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Abstract 
Sarén, T. 2022. CAR T cells for Immunotherapy of Cancer. Digital Comprehensive 
Summaries of Uppsala Dissertations from the Faculty of Medicine 1814. 57 pp. Uppsala: Acta 
Universitatis Upsaliensis. ISBN 978-91-513-1430-3. 

In recent years, immunotherapy has revolutionized cancer treatment by prolonging survival and 
even curing patients lacking other available therapies. Besides immune checkpoint inhibitors, 
one of the major advances is attributed to the success of chimeric antigen receptor (CAR)-T cell 
therapy in treating patients with B-cell malignancies. Although many patients respond, some 
are resistant to treatment and others will relapse after an initial response. 

CAR-T cell efficacy can be enhanced by adding a transgene cassette encoding an immune-
stimulatory molecule that induce bystander immunity and a broader anti-cancer response. This 
is particularly important to improve efficacy in solid tumors where the “CAR-target-antigen” is 
often heterogeneously expressed. The neutrophil-activating protein (NAP), a virulence factor of 
Helicobacter Pylori, is an efficient immune stimulator. When secreted from CAR-T cells NAP 
can induce bystander immunity with killing of “CAR-target-negative” tumor cells. 

In my thesis, I aim at investigating resistance mechanisms to CAR-T therapy and developing 
new improved CAR-T therapies. 

In paper I, clinical response in patients with B-cell lymphoma was evaluated after treatment 
with two doses of third-generation CD19CAR-T cells. Response was observed in 9 out of 
24 patients (37.5%) irrespectively of receiving one or two doses. We also analyzed whether 
the profile of the individual CAR-T infusion products could predict response. CAR-Ts 
from responders had high cytotoxic and low dysfunctional profile while CAR-Ts from non-
responders had high dysfunction profile. Extended culture time during manufacturing was 
associated with dysfunction. As CAR-T products of non-responders were on average cultured 
longer, this may explain their dysfunctionality. In paper II, we developed CD20-targeting CAR-
T cells (CAR20-T), which efficiently killed CD20-expressing human lymphoma cell lines and 
patient-derived lymphoma cells in vitro. By arming CAR20-T cells with NAP we could delay 
tumor growth in lymphoma-bearing mice compared to conventional, unarmed CAR-T cells. 

In paper III, we engineered five IL13Rα2-targeting CAR-T cell constructs for glioblastoma 
therapy. The candidates only differed in the complementary determining regions (CDRs) 
of the single-chain variable fragment portion of the CAR. We found that CDR-mediated 
CAR clustering could lead to antigen-independent tonic signaling and subsequent CAR-T cell 
dysfunction. We also identified one candidate which did not display any significant tonic 
signaling and that possessed therapeutic effect on mice with orthotopic glioblastoma. IL13Rα2 
is heterogeneously expressed in glioblastoma tumors so in paper IV, we armed the best CAR-
T cell construct with NAP and found that NAP-armed IL13Rα2 CAR-T cells could prolong 
survival of glioblastoma-bearing mice. 
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Introduction 

The human immune system  

The immune system is a highly complex organization of cells and proteins 

that protects the host from invading pathogens and from damaged or mutated 

cells. It has classically been divided into the innate and adaptive immune arms 

that work closely together to eliminate pathogens and abnormal cells1.  

The immune system involves interactions between immune cells, effector 

molecules and lymphoid tissues. Immune cell development start in the bone 

marrow (BM), which is one of the primary lymphoid organs. There, hemato-

poietic stem cells give rise to immune cell progenitors of either myeloid or 

lymphoid lineage. The lymphoid progenitor cells give rise to NK, B and T 

cells whereas all other immune cells derive from myeloid progenitors. While 

NK and B cells mature in the BM, T cell progenitors will travel to and develop 

in the thymus which is also considered a primary lymphoid organ. There are 

also secondary (or peripheral) lymphoid organs which include lymph nodes, 

spleen, Peyer’s patches and mucosal tissues such as adenoids and tonsils. 

These sites provide an environment where T and B cells are maintained at 

homeostasis and are activated upon recognition of foreign substances and 

damaged cells1.  

After development, the various immune cell subsets will migrate between 

secondary lymphoid organs and/or peripheral tissues in the search of foreign 

invaders or malignant cells.  

Innate immunity  

The innate immune system is considered the first line of defense and responds 

quickly to foreign invaders1. Instead of recognizing specific antigens (as cells 

of the adaptive immune system does) innate immune cells recognize damage-

associated molecular patterns (DAMPs), which are endogenous molecules re-

leased upon tissue damage, and pathogen-associated molecular patterns 

(PAMPs), which are conserved structures from microbes and viruses2,3. 

DAMPs and PAMPs are recognized by pattern recognition receptor (PRRs)1,3.  

Neutrophils are short lived innate immune cells that rapidly infiltrate the 

invaded or damaged site that upon activation can phagocytose microorgan-

isms1. In addition, activated neutrophils release anti-microbial peptides, reac-
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tive oxygen species and pro-inflammatory factors that recruit other key play-

ers of the immune system to the site of inflammation. Neutrophils can also 

release their nucleic content to form neutrophil extracellular traps (NETs), 

which bind to and kill pathogens, a process known as NETosis4. Other im-

portant factors and cells of the innate immune system include; the complement 

system, eosinophils, mast cells, basophils, natural killer (NK) cells, mono-

cytes, macrophages and dendritic cells (DCs). DCs and macrophages are pro-

fessional antigen presenting cells (APCs)5 and especially DCs are important 

in bridging innate and adaptive immune responses1.  

Adaptive immunity 

The adaptive immune response is antigen-specific and adaptive immune cells 

must get activated, differentiate and expand upon antigen-recognition before 

clearance can occur, which result in a delayed immune response compared to 

the innate immunity. T and B cells comprise the adaptive arm of the immune 

system and utilize T cell receptor (TCR) and B cell receptor (BCR) respec-

tively to specifically identify their target antigens. The development of these 

receptors involves random rearrangements of the antigen-recognition domains 

of the receptor, which result in a broad spectrum of receptors with the ability 

to recognize many millions of different antigens. Each individual T cell ex-

presses a unique TCR and each individual B cell expresses a unique BCR. T 

cells can be divided mainly into so called CD4+ helper T (TH) cells and CD8+ 

which can become cytotoxic T cells (CTLs). The primary functions of TH cells 

are to induce antigen-specific B cell or antigen-specific T cell responses. The 

function of CTLs is to selectively kill cells presenting the particular target an-

tigen that the unique TCR of the CTL is directed against. Antigen-specific B 

cells can mature into plasma cells, which produce antibodies (secreted forms 

of their unique BCR) that bind to a specific antigen, B cells can also function 

as APCs1.  

Bridging the innate and adaptive immune system 

As previously mentioned, DCs are important APCs that bridge the innate and 

adaptive arms of the immune system. Upon activation at the site of tissue in-

fection/inflammation, DCs will phagocytose debris of infected and killed 

cells, mature and migrate to a draining lymph node. There DCs will present 

antigen fragments (peptides) from the cell debris to prime naïve T cells with 

an appropriate TCR, recognizing the presented antigenic peptide6. To increase 

likelihood of antigen encounter, naïve T cells constantly traffic between dif-

ferent lymph nodes1.   

DCs become activated in tissue upon PRR recognition of DAMPs or 

PAMPs. The most common PRRs are toll-like receptors (TLRs), which can 
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be found both on the cell membrane, recognizing surface epitopes of patho-

gens, or in endosomes inside the cell, binding to e.g. RNA from microorgan-

isms7. Upon activation, APCs take up, process and present antigen on major 

histocompatibility complexes (MHCs). There are two types of MHC mole-

cules, class I and II, which present peptides to CD8+ and CD4+ T cells, respec-

tively. The expression of MHC class II (MHC-II) is mainly restricted to APCs, 

whereas MHC class I (MHC-I) is expressed by all nucleated cells. MHC-II is 

in humans encoded by three genes; HLA-DR, HLA-DQ and HLA-DP, which 

are highly polymorphic8. APCs present peptides derived from exogenous an-

tigens on MHC-II to naïve CD4+ cells in the T cell zone of the lymph node. 

