous T cells from mice challenged 
with 1x106 A20 cells and treated with 3x106 CD45.1+ CAR T cells on day 7. Endogenous CD45.2+ 
T cells were sorted by FACS from spleens 7 days after CAR T cell treatment and cultured with 
luciferase-expressing A20.CD19-KO target cells for 24 hr. CD19-negative A20.CD19-KO cells 
were used to exclude the possibility that contaminating CD19-targeted CAR T cells lyse the tumor 
via CAR-mediated cytotoxicity. Data is plotted as mean ± SEM (n=4/group). *p<0.05, **p<0.01 
(Student’s t test). ns, non-significant; SFU, spot forming unit. Adapted from Kuhn et al. (2019), 
Cancer Cell, 35(3):473-488. 
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m1928z-CD40L CAR T cells provide long-term protection against antigen-

negative tumor cell growth 

Having demonstrated myeloid and lymphoid cell activation induced by m1928z-

CD40L CAR T cell treatment, we next asked if the activation of these immune 

effectors establishes functional protection against tumor outgrowth. To separate 

the anti-CD19 CAR T cell-mediated antitumor response from the non-CAR T cell-

mediated antitumor response, we used the CD19- A20.CD19-KO cell line that 

escapes any m1928z-CD40L CAR T cell antitumor response (Figure 5.5A). Mice 

that were initially challenged with CD19+ A20 cells and survived for 99+ days 

after m1928z-CD40L CAR T cell treatment were re-challenged with the isogenic 

tumor cell line lacking CD19 expression A20.CD19-KO. CAR antigen-negative 

(CD19-) cells were used to eliminate the possibility of persisting CAR T cells 

inducing a direct antitumor response. All mice (5 of 5) resisted CD19- tumor 

outgrowth in the A20 lymphoma model (Figure 5.5B), indicating that m1928z-

CD40L CAR T cell treatment provides long-term protection against antigen-

negative tumor cell growth. The effect was not just limited to the BALB/c A20 

tumor model, as the majority (6 of 7) of long-term surviving C57BL/6 mice that 

were initially injected with CD19+ Eµ-ALL01 leukemia cells and subsequently 

cured by m1928z-CD40L CAR T cell treatment also resisted tumor challenge 

with CD19- Eµ-ALL01.CD19-KO cells (Figure 5.5C).   

Taken together, m1928z-CD40L CAR T cells can efficiently enhance priming of 

lymphoid populations of the host endogenous immune system to recognize and 

respond to the tumor, thus widening the immune response across several 

different cell types; and, most importantly, provide the host with a sustained, 

endogenous immune response that is protective of CAR antigen-negative tumor 

growth after initial tumor cell clearance. 
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Figure 5.5. m1928z-CD40L CAR T cell treatment provides long-term memory against 
antigen-negative tumor cell growth 
(A) Naïve BALB/c mice were injected i.v. with 5x105 CD19- A20.CD19-KO lymphoma cells. On 
day 7, mice were either left untreated or received 3x106 m1928z-CD40L CAR T cells by i.v. 
injection. Kaplan-Meier survival plots of n = 5 mice/group are shown. ns, non-significant 
(B) Surviving BALB/c mice that were initially challenged with A20 lymphoma cells and treated with 
m1928z-CD40L CAR T cells were injected i.v. with 1x105 CD19- A20.CD19-KO cells on day 99+. 
Kaplan-Meier survival plots of n = 5 mice/group are shown. **p < 0.01 by a log rank (Mantel-Cox) 
test. 
(L) Surviving C57BL/6 mice that were initially challenged with Eµ-ALL01 leukemia cells and 
treated with m1928z-CD40L CAR T cells were injected i.v. with 1x106 CD19- Eµ-ALL01.CD19-KO 
leukemia cells on day 140+. Kaplan-Meier survival plots of n = 5–7 mice/group. ***p < 0.001 by a 
log rank (Mantel-Cox) test. Adapted from Kuhn et al. (2019), Cancer Cell, 35(3):473-488. 
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cDC1 cells prime CD8+ non-CAR T cells, which mediate the protection against 