CD4+ T helper cells proliferate to become either so-called type-1 CD4+ T 

helper cells (TH1), which will activate CD8+ T cells to become CTLs, or type-

2 CD4+ T helper cells (TH2) will activate antigen-specific B cells and help 

them differentiate into plasma cells1. The generated plasma cells will secrete 

antibodies that are antigen-specific9.  

Human MHC-I present peptides of endogenous origin, and is encoded by 

HLA-A, HLA-B and HLA-C, which are also highly polymorphic. Continuous 

sampling of intracellularly derived peptides and subsequent presentation by 

MHC-I on the cell surface allow for detection of infected and mutated cells. 

This allows cytotoxic CD8+ T cells to specifically recognize and remove e.g. 

virally infected cells, presenting non-self (viral) antigen peptides on their 

MHC-I, but also tumor cells, presenting mutated self-antigens8. However, in 

order for a naïve CD8+ T cell to become cytotoxic it needs to be activated by 

professional antigen-presenting DCs, see below under T cell activation. DCs 

can present endogenous peptides on MHC-I, but can also cross-present exog-

enous antigens, that has been taken up by the DC through phagocytosis, on 

MHC-I to activate naïve CD8+ T cells10.  

T cells 

Bone marrow (BM)-derived progenitors migrate to the thymus where T cell 

development takes place through a process called thymopoiesis11. Once arriv-

ing in the thymus, precursor cells are double-negative for CD4 and CD8 and 

through positive selection, T cells become single CD4 or CD8-positive de-

pending on their affinity for MHC-II and MHC-I respectively11,12. Following 

positive selection CD4+ and CD8+ T cells go through negative selection to 

remove self-reactive T cells (T cells recognizing self-peptides presented by 

MHC-II or MHC-I), which prevent that autoreactive T cells leave the thymus 

and damage healthy tissue12. T cells that receive a very strong activation signal 

upon recognition of self-antigen will undergo apoptotic cell death, whereas T 

cells that receive a weak signal survive and become mature. T cells receiving 

an intermediate signal will become so called natural T regulatory (Treg) cells 

that are CD4+ and FOXP3+13. Thus, Tregs are generated in the thymus by a 
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combination of TCR affinity to the self-peptide-MHC and the avidity of the 

antigen on the presenting cell. Tregs are suppressive and therefore crucial to 

maintain immune homeostasis and prevent autoimmunity13. Naïve T cells sur-

viving both positive and negative selection migrate from the thymus to popu-

late secondary lymphoid structures such as the lymph nodes and spleen. The 

T cells then frequently traffic between these sites to increase likelihood of an-

tigen-encounter1.  

T cell activation and differentiation 

To properly activate and determine the fate of naïve T cells in secondary lym-

phoid organs three signals are required. The first signal is provided when the 

TCRs bind to its specific antigenic peptide presented on MHC by an APC14. 

CD8 and CD4 function as co-receptors strengthening the binding to MHC-I 

and MHC-II respectively, leading to the formation of an immunological syn-

apse14. Upon antigen-binding TCR signaling is initiated by recruitment of ty-

rosine kinase LCK, which phosphorylates residues in the CD3 chain. Phos-

phorylation enable biding and subsequent activation of ZAP70, which in turn 

phosphorylate LAT. The activation of LAT induce a signaling cascade involv-

ing three signaling pathways; Ca2+-calcineurin, mitogen-activated protein ki-

nase (MAPK) and nuclear factor-κB (NF-κB)14.  

Co-stimulation provides the second signal, and is mainly mediated by in-

teraction of CD28 or CD40 ligand (CD40L) on the T cell with CD80 (B7-1) 

and CD86 (B7-2) or CD40 respectively on the APC1,15. Without a co-stimula-

tory signal the T cell will become anergic or die by programmed cell death1.  

Following activation, antigen-specific naïve T cells clonally expand and 

differentiate into various effector and memory T cell subsets. The polarization 

into different subsets is determined by the presence of specific cytokines, con-

sidered the third signal needed for proper T cell activation. Effector T cells 

are usually short-lived and aim at immediately removing the foreign antigen 

through cytotoxicity and secretion of cytokines. Naïve CD4+ and CD8+ T cells 

develop into helper and cytotoxic effector T cells respectively. Memory T 

cells on the other hand are long-lived and enable a more rapid immune re-

sponse upon a second encounter of the cognate antigen16.  
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Figure 1. T cell activation. T cell activation and subsequent polarization require three 
signals. Signal 1 is provided when the T cell receptor (TCR) bind to its specific target-
antigen presented on an MHC molecule by an antigen-presenting cell (APC). Co-
stimulation, e.g. through CD80/86-CD28 interaction, gives activation signal 2. Signal 
3 is mediated through cytokine stimulation and determined the fate of the activated T 
cell. Following appropriate activation, the T cell clonally expand which lead to the 
formation of effector and memory T cells.  

T cell polarization and function 

To determine the fate of a CD4+ T cell after activation with signal 1 and 2, a 

third, polarization signal, is required. Signal 3 is mediated by cytokines and 

depending on cytokine stimuli the CD4+ T cell will differentiate into one of 

the major TH subtypes; TH1, TH2 or TH17 or into an induced Treg
17. TH1 polar-

ization is induced by interleukin (IL)-12 which by binding to the IL-12 recep-

tor (IL-12R) induces intracellular signaling through STAT418. TH1 cells se-

crete primarily interferon (IFN)-γ but also tumor necrosis factor (TNF) and 

lymphotoxin and are involved in cellular immunity. The TH2 subset is a key 

player in humoral immunity and allergy response and is differentiated in re-

sponse to IL-4. TH2 cells secrete IL-4, IL-5 and IL-1317. In recent years, new 

TH cell subsets such as TH17 have been discovered. TH17 cell polarization is 

induced by IL-23 and after differentiation these cells secrete IL-1719.  

Upon stimulation, antigen-specific CD4+ T cells might also differentiate 

into induced Tregs (iTreg) in the presence of transforming growth factor-β (TGF-

β). iTregs play an important role in suppression of the immune response after 

pathogen clearance and exert their effector functions through secretion of IL-

10 and TGF-β20.  

It has been shown that a third, cytokine mediated, signal might also be cru-

cial for determining the fate and functionality of activated CD8+ T cells21,22. 

IL-12 and type-I IFN are such cytokines and their role and importance in CD8+ 

T cell development are context dependent21,22.  

Once activated, effector T cells migrate from secondary lymphoid organs 

to the site of inflammation.  

When a CTL recognizes its cognate antigen presented on MHC-I of a target 

cell it can induce apoptosis of the target cell through two main mechanisms. 

Firstly, CTLs can mediate killing through release of perforin and granzymes23. 

Perforin create pores in the target cell while granzymes enter the cell via the 
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pores and activate caspases that mediate target cell death through apoptosis24. 

Secondly, binding of Fas ligand (FasL) on the CTL surface to Fas on the target 

cell can promote apoptosis of the target cell23. Once activated, CTLs also se-

crete cytokines such as IFN-γ which promotes upregulation of MHC-I on tar-

get cells to increase target antigen presentation and thereby improve the cyto-

toxic effect25,26. 

T cell exhaustion and dysfunction  

T cell exhaustion is often described as an acquired state of T cell dysfunction, 

which was first discovered in the context of chronic virus infection and later 

on also in cancer27,28. Exhaustion prevents over-activation of antigen-specific 

T cells during chronic stimuli, which may allow stimulated T cells to persist 

longer and also protect from damage of healthy tissue28.  

Upon antigen encounter during acute viral infection or early tumorigenesis, 

antigen-specific naïve CD8+ T cells undergo clonal expansion and differenti-

ate into short-lived cytotoxic effector T cells that selectively kill antigen-pos-

itive target cells29,30. Once the foreign antigen is cleared, the majority of the 

effector T cells undergo apoptosis but a small fraction of memory T cells is 

preserved to allow long-term immunological memory towards the specific an-

tigen29,30.  

In chronic infection or prolonged tumorigenesis the CTLs have failed to 

eliminate target cells and the continuous stimulation through the TCR will 

drive differentiation of exhausted T cells. Exhaustion is a dynamic process, 

which goes from a progenitor state to a terminally exhausted state, with a grad-

ual loss of effector functions and upregulated/persistent expression of inhibi-

tory markers27,31. These co-inhibitory receptors negatively regulate TCR-sig-

naling and include e.g. PD-1, TIM-3 and LAG-315. In the final stage of ex-

haustion T cells are eliminated through apoptosis27.  

Recent advances have identified key mediators of T cell exhaustion includ-

ing e.g. NFAT, IRF4, TOX and NR4A family members32-36. Studies are still 

ongoing to unravel the full mechanism by which T cells differentiate into an 

exhausted state rather than an effector or memory T cell state. What we know 

so far is that terminally exhausted T cells originate from a progenitor pool with 

self-renewing ability which express TCF-1 and intermediate levels of PD-

131,37. In contrast to memory precursors, which also express TCF-1, progenitor 

cells in chronic infection express TOX for long-term persistence38. TOX to-

gether with other proteins downstream of NFAT, like NR4A transcription fac-

tors, then drive the development of T cell exhaustion32,34,35. Terminally ex-

hausted T cells have lost TCF-1 expression and express high levels of PD-1 

and also express additional inhibitory receptors such as TIM-337.  
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Figure 2. Development of T cell exhaustion. During acute infection, naïve CD8+ T 
cells differentiate into effector (TCF-1-) and memory (TCF-1+) T cells. Effector cells 
are short-lived and are eliminated after antigen-eradication. Memory T cells are long-
lived and persist to preserve immunological memory. In chronic infection and cancer, 
the antigens persist and exhausted T cells develop as a consequence of continuous 
stimulation. Development of progenitor (TCF-1+) and terminally (TCF-1-) exhausted 
T cells is driven by transcription factors such as TOX and NR4A. T cell exhaustion 
result in T cell dysfunction in terms of upregulation of inhibitory markers and down-
regulation of effector functions including cytotoxic ability, proliferation and cytokine 
secretion.  

Cancer and the immune system  

The immune system does not only protect against invading pathogens but also 

against endogenous transformed cells. The mechanism by which the immune 

system scan for and eliminate transformed cells is referred to as cancer immu-

nosurveillance39. It has become evident that transformed cells arise continu-

ously in the body and that these cells can be eliminated by the immune system, 

this is called the elimination phase. However, as some tumor cells acquire 

mutations that make them less sensitive to the immune system, an equilibrium 

phase occur in which the tumor is not growing but also not being eradicated 

by the immune system. When a tumor can be found in a cancer patient, the 

tumor has in most cases escaped the immune system and this is called the 

escape phase. The process of elimination, equilibrium and escape in cancer 

development is termed immunoediting40.  
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Figure 3. Mechanism of cancer immunoediting. Cancer immunoediting involves 
three steps: Elimination, Equilibrium and Escape. During the elimination phase the 
immune system is able to recognize and kill tumor cells and thereby have the ability 
eliminate the tumor. During the equilibrium phase resistant tumor cell clones are pre-
sent and there is both elimination and escape of tumor cells and thus no evident change 
in the tumor size. Once the tumor has escaped the immune system, the escape phase, 
it starts to grow. TAAs; tumor-associated antigens, MDSC; myeloid-derived suppres-
sor cell.  

The anti-cancer immune response can be described by the cancer-immunity 

cycle41. The first step of the cycle is that DCs take up apoptotic tumor cells/de-

bris, which besides all the normal proteins also contain tumor-associated an-

tigens (TAA) and mutated tumor-specific neoantigens. If an inflammation oc-

curs, the DCs will become activated and migrate in the lymphatics to a tumor-

draining lymph node. There, DCs present TAA and neoantigens on MHC-II 

to activate helper T cells. DCs can also cross-present TAA and neoantigens 

on MHC-I to interact with naïve CD8+ T cells and thereby prime an anti-tumor 

T cell response. Activated TAA and neoantigen-specific CD8+ CTLs travel 

through the blood stream, transmigrate through inflamed endothelia and infil-

trate into the tumor bed. These CTLs recognize tumor cells by binding of the 

TCR to the TAA or neoantigen presented on MHC-I by the tumor cell. Upon 

recognition cytotoxic T cells kill tumor cells, which result in the release of 

more TAA and neoantigens. This boosts the cancer-immunity cycle and in-

crease the anti-cancer response. If each of the steps in the cancer-immunity 

cycle is carried out, an efficient elimination of the tumor occurs. However, 

cancer cells acquire resistance mechanisms that makes it possible for them to 

hamper every step in the cycle. For example tumor cells can downregulate 

MHC-I, which prevents recognition by cytotoxic T cells, or express pro-

grammed death-ligand 1 (PD-L1) on the surface which interacts with pro-

grammed cell death protein 1 (PD-1) on T cells and hamper T cell activity41.  
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Figure 4. The cancer-immunity cycle. Illustration created by Mohanraj Ramachan-
dran, adapted from: Chen & Mellman Cell Press 201341. When tumor cells die, their 
intracellular content is released into the microenvironment. The cancer-immunity cy-
cle starts when dendritic cells (DCs) phagocytose the released tumor cell debris, in-
cluding tumor-associated antigens (TAA) and mutated neoantigens. Upon activation 
the DCs will then travel in the lymphatics to a draining lymph node where they prime 
naive TAA/neoantigen-specific T cells. The activated T cells enter the blood stream 
and infiltrate the tumor by transmigration through the inflamed tumor endothelium. 
Upon antigen recognition at the tumor site, the T cells kill tumor cells leading to fur-
ther release of TAAs, which boosts the next round of the cancer-immunity cycle. 

Fighting cancer using T cell immunotherapy  

The aim of cancer immunotherapy is to activate the host immune system of 

cancer patients to fight cancer. There are both positive and negative regulators 

in every step of the cancer-immunity cycle41. Immunotherapy can be used to 

improve one or more steps in the cycle to shift the tumor from the escape phase 

to the equilibrium or preferably the elimination phase, alternatively from the 

equilibrium phase into elimination40.  

Cancer immunotherapy was awarded as the breakthrough of the year in 2013 

by the editors of Science Magazine due to the success of immune checkpoint in-

hibitors and adoptive cell transfer (ACT) of patient-derived chimeric antigen re-

ceptor (CAR) T cells42. Furthermore, in 2018 the Nobel Prize in Medicine or 

Physiology was awarded to James Alison and Tasuku Honjo for their discoveries 

of immune checkpoints and developments of immune checkpoint inhibitors. 
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Adoptive T cell transfer   

In adoptive T cell therapy the cancer patients own T cells are isolated, ex-

panded ex vivo and then re-infused back into the patient43. These T cells can 

be either isolated from resected tumor material, or isolated from the blood and 

modified to express a TCR or a chimeric antigen receptor (CAR) specific for 

a tumor-associated antigen before expansion44. The first promising findings 

using expanded autologous tumor infiltrating lymphocytes (TILs) from meta-

static melanoma patients were published already in 198845. TILs are extracted 

from the excised tumor and expanded in multiple cultures that are tested for 

tumor recognition before further expansion and re-infusion back into the cir-

culation of the cancer patient43. Since then, several studies have shown prom-

ising results using TILs against refractory metastatic melanoma, and it has 

also been shown that lymphodepletion before treatment is beneficial46,47.  

Melanoma has the highest mutational burden when investigating the so-

matic mutation prevalence across tumor types48. The high mutational burden 

of melanoma tumors increase the frequency of neoantigens that can be recog-

nized by the immune system as foreign49. The high mutational load of mela-

nomas and the resulting broad repertoire of tumor-specific TILs has also led 

to great success of checkpoint inhibitors in treating melanoma patients50,51. 

The advance of checkpoint inhibitors has been translated to other cancer types 

with high mutational rate48 such as non-small cell lung cancer52,53. Immune 

checkpoint inhibitors, targeting for example PD-1, release the break induced 

by the PD-1 inhibitory receptors on the T cells and allow for a more potent 

anti-tumor immune response. However, in order for checkpoint inhibitors to 

be effective, antigen-specific T cells should be present in the tumor bed.  