antigen-negative tumor growth 

Finally, we wanted to identify the cell population in the cured mice that 

mediates the protection against CAR-antigen-negative tumor outgrowth. The 

observation that lack of cDC1s in Batf3-/- mice impaired m1928z-CD40L CAR T 

cell treatment (Figure 5.2F) and that m1928z-CD40L CAR T cells can increase 

the population of CD8+ T cells recognizing tumor cells via their TCR (Figures 

5.4E-5.4G), prompted us to more closely ascertain the involvement of the antigen 

cross-presenting cDC1s in CD8+ T cell priming. Furthermore, we wanted to 

define the role of endogenous CD3+ T cells in the CAR-antigen-negative tumor 

cell challenge experiment. 

To this end, A20 tumor-bearing wild-type or Batf3-/- mice were treated with 

CD45.1+ CAR T cells and the endogenous CD45.2+ non-CAR CD8+ T cells were 

assayed for IFNγ release after tumor cell stimulation ex vivo (Figure 5.6A). As 

expected, IFNγ-ELISpot analysis showed more tumor-reactive CD8+ T cells in 

wild-type mice treated with m1928z-CD40L CAR T cells (Figures 5.6B and 5.6C). 

Intriguingly, this increase in endogenous tumor-recognizing CD8+ T cells was lost 

in Batf3-/- mice (Figures 5.6B and 5.6C). Thus, the m1928z-CD40L CAR T cell-

mediated priming of endogenous CD8+ T cells is dependent on the presence of 

cross-presenting cDC1s and implicates cytotoxic CD8+ T cells in potentially being 

responsible for protecting mice against CAR-antigen-negative tumor cell 

challenge. When treated with m1928z CAR T cells, the amount of tumor-

responsive CD8+ T cells in Batf3-/- mice also decreased in comparison to wild-

type mice (Figure 5.6C), indicating that second-generation CAR T cell treatment 

alone can induce CD8+ T cell priming via Batf3-expressing cDC1 cells, albeit to a 

lesser degree. 

To explore the possibility if endogenous CD4+ T cells are necessary for the 

improved antitumor response of m1928z-CD40L CAR T cell treatment, we took 

advantage of the finding that CD8+ CAR T cells alone, but not CD4+ CAR T cells, 

could cure A20 tumor-bearing mice (Figure 3.11D). This allowed isolated 
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antibody-mediated depletion of CD4+ T cells in the context of CD8+ m1928z-

CD40L CAR T cell treatment, to assess the role of non-CAR CD4+ T cells in the 

antitumor response. CD4+ T cells were depleted with the anti-CD4 antibody clone 

GK1.5 in A20 tumor-bearing mice before and after CD8+ m1928z-CD40L CAR T 

cell treatment (Figure 5.7A). CD4+ T cell depletion was confirmed by flow 

cytometry in the peripheral blood of GK1.5-treated mice with a different anti-CD4 

antibody clone (RM4-5) on the day of ACT (day 7) and at a later time point (day 

21) to make sure that no CD4+ T cells are present that could potentially aid 

during the initial antitumor CAR T cell response (Figure 5.7B). Survival of CD4-

depleted mice demonstrated that CD4+ T cells are not necessary for the 

improved antitumor response through m1928z-CD40L CAR T cell treatment 

(Figure 5.7A). 

Focusing on the CD8+ T cell compartment, antibody-mediated depletion of 

CD8+ T cells before and/or after ACT would also lead to depletion of CD8+ T cells 

in the CAR T cell product, due to the long half-life of the depletion antibody and 

its systemic persistence. This would make it impossible to attribute the observed 

results to either the endogenous CD8+ T cell population or the adoptively 

transferred CAR T cells. To circumvent this problem, we decided to investigate 

the contribution of CD8+ T cells to the memory response against CAR-antigen-

negative tumor cell challenge (Figure 5.5). Again, long-term surviving mice that 

were initially cured from A20 tumor challenge by m1928z-CD40L CAR T cells 

were injected with CAR-antigen-negative A20.CD19-KO cells to exclude any 

CAR T cell-mediated antitumor response by persisting CAR T cells. Nineteen 

mice that were tumor free by bioluminescent imaging at day 50+ after initial 

luciferase-expressing A20 tumor challenge were separated into two cohorts. Ten 

of 19 mice were CD8+ T cell-depleted by intraperitoneal injection with anti-CD8 

antibody clone 2.43 (Figure 5.7C). The remaining 9 mice received the IgG control 

antibody. Complete CD8+ T cell depletion was confirmed (Figure 5.7D) and 

growth of luciferase-expressing A20.CD19-KO tumor cells was measured over 

time (Figure 5.7E). Mice cured from primary A20 tumor challenge that were 

depleted of CD8+ T cells were not able to control A20.CD19-KO tumor outgrowth, 
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unlike the IgG control mice (Figure 5.7E). This resulted in a lack of survival due 

to disease progression (Figure 5.7F). All relapsed mice died from outgrowth of 

CD19- tumor cells, indicating that CD8+ T cell depletion did not cause 

reemergence of residual CD19+ tumor cells from the first tumor challenge (Figure 

5.7G). Further, these results imply that the endogenous CD8+ T cell population 

that gets primed by cross-presenting cDC1s to recognize the tumor cells after 

m1928z-CD40L CAR T cell treatment is responsible for controlling CAR-antigen-

negative tumor cell outgrowth. 
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Figure 5.6. Batf3-expressing cDC1 cells are necessary for increased priming of CD8+ non-
CAR T cells in m1928z-CD40L CAR T cell treated mice 
(A) Experimental scheme for (B and C). 
(B) Individual IFNγ-capture ELISpot wells of 1x105 CD45.2+ CD8+ non-CAR T cells co-cultured 
with 1x105 A20 cells for 24 hr after being sorted from spleens of WT (top) or Batf3-/- (bottom) mice 
that were treated with m1928z or m1928z-CD40L CAR T cells. 
(C) Quantification of (B). Each dot is one mouse (n=3-4/group) and data is plotted as mean ± 
SEM. *p<0.05, **p<0.01, ***p<0.001 (one-tailed Student’s t test). SFU, spot forming unit. 
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Figure 5.7. CD8+ T cells are necessary for m1928z-CD40L CAR T cell-mediated protection 
against antigen-negative tumor growth  
(A) Survival of naïve BALB/c mice injected with 1x106 A20 cells i.v. and either left untreated, or 
injected with 3x106 CD8+ m1928z-CD40L CAR T cells i.v. on day 7 (black arrow). For CD4+ T cell 
depletion, two cohorts of mice received 200 µg of anti-CD4 depletion antibody (GK1.5) by i.p. 
injection 2x per week for 4 weeks (red arrows). n=5 mice/group, **p<0.01 by log-rank (Mantel-
Cox) test. ns, non-significant. 
(B) Peripheral blood of m1928z-CD40L CAR T cell treated mice from (A) was collected 
retroorbitally and absolute numbers of CD4+ T cells are plotted at time of ACT (D7) and two 
weeks later (D21). Mice were either treated with the IgG control antibody (LTF-2) or the CD4-
depletion antibody (GK1.5). Each dot represents one mouse (n=4-5/group) and data is plotted as 
mean ± SEM. ***p<0.001 (Student’s t-test). 
(C) Experimental scheme for (D-F). 
(D) Peripheral blood of long-term surviving mice after CD8+ T cell depletion (D15) was collected 
retroorbitally and absolute numbers of CD8+ T cells are plotted. Mice were either treated with the 
IgG control antibody (LTF-2) or the CD8-depletion antibody (2.43). Each dot represents one 
mouse (n=9-10/group) and data is plotted as mean ± SEM. ***p<0.001 (Student’s t-test). 
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(E) Tumor burden of mice injected with luciferase-expressing A20.CD19-KO cells was monitored 
using bioluminescence imaging. Average radiance per whole animal is plotted for the IgG treated 
mice (n=9) and the CD8+ T cell depleted mice (n=10). 
(F) Survival of mice treated in (C). Naïve age-matched BALB/c mice were used as controls. 
***p<0.001 by a log-rank (Mantel-Cox) test. ns, non-significant. 
(G) Surface CD19 expression on GFP+ tumor cells at time-of-death (ToD) analyzed by flow 
cytometry and shown for one representative mouse in the CD8+ T cell depleted cohort. All mice 
had tumors that were CD19-negative at ToD. 
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Discussion 
This chapter described the recruitment of tumor-specific endogenous CD8+ T 