A drawback of TIL therapies and immune checkpoint inhibitors is that they 

require pre-existing anti-tumor T cells and the success of these therapies are 

therefore restricted to certain types of cancer54,55. To circumvent these limita-

tions autologous T cells, isolated from the blood of cancer patients have been 

modified ex vivo to express a TCR specific for a certain tumor antigen. After 

modification, these T cells were expanded ex vivo and given back to the cancer 

patient54. However, TCR-modified T cell therapy require presentation of the 

tumor antigen by MHC-I on the targeted tumor cells. Tumor cells often down-

regulate MHC-I, which prevents recognition by cytotoxic T cells. Also, TCR-

modified T cells can only recognize peptide antigens and not carbohydrates 

and glycolipid antigens56.  

The development of chimeric antigen receptor (CAR) T cells has further 

developed the field of adoptive T cell transfer. An advantage is that CAR T 

cells can be modified to specifically recognize any membrane bound antigen 

independent of MHC-I. CAR T cells can however only recognize membrane 

bound antigens whereas TCR-modified T cells allow recognitions of peptide 

fragments presented also from intracellular antigens.  
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CAR T cell therapy  

CAR T cell therapy has demonstrated striking results in the last decade, espe-

cially against therapy-resistant recurrent hematological B cell malignancies57-

60. The most impressive outcome has been observed using CD19-targeting 

CAR T cells against acute B cell lymphoblastic leukemia (ALL) and Non-

Hodgkin’s B cell lymphoma59-61. This progress led to the approval of two 

CD19CAR T cell products in 2017, Kymriah and Yescarta by the US Food 

and Drug Administration (FDA). Tisagenlecleucel (Kymriah), was first ap-

proved for patients with relapsed or refractory (r/r) ALL and later also for 

patients with r/r diffuse large B cell lymphoma (DLBCL). Axicabtagene ci-

loleucel (Yescarta) was soon after approved for patients with r/r DLBCL. In 

2018, both products were approved by the European Medical Agency (EMA). 

To date, three more CAR T cell products have been approved. Two of the 

CAR T products, rexucabtagene autoleucel (Tecartus) and lisocabtagene mar-

aleucel (Breyanzi), target CD1962,63. Tecartus was approved for mantle cell 

lymphoma (MCL) and ALL whereas Breyanzi was approved for the treatment 

of different types of r/r large B cell lymphoma. The most recently approved 

CAR T cell product, idecabtagene vicleucel (Abecma), is targeting the B cell 

maturation antigen (BCMA) and is approved to treat patients with r/r multiple 

myeloma (MM)64.  

 

Figure 5. Structure of the chimeric antigen receptor (CAR) and the different 
generations of CARs. The CAR consists of an extracellular antigen-recognizing do-
main usually a single-chain variable fragment (scFv), derived from a monoclonal an-
tibody or a phage display library, a transmembrane domain and one or more intracel-
lular signaling domain/s. There are four generations of CARs. In the first generation, 
only one intracellular T cell activation domain, normally CD3ζ from the TCR com-
plex, was included providing the T cell with activation signal 1. In the second gener-
ation a co-stimulatory domain was included, normally the signaling domains from 
either CD28 or 4-1BB (CD137) to provide signal 2. In the third generation two co-
stimulatory domains were included into the CAR construct. The fourth generation, 
also referred to as TRUCK (T cells redirected for antigen-unrestricted cytokine-initi-
ated killing), are armed to secrete a cytokine such as IL-12 or IL-18.  
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As indicated by its name, the chimeric antigen receptor (CAR) is a chimera 

and it consists of an extracellular antigen-recognition domain and intracellular 

T cell activation domains. The extracellular antigen-recognition domain is 

most commonly a single-chain variable fragment (scFv) derived from a mon-

oclonal antibody or a phage display library44. The intracellular T cell activa-

tion domains are normally derived from CD3ζ, CD28 and 4-1BB44. The ex-

tracellular scFv is functionally connected to the intracellular domain through 

a hinge and a transmembrane domain.  

There are four generations of CARs. The first generation only contain one 

intracellular domain providing the T cell with activation signal number one 

(CD3ζ). However, this was found to be insufficient to provide proper expan-

sion and persistence of CAR T cells in vivo. In the second generation, a co-

stimulatory molecule was added, e.g. signaling domains from 4-1BB or CD28, 

to provide the T cell with activation signal number 2. In the third generation, 

two co-stimulatory molecules are added apart from CD3ζ65. Addition of co-

stimulatory domains improved persistence and expansion of CAR T cells65,66. 

There is also a fourth generation of CAR T cells, also known as TRUCKs (T 

cell redirected for universal cytokine-mediated killing). TRUCKs are armed 

with a cytokine which is either constitutively expressed or induced upon anti-

gen-binding67. CAR T cells armed with e.g. IL-1868,69 and IL-1270 have shown 

promising results in pre-clinical models.  

Results from CAR T cell therapy of solid tumors have been less impressive 

compared to B cell malignancies. There are several reasons why CAR T cell 

therapy have been so successful against B cell malignancies. First of all, the 

leukemic cells and to some extent lymphoma cells are more accessible for 

CAR T cells than solid tumors. In addition, the most commonly used target, 

CD19, is a pan B cell marker that is expressed homogenously amongst the 

malignant B cells61. However, targeting CD19 results in B cell aplasia, where 

healthy B cells are eliminated in addition to the malignant B cells. The result-

ing hypogammaglobinemia can be managed with immunoglobulin infusions 

if needed71. Elimination of normal B cells also prevents the development of 

anti-drug antibodies, an immune response against the “foreign” CAR mole-

cule. This is in sharp contrast to solid tumors where it is difficult to find a 

suitable target-antigen that is homogenously expressed within the tumor and 

that is tumor cell-selective enough to cause manageable toxicities. The obsta-

cles researchers face when targeting solid tumors with CAR T cell therapy 

will be discussed below.  

CAR T cells against solid tumors 

Attempts have been made to develop CAR T cell therapies for several differ-

ent solid tumors including; neuroblastoma, glioblastoma and colon cancer61. 

In patients with neuroblastoma, GD2-targeting CAR T cell therapy and shown 

encouraging results72,73. In glioblastoma, targets including epidermal growth 
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factor receptor variant III (EGFRvIII)74, human epidermal growth factor re-

ceptor 2 (HER2)75 and interleukin 13 receptor alpha-2 (IL13Rα2)76 have been 

explored. Local administration of IL13Rα2-targeted CAR T cells induced 

clinical response in one glioblastoma patient for more than 7 months before 

the tumor grew back, this time lacking IL13Rα2 expression76. However, even 

though a few patients with solid tumors have responded to CAR T cell therapy, 

there is still a long road ahead to translate the success observed in B cell ma-

lignancies to solid tumors.  

The reasons why CAR T cell therapy is less efficient in solid tumors depend 

on factors such as; lack of suitable target antigen, tumor heterogeneity, hom-

ing of the CAR T cells to the tumor site and an immunosuppressive tumor 

microenvironment. As previously stated, CD19 is a B cell lineage marker and 

its expression is restricted to B cells. Malignant B cells often have homoge-

nous and high expression of CD19. When targeting solid tumors, it is very 

difficult to find target antigens that are homogenously expressed amongst the 

tumor cells and that are not expressed to significant levels in healthy tissue. 

Therefore, tumor-associated antigens (TAAs) that are over-expressed by tu-

mor cells but are also present to some extent in healthy tissue are typically 

targeted. CD19CAR T cell therapy will not only lead to killing of malignant, 

but also healthy B cells. B cell aplasia can be managed, but targeting TAAs 

that are also expressed in healthy tissue has in some cases resulted in severe 

on-target off-tumor toxicities77,78.  

Even if a promising target antigen can be found in solid tumors, it is com-

monly heterogeneously expressed within the tumor. Antigen-negative tumor 

cells will therefore thrive from the selective pressure caused by CAR T cell 

therapy and have the chance to give rise to tumor relapse79. Cancer cells also 

have the capacity to downregulate or loose antigen expression upon the selec-

tive pressure induced by CAR T cell therapy which result in acquired re-

sistance and subsequent secondary tumor escape40.  

Another challenge is to recruit the CAR T cells to the tumor site. After 

infusion, CAR T cells need to traffic through the circulation to the site of the 

tumor80. To be able to go to the correct site, the CAR T cells must express 

adhesion molecules and chemokine receptors that match the inflamed tumor 

endothelia and chemokines present in the tumor. To reach the tumor CAR T 

cells need to extravasate through the tumor vasculature which is often dysreg-

ulated and express low levels of adhesion molecules such as intercellular ad-

hesion molecule 1 (ICAM-1)81. Once at the tumor site CAR T cells must also 

overcome physical barriers caused by dense extracellular matrix and tumor 

stroma80.  

When CAR T cells enter the tumor they encounter an immunosuppressive 

tumor microenvironment (TME) that is mediated by both inhibitory molecules 

and cells81. These factors can promote CAR T cell dysfunction and result in 

impaired effector functions. Immunosuppressive pro-tumorigenic cells are of 

both immune and stromal origin, for example; myeloid derived suppressor 
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cells (MDSCs), Treg cells, tumor-associated macrophages (TAMs) and cancer-

associated fibroblasts (CAFs)81. Tumor cells, stromal cells and suppressive 

immune cells secrete inhibitory factors, such as TGF-β and IL-10, which im-

pair a proper anti-tumor immune response. In addition, these cells can upreg-

ulate immune checkpoints such as PD-L1 that can bind to PD-1 on T cells and 

thereby attenuate T cell function81.  

It’s not only the suppressive TME that causes CAR T cell dysfunction. 

Continuous antigen-stimulation of the CAR T cells in the tumor will drive 

development of CAR T cell exhaustion and as a result cause impaired effector 

functions. As discussed previously, this is also a phenomenon observed in en-

dogenous tumor-reactive CD8+ TILs. The same pathway drive exhaustion in 

both endogenous and CAR+ CD8+ TILs82. This pathway is initiated by the 

transcription factor NFAT that activate transcription factors of the TOX and 

NR4a-families35,82. These promote development of highly exhausted CAR T 

cells expressing high levels of PD-1 and TIM-335,82.  

Tonic signaling in CAR T cells 

Another important aspect to consider in CAR T cell therapy is the presence of 

so called antigen-independent tonic signaling. This is a process where consti-

tutive activation of the CAR T cell takes place even in the absence of the cog-

nate target antigen83. Just as in the context of chronic viral infection and can-

cer, continuous activation of the CAR T cells often leads to development of 

exhausted and dysfunctional CAR T cells83. CAR T cells which are subjected 

to tonic signaling share many key characteristics observed amongst exhausted 

T cells in chronic infection and cancer. This include upregulation of inhibitory 

receptors and impaired effector functions84. Ultimately, tonic signaling can 

also lead to elimination of CAR T cells through activation-induced cell 

death85.  

It has become clear that the CAR design determines the level of tonic sig-

naling and also the outcome for the CAR T cell exposed to tonic signaling. 

All parts of the CAR-molecule from the extracellular antigen-recognition do-

main to the intracellular activation domains can contribute to tonic signaling.  

Antigen-independent tonic signaling is induced by clustering of CAR-mol-

ecules on the T cell surface and subsequent CAR-mediated T cell activa-

tion84,86,87. The degree of clustering differs between CAR-constructs and is af-

fected by factors including CAR expression level and CAR design83. In par-

ticular, the extracellular scFv of the CAR has been shown to cause aggregation 

of CAR-molecules84,86,88. The scFv is a fusion between the variable regions of 

the heavy and light chains of a monoclonal antibody that are connected 

through a linker. Both the length of the linker and the amino acid sequence in 

the framework of the variable chains can affect clustering84,86.  

Further, it has been shown that the particular co-stimulatory molecule in-

cluded in the CAR can impact the level of exhaustion in tonic signaling CAR 
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T cells84. By exchanging the co-stimulatory domain from CD28 to 4-1BB one 

can lower the exhausted phenotype and improve efficacy of tonically signal-

ing CAR T cells84. In fact, a recent study has even shown that low level of 

tonic 4-1BB signaling can be beneficial for CAR T cells86.  

Studies have shown that tonic signaling is present to various degree in all 

CAR-constructs, with the exception of CARs incorporating a scFv from the 

FMC63 monoclonal antibody which is targeting CD1983. ScFv FMC63 is used 

for antigen-recognition in commercial CD19-targeting CAR T cells. The lack 

of tonic signaling in this CAR construct might be an additional explanation as 

to why CD19CAR T cell therapy has been so successful in treating B cell 

malignancies. Therefore, too improve the efficacy of CAR T cell therapy, an-

tigen-independent tonic signaling is something that must be taken into consid-

eration when designing new CARs for targeting solid tumors.  

 

Figure 6. Antigen-independent tonic signaling. Even distribution of CAR-mole-
cules on the T cell surface does not trigger any activation signals in the absence of 
target-antigen (Left). CAR-clustering on the other hand induce CAR T cell activation 
in the absence of target-antigen, a process called antigen-independent tonic signaling 
(Right). Antigen-independent tonic signaling causes CAR T cell activation which can 
lead to exhaustion and activation-induced cell death (AICD).  

Improving CAR T cell therapy 

There are extensive efforts ongoing to improve CAR T cell therapy and trans-

late the successful results from hematological malignancies into solid tumors.  

To prevent CAR T cell-related toxicities, caused by targeting over-ex-

pressed TAAs, several mechanisms have been developed. These methods can 

increase the number of targetable antigens. Incorporation of a suicide gene is 

one of these methods that has been developed to remove CAR T cells once 

they have completed their job or in case severe toxicities arise89. Another ap-

proach is to restrict CAR expression to the local tumour microenvironment by 

e.g. inducing CAR expression via drug administration81. CAR T cells that re-

quire dual antigen recognition for proper activation and subsequent killing 

have also been developed to improve specificity in order to prevent on-target 

off-tumor toxicities81,90.  

The heterogeneity of antigen expression in solid tumors can be tackled by 

using bispecific CAR T cells that target more than one antigen. This would 

also allow killing of tumor cells despite loss of one of the target antigens. For 
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example a bispecific CAR T cell construct targeting CD19 and CD20 has been 

developed91 and is currently evaluated in the clinic (NCT04007029). Another 

approach would be to use factors to induce epitope spread amongst endoge-

nous CD8+ T cells. This would allow killing of “CAR-target-antigen” negative 

cells and could thereby prevent antigen-escape. One such factor is Fms-like 

tyrosine kinase 3 ligand (Flt3L) which when expressed by CAR T cells has 

been shown to enhance anti-tumor immunity through epitope spread92. An-

other factor able to induce epitope spread and induction of endogenous tumor-

reactive CD8+ T cells is the neutrophil-activating protein (NAP) from Helico-

bacter Pylori93. 

To improve the efficacy of CAR T cells in the immunosuppressive TME, 

CAR T cells have been armed (TRUCKs) with pro-inflammatory cytokines 

like IL-1270,94,95 and IL-1869,96. Alternatively, cytokines can be delivered intra-

tumorally to support CAR T cells and reshape the TME97. There are also at-

tempts to combine CAR T cell therapy with checkpoint inhibitors and several 

such clinical trials are currently ongoing98.  

To improve trafficking to the tumor site, CAR T cells can be equipped with 

a chemokine receptor. It has been shown that CAR T cells expressing the 

CCR2 and CCR4 chemokine receptors had improved homing to tumors in pre-

clinical models81. Another approach would be to simply inject the CAR T cells 

locally, directly into the tumor bed. This is an approach well suited for central 

nervous system (CNS) tumors, that has shown promising results when using 

IL13Rα2-targeting CAR T cells against glioblastoma76.  

It has become evident that CAR T cell exhaustion is an important factor 

that must be considered to improve CAR T cell therapy for solid tumors. As 

previously discussed, exhaustion arise as a result of continuous stimulation of 

the CAR T cells. Exhaustion can be induced by both antigen-independent 

tonic signaling and chronic antigen stimulation in the tumor.  

There are several strategies that could be used to prevent or lower antigen-

independent tonic signaling. These include both spatial and temporal control 

of CAR-expression and optimization of the CAR design. For example one can 

express the CAR locally in the tumor to prevent development of exhausted 

CAR T cells already before treatment. This can be achieved by using a 

SynNotch CAR expression system90 or drug-induced CAR expression81. By 

controlling CAR expression with a drug one can also temporarily downregu-

late CAR-expression to reverse exhaustion99.  