cells after m1928z-CD40L CAR T cell treatment. Their mobilization was 

dependent on the presence of cross-presenting cDC1s and their elimination via 

anti-CD8 antibody-mediated cell depletion made mice susceptible to CAR-

antigen-negative tumor cell outgrowth. These findings highlight the induction of a 

sustained host antitumor response by m1928z-CD40L CAR T cells.  

Increased lymphocyte activation at the tumor site was evidenced by elevated 

IFNγ and TNFα production in TILs of CD40L+ CAR T cell-treated mice. In 

addition, in vivo CD40/CD40L interactions did mobilize endogenous T cells to 

recognize the tumor in ex vivo ELISpot assays. The recruitment of endogenous T 

cells to aid in the antitumor response is especially valuable in the context of 

CAR-antigen-negative tumor outgrowth as seen in the clinic and as a 

consequence of tumor heterogeneity (Dupage et al., 2012; Park et al., 2018). 

Tumor neoantigens – mutated self proteins – are the source of de novo tumor 

recognition by T cells via their TCR (van der Bruggen et al., 1991). In 

immunotherapy, it has been appreciated that an increased mutational burden in 

the tumor correlates with an improved response to checkpoint blockade mAb 

therapy and that recognition of tumor-specific mutant proteins by T cells can 

mediate a protective effect (Gubin et al., 2014; Yadav et al., 2014). Using CAR 

antigen-negative tumor cell lines, we observed that m1928z-CD40L CAR T cell 

treatment protected mice from antigen-negative tumor outgrowth in two different 

tumor models. 

This effect was mediated by non-CAR CD8+ T cells present in the host, which 

were mobilized at early time points after ACT to recognize tumor cells through 

their TCR. This effect is presumably mediated by the recognition of neoantigens 

presented on MHC-I by the cancer cells to the cytotoxic CD8+ T cells, as 

described in mice and human cancer patients (Matsushita et al., 2012; 

McGranahan et al., 2016). This early CD8+ T cell priming seemed to generate a 

long-lived memory response that protected mice from CAR-antigen-negative 
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tumor outgrowth. More careful analysis of neoantigen presentation on A20 tumor 

cells is required to assess the extent of immunodominant epitope recognition by 

the CD8+ T cell population. Exome sequencing of tumor cells in combination with 

in silico prediction of epitope presentation could identify such immunodominant 

epitopes and potential CD8+ T cell clones recognizing them (Gubin et al., 2014). 

This would inform the extent of CD8+ T cell tumor recognition and allow 

differentiation between a dominant clonal response and a possible oligoclonal T 

cell antitumor response. 

Since A20 tumor cells are derived from transformed B cells, they express high 

levels of MHC-II. Unsurprisingly, CD4+ T cells also responded to A20 cell co-

culture with IFNγ release and this effect was elevated when mice had been 

treated with m1928z-CD40L CAR T cells. However, the CD4+ T cell-specific 

antitumor response did not seem to be relevant, as prior depletion of CD4+ T 

cells did not lessen the m1928z-CD40L CAR T cell-mediated antitumor 

response. CD4+ T cells are important in helping to initiate a cytotoxic CD8+ T cell 

response through CD40 signaling on APCs via surface CD40L expression 

(Behrens et al., 2004). Overexpression of CD40L on CAR T cells – both on CD4+ 

and CD8+ CAR T cells – obviates the need for CD4+ T cell help, similar to earlier 

studies demonstrating efficient CD8+ T cell priming with agonistic anti-CD40 

antibodies independently of CD4+ T cell help (Bennett et al., 1998; Schoenberger 

et al., 1998). Thus, CD4+ T cells are dispensable in mounting an efficient 

antitumor response, as long as CD40 signaling on APCs in provided by an 

alternative source, such as CD40L+ CAR T cells. 