Further, the CAR design must be optimized to prevent tonic signaling. By 

selecting a stable scFv that is not prone to oligomerization one can diminish 

aggregation of CAR-molecules. Alternatively, one can increase stability of the 

scFv by exchanging its framework sequence to prevent clustering and subse-

quent tonic signaling87.  

As the mechanisms that causes CAR T cell exhaustion are unraveled new 

potential targets are found. Members of the Nr4a82 and TOX35 transcription 

factor (TF) families have recently been shown to be important. By removing 
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Nr4a TFs from CAR T cells a more effector-like phenotype was acquired and 

this translated into a survival benefit in a pre-clinical tumor model82. Similarly, 

removing TOX TFs increased therapeutic potential of CAR T cells35.  

Malignancies under investigation 

B cell malignancies  

Leukemia and lymphoma can arise from both B cells and T cells100, with B 

cell malignancies accounting for a clear majority of all leukemias and lym-

phomas101.  

B cell leukemia is a form of cancer of the blood and bone marrow and can 

be either acute or chronic, termed; acute lymphoblastic leukemia (ALL) and 

chronic lymphocytic leukemia (CLL)102. These two variants of leukemia are 

very different. ALL arise in an early phase of B cell development103 and is 

characterized by rapid proliferation and progression. CLL on the other hand 

is considered a mature B cell disease101,103 and progress slower than ALL.  

About 95% of all lymphomas are of B cell origin101 and there are more than 

30 subtypes described by the world health organization (WHO)100. The most 

common types of B cell lymphoma are diffuse large B cell lymphoma 

(DLBCL) and follicular lymphoma (FL) which accounts for 30-40 and 20 per-

cent of the lymphoma cases respectively101. Small lymphocytic lymphoma 

(SLL) accounts for ~7% of B cell lymphoma cases, while mantel cell lym-

phoma account for about 5% of all cases101. SLL is essentially the same dis-

ease as CLL but it manifests mainly in the lymph nodes in addition to the bone 

marrow and very few abnormal cells are found in the circulation104.  

First-line treatment for several lymphomas, including DLBCL and FL is a 

combination of the anti-CD20 monoclonal antibody, rituximab (R), with 

chemotherapy; cyclophosphamide, doxorubicin, vincristine, and prednisone 

(CHOP)105,106. Initial response rates to R-CHOP treatment are high and com-

plete response (CR) is observed in around 70% of DLBCL patients107. How-

ever, there are still some patients that will not respond to R-CHOP and some 

patients relapse after initial response108. Long-term follow up has shown that 

the 10-year progression-free survival was around 36% for patients with both 

FL and DLBCL after R-CHOP treatment105,109. Patients with relapsed or re-

fractory (r/r) disease following R-CHOP will receive salvage chemotherapy 

and subsequent hematopoietic stem-cell transfer, when possible, as second-

line treatment110. As of today, CAR T cell therapy is used as a third-line treat-

ment option for B cell lymphomas but studies to potentially use it as a second-

line treatment are ongoing111,112.  

CAR T cell therapy has shown remarkable success against various B cell 

malignancies57,60,64. Especially, CD19CAR T cell therapy has mediated high 

complete response rates, above 80%, in patients with r/r ALL59,113. But despite 
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high initial response rates, many ALL patients will relapse after CD19CAR T 

cell treatment and the relapse is often CD19-negative61. Primary resistance to 

CD19CAR T cell treatment is more common amongst patients with DLBCL 

compared to those with ALL58,61. However, as fewer patients with DLBCL 

relapse after CAR T cell therapy, the long-term sustained response is similar 

to that seen in ALL patients61.  

The results obtained so far have revealed that although CD19CAR T cell 

therapy has shown great success against B cell malignancies there are still 

room for improvement. It has also become clear that the mechanism underly-

ing treatment failure somewhat depend on the B cell malignancy targeted61. 

For example, to improve long-term sustained response for patients with large 

B cell lymphoma, mechanisms of primary resistance to CAR T cell therapy 

must be explored. Further, relapses must be prevented and upon CD19-nega-

tive relapses new targets must be explored.  

Glioblastoma  

Glioma is the most common tumor of the central nervous system (CNS) and 

arise from cells of glial origin114. Glioma can be divided into two histological 

groups depending on the growth pattern; diffuse glioma, infiltrating surround-

ing healthy tissue, and non-diffuse glioma, growing more localized115. Ac-

cording to the WHO classification diffuse gliomas are further divided into 

grade II, III and IV. Grade IV glioma is also called glioblastoma. Malignancy 

score is determined by the amount of cell division, necrosis and vascularity. 

In addition to the classical grading, patients are further divided depending on 

mutational status of isocitrate dehydrogenase (IDH) 1 and 2 genes115.  

Glioblastoma, which is the most malignant form of glioma, accounts for 

the majority of glioma cases116. Standard therapy of care for glioblastoma con-

sists of surgical resection (when possible) followed by radiation and chemo-

therapy with temozolomide (TMZ). Despite harsh treatment, glioblastoma is 

essentially an incurable disease due to several factors such as: infiltrative 

growth into healthy brain tissue, high intra and inter-tumor heterogeneity 

which increase the difficulty for targeted therapy. The blood-brain barrier, a 

protective network of blood vessels and cells that filters blood flowing to the 

brain, also prevent many anticancer drugs from efficiently entering brain tu-

mors. Furthermore, it is well known that glioblastoma stem cells (GSC), with 

self-initiating capacities, are present in glioblastoma tumors. GSCs are re-

sistant to current therapy and incomplete GSC removal is regarded as one of 

the causes for tumor recurrence117.  

Interleukin-13 receptor subunit alpha-2 (IL13Rα2) is expressed in more 

than half of all glioblastoma cases and it is not expressed to significant levels 

in healthy brain or elsewhere in the human body, which makes it a promising 

therapeutic target118,119. Expression of IL13Rα2 is increased with higher grade 

of glioma and is associated with lower patient survival120. It has been shown 
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that IL13Rα2 is expressed in both stem-like glioblastoma cells and more dif-

ferentiated cells121. IL13Rα2 has classically been considered as a decoy recep-

tor that binds to its ligand IL-13 with high affinity, without inducing any sig-

naling cascade122,123. This is in contrast to the typical IL-13 receptor, IL13Rα1, 

which convey intracellular signal upon binding IL-13122,123. The view that 

IL13Rα2 is not mediating any intracellular signals has been challenged as it 

has been shown that IL13Rα2 can bind EGFRvIII and thereby promote glio-

blastoma proliferation124. Also, IL13Rα2 can induce glioblastoma invasive-

ness in the absence of EGFRvIII124.   

CAR T cell therapy has shown promising results when evaluated against 

glioblastoma. In a case study, IL13Rα2-targeting CAR T cell therapy induced 

regression in all lesions of a patient with multi-focal disease76. The CAR-con-

struct used in the case study incorporated a mutated form of IL-13 (mutein) as 

the extracellular antigen-recognition domain to target IL13Rα2-expressig 

cells76. However, the IL-13 mutein also recognize IL13Rα1 to some extent125 

which is expressed more widely than IL13Rα2126.  
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Methods 

Targeted scRNA sequencing  

Although CAR T cell therapy has revolutionized the treatment of B cell ma-

lignancies there are still patients that do not respond61. Detailed characteriza-

tion, using single-cell RNA sequencing (scRNAseq), has reviled that the char-

acteristics of the individual CAR T cell infusion products can influence clini-

cal response127. These results suggest that studying the CAR T cell product 

prior to infusion might give an indication of which patients that will respond 

to treatment. Further, by understanding the mechanisms that render certain 

CAR T cell infusion products beneficial one could adapt new strategies to 

strengthen these characteristics and thereby improve response rates and pa-

tient outcome.  

In the work discussed in this thesis, we used targeted scRNAseq to charac-

terize the individual CAR T cell infusion products used to treat lymphoma 

patients. We then related the results to clinical outcome and the CAR T cell 

manufacturing process.  