Why the cDC1-to-cDC2 ratio increases in tumors of m1928z-CD40L CAR T cell 

treated mice is unclear and warrants further investigation. The accumulation of 

cDC1s in the tumor tissue has been attributed to several NK cell-derived 

cytokines such as CCL5, FLT3L, and XCL1 (Barry et al., 2018; Böttcher et al., 

2018). Thus, NK cell activation in m1928z-CD40L CAR T cell treated mice needs 

to be considered and presents an attractive target for additional analysis.   

The priming of CD8+ T cells by cDC1s has been described to happen in the 

tdLN after CD103+ cDC1s take up the tumor antigen, upregulate CCR7 on their 
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surface to home to the lymph node, where they then cross-present antigen to LN-

resident CD8+ T cells (Roberts et al., 2016). We noticed efficient priming of 

splenic CD8+ T cells, indicating a more systemic, rather than local, CD8+ T cell 

activation by m1928z-CD40L CAR T cell treatment. This could potentially be 

explained by the accumulation of CAR T cells in the spleen, a site of high anti-

CD19 CAR-antigen concentration. There, they induce licensing of APCs and 

provide a permissive environment for T cell priming. Use of a different tumor 

model, not targeting a ubiquitous antigen such as CD19 on B cells, could help to 

delineate if CD40L-modifed CAR T cells can prime CD8+ T cells via APC 

licensing at a local level. However, m1928z-CD40L CAR T cell treatment did 

specifically lead to an increase in the tumor-resident CD103+ cDC1 population, 

whereas lymphoid CD8α+ cDC1s were not elevated. This suggests priming of 

CD8+ T cells in the tumor microenvironment, which is possible and has been 

described for TILs in a previous study (Thompson et al., 2010). More detailed 

analysis of tumor-infiltrating versus tdLN-resident CD8+ T cells after m1928z-

CD40L CAR T cell treatment could help to delineate the logistics of cDC1-CD8+ T 

cell interactions. Additionally, it could inform us in which tissue environment the 

priming happens. This would help to design alternative strategies improving this 

priming process, which is crucial for mounting a sustained, endogenous 

antitumor response. 
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CHAPTER 6 

Discussion 

Concluding Remarks 
In the present study we demonstrate that CAR T cells can be further modified 

to mobilize endogenous immune cells to aid in the antitumor response. Using an 

immunecompetent lymphoma mouse model, we observed DC activation by 

CD40L+ CAR T cells in vivo, priming and recruitment of tumor-recognizing non-

CAR T cells, culminating in a more potent antitumor response, and sustained 

protective immunity provided by CD8+ T cells. All these effects were dependent 

on the CD40/CD40L interaction between the adoptively transferred CAR T cell 

and host cells expressing CD40, as demonstrated by the lack of antitumor 

efficacy in Cd40-/- mice. Furthermore, the importance of Batf3-expressing cross-

presenting cDC1s in immune cell-mediated antitumor responses has been 

documented in recent years. Their necessary role in supporting the full antitumor 

immune response in CD40L+ CAR T cell treatment was also shown here, 

wherein tumor-bearing Batf3-/- mice lacking the cDC1 population did not benefit 

from CD40L+ CAR T cell injection. Endogenous CD8+ T cells were only primed to 

recognize tumor cells via their TCR in the presence of cDC1s. This finding also 

provided a cellular link between CD40L+ CAR T cells and activation of T cells in 

the host. 

From an immunotherapeutic perspective, the goal is to engage as many 

immune effectors as possible in the antitumor response. The presented results 

demonstrate the ability of CD40L+ CAR T cells to orchestrate a sustained 

endogenous antitumor response by mobilizing innate and adaptive members of 

the immune system. By combining the highly cytotoxic effect of CAR T cells – 

which has been so valuable in treating cancer malignancies – with the 

recruitment of non-CAR immune effectors, CD40L+ CAR T cell treatment 

provides a multipronged immune attack on cancer cells. Future clinical studies 

will be able to assess if these processes can be translated into humans. 
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Clinical Implications 
New therapeutic strategies are always associated with a certain level of 

uncertainty, especially in the translational phase of going from animal models to 

human subjects. The use of transgenic and non-transgenic inbred mice has been 

extremely valuable in elucidating biological processes in the laboratory setting, 

due to the highly controllable and reproducible nature of mouse models. 