Single-cell RNA sequencing provide the ability to determine the expression 

profile of each cell individually. First, single-cells from individual patient-de-

rived CAR T cell infusion products were captured, mRNA was extracted and 

barcoded using the microwell-based BD Rhapsody technology. cDNA was 

synthesized from the captured mRNA and subsequently targeted libraries 

were amplified and sequenced. The expression of 465 pre-selected genes was 

evaluated simultaneously in thousands of patient-derived CAR T cells. The 

expression profile was then used to distinguish different T cell subsets through 

bioinformatics analyses.  

Arming CAR T cells with NAP 

Despite successful results using CAR T cells against B cell malignancies there 

are still room for improvement. Some patients do not respond to treatment and 

some that respond experience relapse, often with a cancer that do no longer 

express the antigen targeted by the CAR. When targeting solid tumors using 

CAR T cells, responses have in general been poor and antigen heterogeneity 

is a problem already from the start.  
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In this thesis, CAR T cells have been armed to improve the efficacy of CAR 

T cell therapy both in lymphoma and in glioblastoma. So far, others have 

mainly armed CAR T cells with endogenous cytokines, such as IL-1270 and 

IL-1868. However, immune activators derived from microbes may be even 

more potent. Helicobacter pylori (H. pylori) infection is widespread, affecting 

around half of the human population worldwide128. One of the major virulence 

factors of H. pylori is the neutrophil-activating protein (NAP), which is a 

TLR2 agonist with strong TH1 polarizing properties. It has been shown that 

NAP has an effect on both the innate and adaptive immune response129. NAP 

can recruit neutrophils and monocytes to the site of inflammation and activate 

them130 to secrete IL-12 and IL-23129, which is favourable for anti-cancer re-

sponses131. NAP also makes monocytes differentiate into DCs130 that upon 

maturation migrates to draining lymph nodes132. It has in many papers been 

shown that NAP can promote tumor clearance133-136. Therefore, it is highly 

warranted to evaluate NAP as an immune activator carried by CAR T cells.  

In a previous study performed in our lab the feasibility of using NAP-armed 

CAR T cells has been evaluated. CAR(NAP)-T cells prolonged the survival 

of tumor-bearing mice compared to conventional CAR T cells. CAR(NAP)-T 

cells could also improve the survival of mice in a mixed tumor model, with 

both target-antigen positive and negative cells, mimicking the heterogeneity 

observed in solid tumors93. 

The immunological consequences of using CAR(NAP)-T cells were sev-

eral. First of all, CAR(NAP)-T cells induced epitope spread with activation of 

endogenous CD8+ T cells directed against other antigens than that targeted by 

the CAR. Further, CAR(NAP)-T cell treatment led to recruitment, and activa-

tion, of innate immune cells including neutrophils, monocytes and NK cells 

to the tumor site. The presence of NAP also modified the TME into a more 

pro-inflammatory one93.  

Single-chain variable fragment phage display screening 

Single-chain variable fragments (scFv) are the most commonly used antigen-

recognition domains in CARs81. A scFv consists of the variable regions of 

heavy (VH) and light (VL) immunoglobulin chains connected through a 

linker81. VH and VL each contain structured framework regions and three com-

plementary-determining regions (CDRs). 

In this thesis, scFv against interleukin-13 receptor subunit alpha 2 

(IL13Rα2) were produced in collaboration with the Drug Discovery and De-

velopment (DDD) platform at SciLifeLab. DDD is a national resource of 

unique technologies and expertise available to life scientists. Phage display 

selection was performed using a synthetic library of human scFv with fixed 

framework region sequences137. The diversity of the library was distributed in 
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CDRs 1, 2, 3 of the heavy chain (CDR-H1, CDR-H2 and CDR-H3) and CDR 

3 of the light chain (CDR-L3)137.  

From several rounds of phage display selection, more than 900 clones were 

panned out. Out of the selected clones, 304 were identified as unique binders 

using DNA sequencing. The unique binders were further screened for speci-

ficity and binding kinetics. Based on these results five top candidates were 

selected for evaluation in CARs.  
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Summary of investigations  

Paper I 

Aim: CAR-T cell therapy has shown remarkable success when used to treat 

patients with B cell malignancies, but there is room for improvement. There 

are still patients who do not respond to CAR-T treatment and some patients 

that initially respond later experience relapse. We have previously conducted 

a clinical trial to assess the efficacy and safety of a third generation CD19-

targeting CAR-T construct. In paper I, we wanted to evaluate if giving two 

doses of the third generation CAR-T cells to patients with B cell malignancies 

could improve the response without compromising safety. In addition, we 

aimed to identify causes for primary resistance to CAR-T treatment. We did 

this by investigating the individual CAR-T infusion products in detail using 

single-cell RNA sequencing and multi-color flow cytometry. The characteris-

tics of the individual CAR-T infusion products were then related to clinical 

response and CAR-T manufacturing. 

 

Major findings: The response to treatment using the third generation CAR-T 

construct was comparable to other similar studies with second generation 

CAR-T constructs and toxicities were generally mild. No clinical benefit was 

observed for patients that received two doses compared to those who received 

only one dose CAR-T.  

The CAR-T infusion products of responding patients were dominated by 

CD8+ CAR-T clusters with high cytotoxic and cytokine secretion signature 

and low dysfunctional profile. It was further found that the CAR-T cells of 

responders expanded faster during CAR-T production. As a result, the CAR-

T products of responders were kept in culture for shorter time compared to 

non-responders before reaching the desired CAR-T cell number. Extended 

culture time was associated with elevated dysfunction and a lower cytotoxic 

signature.  

Importantly, in paper I we identified a subset of CD8+ CAR-Ts that could 

be used to predict clinical response. We also highlight the importance of CAR-

T manufacturing.  
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Paper II  

Aim: Long-term follow up has revealed that despite high initial response rates 

after CD19 CAR-T cell treatment, many patients relapse. The patients that 

relapse often present CD19-negative tumors. To improve therapeutic efficacy, 

multiple antigens must be targeted to prevent “CAR-target-antigen-negative” 

relapse. Our lab has previously armed CAR-Ts with the immune modulatory 

neutrophil activating protein (NAP) from Helicobacter Pylori. NAP-armed 

CAR-Ts were able to induce bystander endogenous T cell responses and kill-

ing of “CAR-target-antigen-negative” tumor cells.  

 The aim of paper II was firstly to develop a CD20-targeting CAR-T 

(CAR20-T) construct that incorporate the variable regions of Rituximab for 

antigen-recognition. CAR20-T cells were first evaluated in vitro. Then 

CAR20-T cells, either unarmed or armed with NAP were evaluated pre-clini-

cally using a mouse model of lymphoma. The safety profile of NAP was also 

assessed in human blood using a whole blood loop system.  

 

Major findings: CAR20-Ts specifically killed several human CD20-positive 

lymphoma cell lines. Encouragingly, CAR20-Ts could also kill patient-de-

rived primary mantle cell lymphoma (MCL) cells in vitro. The patient had 

previously been treated with Rituximab but developed resistance. This show 

that Rituximab resistance is not associated with loss of CD20 expression and 

that CAR20-T cells can be used for treatment of such patients. Both CAR20-

T and CAR20(NAP)-T delayed tumor growth in mice with murine lymphoma, 

engineered to express human CD20 (A20-hCD20). CAR20(NAP)-T delayed 

tumor growth more efficiently than CAR20-T and significantly prolonged sur-

vival compared to Mock-T treated mice.  

Next, the systemic effect of NAP-protein was evaluated in blood. NAP in-

duced concentration-dependent cytokine release and minor complement acti-

vation. The level of activation was lower than the reference control 

Alemtuzumab, which is used in the clinic with manageable side-effects. This 

suggest that NAP secreted from CAR20(NAP)-T cells may not cause unman-

ageable toxicity in a planned clinical trial. 

Taken together, the results of paper II suggest that CAR20(NAP)-Ts could 

be used to treat lymphoma patients without causing unmanageable toxicity. 

We propose that CAR20(NAP)-T therapy could be used for lymphoma pa-

tients upon relapse after CD19CAR therapy and for lymphoma patients not 

eligible for commercial CD19CAR T cell therapy.  

Paper III 

Aim: CAR-T cell therapy has shown exceptional success in treating blood 

cancers but the results are less compelling in solid tumors like glioblastoma. 
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The CAR design is an important factor that influence the function of CAR-T 

cells and is therefore critical for the treatment outcome. All parts of the CAR 

including the single-chain variable fragment (scFv), hinge and the intracellu-

lar T cell activation domain affect CAR-T performance. 