However, with 65 million years of separate evolutionary paths, it is well 

appreciated that humans and mice differ significantly in immunological and other 

physiological processes (Mestas and Hughes, 2004). In the arena of CAR T cell 

immunotherapy, this difference is exemplified by the lack of CRS symptoms 

observed in the early mouse models. About 25% of human subjects suffer from 

severe CRS, which can even lead to death (Park et al., 2018). This clinical 

experience has prompted the classification of CRS into different grades 

depending on its severity and led to the implementation of intervention strategies 

that safely manage this adverse event (Lee et al., 2014). These toxicities were 

not anticipated based on the preclinical results, but recent efforts have gone from 

the bench-to-bedside-to-bench again to model CRS in mice in order to better 

understand the etiology (Giavridis et al., 2018; Norelli et al., 2018). One study 

identified CD40L-mediated macrophage activation as a factor exacerbating CRS-

causing cytokine release (Giavridis et al., 2018). Again, mouse models can only 

partially predict immune responses in humans, but we did not detect elevated 

systemic cytokine levels after CD40L+ CAR T cell treatment, except for IFNγ and 

TNFα. Differences in the study design, such as mouse strains 

(immunecompromised versus immunecompetent), CAR T cell dose and 

application (i.p. versus i.v.), and location of tumor cell growth (peritoneum versus 

liver), could potentially explain the differences in observations. 

Still, a strong therapeutically induced immune response warrants heightened 

clinical precautions. Starting at low cell doses and close patient monitoring would 

be imperative when administering CD40L+ CAR T cells to patients. Systemic 

administration of several different cytokines, such as GM-CSF, IL-2, IL-12, IFNα, 

IFNγ, and TNFα, in the clinic has been met with dose-limiting toxicities, including 



 

121 

lymphopenias and even fatal tissue damage (Dougan et al., 2018). This 

emphasizes the small therapeutic window of directly administered cytokines – 

soluble immune regulators that usually act in an autocrine or paracrine fashion 

over short distances. The use of cellular drugs, such as CD40L+ CAR T cells, 

potentially only triggers CD40L-mediated cytokine production at sites of APC 

interaction. This would lead to local cytokine release and limited systemic 

elevation of cytokines. 

Early studies of ACT in humans have shown that drug-induced lymphodepletion 

is necessary for successful in vivo expansion of adoptively transferred T cells 

(Rosenberg and Restifo, 2015). The same is true for ACT experiments in 

immunecompetent mice, where animals are pretreated with lymphoablative 

chemotherapeutic drugs or whole body irradiation to ensure successful cell 

transfer. In our immunecompetent mouse model, CD40L+ CAR T cells did not 

require prior lymphodepletion. This could have positive clinical implications, as 

the intensity of preconditioning in CD19+ hematological malignancies has been 

correlated with the CAR T cell induced severity of CRS symptoms (Hay et al., 

2017). Additionally, due to the dependence of effective CD40L+ CAR T cell 

therapy on endogenous immune cells, maintaining the pool of these cells by 

limiting or eliminating prior lymphodepletion would be beneficial in generating a 

curative antitumor response. However, lymphodepletion might still be necessary 

to guarantee cell persistence and function after CAR T cell administration due to 

the detection of antibodies against the scFv-portion of the CAR in the serum in a 

subset of solid tumor patients (Lamers et al., 2011; Maus et al., 2013). These 

humoral immunogenic reactions of human anti-mouse antibodies (HAMA) 

against the CAR T cell product were predominantly observed when murine-

derived scFvs were used for CAR design. This prompted the generation of 

humanized scFvs with lower immunogenicity. In patients with B cell 

malignancies, the combination of preconditioning with B cell-targeted CAR T cells 

leads to profound B cell aplasia and subsequent absence of immunoglobulins, 

which probably explains the lack of anti-CAR antibodies. In solid tumor patients, 

profound B cell aplasia is not induced by the CAR T cells, but lymphodepletion 
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could potentially lower the probability of host immune reactions against the 

synthetic CAR fusion protein. 

Future Perspectives 
The success of CAR T cell therapy in certain hematological malignancies has 

not translated to solid cancer malignancies as yet. Antitumor T cells have to 

contend with several immunesuppressive factors in the tumor microenvironment 

of solid tumors: from T cell inhibitory receptors such as PD-L1 expressed on 

cancer and stromal cells (Joyce and Fearon, 2015), to vasculature and stromal 

effects excluding T cell trafficking to tumor sites by CXCL12/CXCR4-mediatedd T 

cell trapping in the tumor periphery (Feig et al., 2013), presence of 

immuneinhibitory cells in the tumor microenvironment such as tumor-associated 

macrophages, Tregs, or MDSCs (Joyce and Fearon, 2015), persistent tumor 

antigen presence causing chronic T cell stimulation and subsequent T cell 

dysfunction (Schietinger et al., 2016; Thommen and Schumacher, 2018), to 

metabolic competition for nutrients and biomass between proliferating tumor and 

immune cells (Sugiura and Rathmell, 2018). With all these factors at play, 

analyzing the antitumor effect of CD40L+ CAR T cells in a solid tumor model 

could help elucidate if CD40/CD40L interactions induced by CAR T cells can 

relieve some immunesuppressive effects similar to agonistic anti-CD40 mAbs by 

reprogramming macrophages to infiltrate the tumor and aid in the antitumor 

response (Beatty et al., 2011). The use of a tumor model not targeting B cells or 

other lymphoid cells would also facilitate a better understanding of delineating 

lymphoid versus non-lymphoid effects of CD40L+ CAR T cells. The use of CD19-

targeted CD40L+ CAR T cells additionally harbors the caveat of the target cell 

expressing high levels CD40 (both B cells and some CD19+ tumor cells), making 

it difficult to assess the contribution of CD40/CD40L interactions between B cells 

and CAR T cells in the antitumor response. 

Finally, the presented data analysis was focused on specific immune cell 

subsets (DCs, macrophages, T cells) and the expression of specific immune 

markers. This allowed detailed hypothesis testing based on known CD40/CD40L 

biology. The overexpression of CD40L in combination with a synthetic CAR 
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fusion protein in T cells via genetic engineering provides a new situation with 

potentially unanticipated biological consequences. Utilization of more unbiased 

analysis methods could provide a more global map of immune cell changes. 

Mass cytometry has been demonstrated to be especially valuable to ascertain 

changes in immune cell compositions after immunotherapy as it allows detection 

of more than 40 different parameters simultaneously (Bandura et al., 2009; 

Bendall et al., 2011). This enables the construction of immune cell maps that can 

guide the investigator’s focus on important treatment induced immune cell 

alterations (Spitzer et al., 2017). Once significant changes in a particular cell 

population are identified, a more granular, high-resolution picture of 

transcriptional changes and cell identity can be drawn from single cell RNA-

sequencing (scRNAseq) data. scRNAseq combines fluid, droplet-based single 

cell separation with RNAseq technology to identify the heterogeneity of an 

isolated cell population (Lavin et al., 2017; Tirosh et al., 2016; Zheng et al., 

2017). These more unbiased analysis approaches could potentially identify the 

emergence of new or unanticipated cell populations after CD40L+ CAR T cell 

treatment. Another benefit of this approach is that both technologies are 

amenable to the analysis of patient blood and tissue biopsies. Thus, blood and 

tumor tissue samples from CD40L+ CAR T cell responders and non-responders 

could be compared to agnostically discover differences in their immune cell 

phenotype. With the combination of known immunotherapies targeting different 

cell subsets, altered cell populations in non-responders could be targeted to 

improve treatment outcome and survival in the overall patient cohort. 
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