In paper III we aimed to develop novel IL13Rα2-targeting CAR-T cell con-

structs and single out the best one for glioblastoma therapy. We also wanted 

to investigate the mechanisms that caused potential differences between the 

developed CAR-T cell constructs in detail with the focus on tonic signaling.  

 

Major findings: Five single-chain variable fragments (scFv) were selected 

from the screening and were incorporated into CARs for evaluation. The five 

developed CAR-Ts performed very different in terms of cytotoxicity, IFN-γ 

secretion and proliferation upon antigen encounter. To determine what might 

cause the difference in functionality the best candidate CAR[E]-T was com-

pared to the poor CAR[B]-T candidate. We found that CAR[B]-T was acti-

vated even in the absence of target-antigen, a phenomenon referred to as anti-

gen-independent tonic signaling, while CAR[E]-T remained mostly not acti-

vated. This was attributed to clustering of CAR[B]-molecules on the T cell 

surface and subsequent activation of the intracellular signaling domains of 

CAR[B]. Due to continuous activation, CAR[B]-T developed an exhausted 

phenotype with upregulation of inhibitory molecules. CAR[B]-T also had 

higher levels of apoptosis compared to CAR[E]-T. As a result, CAR[B]-T re-

sponded poorly to antigen-stimulation. CAR[E]-T on the other hand displayed 

high levels of activation in response to antigen-stimulation. In addition, 

CAR[E]-T treatment improved survival of glioma bearing mice.   

Mutagenesis of the complementary-determining region (CDR) loops in 

CAR[B] could prevent clustering and thereby also antigen-independent tonic 

signaling. This show that certain CDR sequences, although with high affinity 

for a target antigen, can yield unwanted tonic signaling in CAR-T cells.  

The results from paper III reveal that the CDR loops of the scFv can impact 

CAR-aggregation and thereby activation-induced tonic signaling. Further, 

CAR[E]-T is proposed as a promising candidate for glioblastoma therapy.  

Paper IV 

Aim: Promising results have been obtained when using chimeric antigen re-

ceptor (CAR)-T cell therapy against glioblastoma. In a case study, a glioblas-

toma patient was treated with IL13Rα2-targeting CAR-T cells and regression 

was observed in all lesions. However, tumor clones negative for IL13Rα2 

soon developed. This clearly show that to improve efficacy of CAR-T treat-

ment in glioblastoma antigen-heterogeneity and antigen-escape must be tack-

led.  



 38 

The neutrophil activating protein (NAP) is one of the major virulence fac-

tors of Helicobacter Pylori. Previously findings from our group showed that 

NAP-armed CAR-Ts can induce bystander endogenous T cell responses and 

killing of “CAR-target-antigen-negative” tumor cells. 

In paper IV we aimed to evaluate the potential of arming the IL13Rα2-

targeting CAR-T developed in paper III with NAP. We also wanted to evalu-

ate the efficacy and potential toxicities in an immune competent mouse model 

of glioblastoma.  

 

Major findings: In this work we showed that human IL13Rα2-targeting 

CAR-T cells (h13CAR) can be armed with NAP without compromising the 

cytotoxic potential. This was shown as h13CAR and h13CAR(NAP)-T cells 

were equally efficient in killing murine glioblastoma cells in vitro. Intracranial 

treatment with both CAR-T constructs delayed tumor growth and prolonged 

survival of glioma bearing mice (GL261-hIL13Rα2) compared to Mock-T 

treated mice. It seemed as though h13CAR(NAP)-T cell treatment slightly de-

layed tumor growth more efficiently compared to h13CAR. Endogenous 

GL261-specific CD8+ T cells were found in the brain of glioma bearing mice 

of all treatment groups but there was a trend that h13CAR(NAP)-T treatment 

induced more antigen-specific CD8+ T cells. Importantly, NAP-armed CAR-

T cells were safe to administer both systemically and locally in the brain.  
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Future perspectives 

Clinical evaluation of NAP-armed CAR T cells 

We have successfully developed CD20-targeting CAR T cells that utilizes the 

variable regions of Rituximab for antigen-recognition. CAR20-T cells effi-

ciently killed CD20+ lymphoma cells in vitro. Arming the CAR20-T cells with 

NAP improved the therapeutic potential in an immunocompetent mouse 

model. Next, we plan to evaluate the safety and efficacy of CAR20(NAP)-T 

cells in lymphoma patients.  

We are currently preparing for clinical evaluation of CAR20(NAP)-T cells 

by optimizing all parts of the CAR T cell manufacturing process including 

activation, transduction and expansion. In paper I we highlight the importance 

of maintaining a shorter culture time during CAR T cell production. There-

fore, we will increase the amount of starting material (number of T cells) by 

collecting cells through leukapheresis instead of peripheral blood as was done 

in the previous clinical study (Paper I). By starting with more T cells, they do 

not need to be as extensively expanded to reach the number required for treat-

ment. We also plan to use a combination of IL-7 and IL-15 instead of IL-2 

during CAR T cell production. This could prevent development of terminally 

differentiated CAR T cells and generate cells with a stem cell memory pheno-

type138,139.  

Once the starting material is collected the CAR T cells will be produced in 

an automated manner using the CliniMACS Prodigy system. This provides a 

more controlled environment for CAR T cell manufacturing compared to 

hands-on production. We are currently running tests with the CliniMACS 

Prodigy and are planning to start the clinical trial late this year or early next 

year.  

CAR T cells for glioblastoma therapy  

The success of CAR T cell therapy in hematological malignancies has not yet 

been translated to solid tumors, including glioblastoma. CAR T cell therapy is 

less efficient in solid tumors in part due to limited trafficking of the CAR T 

cells to solid tumors. Further, immunosuppression and heterogeneous antigen-

expression within solid tumors allow outgrowth of CAR-target-negative tu-

mors after CAR T cell treatment79.  
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In the work presented in this thesis, we have developed an efficient 

IL13Rα2-targeting CAR T cell construct that display high functionality 

against glioblastoma. We are currently evaluating different strategies to in-

crease the trafficking of IL13Rα2-targeting CAR T cells to the brain after sys-

temic delivery. This would allow repeated administration of CAR T cells with-

out highly invasive procedures. So far, the most promising results have been 

observed by administering CAR T cells locally into the brain76. Local admin-

istration into the brain is an invasive procedure that require installation of a 

catheter device to allow repeated infusions. By improving the trafficking of 

systemically infused CAR-T cells to the brain, we hope in the future to be able 

to treat glioblastoma patients systemically with minimal invasiveness and im-

proved efficacy.  

In this thesis, we also explored the possibility of arming our developed 

IL13Rα2-targeting CAR T cells with NAP to address glioblastoma heteroge-

neity. Encouragingly, NAP-armed CAR T cells were at least equally efficient 

as conventional CAR T cells and there was even a trend that NAP-armed CAR 

T cells were better at preventing early tumor growth. In future work, we will 

aim at increasing the persistence of CAR(NAP)-T cells in the brain to enable 

evaluation of NAP-induced effects also later on in tumor development.  

We have also started planning for a clinical evaluation of our developed 

IL13Rα2-targeting NAP-armed CAR T cells in glioblastoma patients. This 

first phase I trial will most likely use local administration of IL13Rα2-target-

ing CAR(NAP)-T cells. 
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Svensk sammanfattning 

En mördar-T cell är en typ av vit blodkropp vars främsta uppgift är att hitta 

och döda virus-infekterade celler. Under de senaste årtiondena har det också 

blivit klarlagt att mördar-T celler kan känna igen och döda cancerceller. T 

cellerna patrullerar hela tiden i kroppen för att leta efter och eliminera cancer-

celler. T celler använder sin T cells-receptor (TCR) för att känna igen främ-

mande eller förändrade proteiner, så kallade antigen, som cancercellerna pre-

senterar på ytan. Cancercellerna presenterar antigen med hjälp av en MHC-

molekyl, detta kan kallas MHC-antigen komplex. Varje T cell har endast en 

typ av TCR som bara känner igen ett specifikt MHC-antigen. När en T cell 

känner igen en cancercell, genom att dess TCR binder sitt specifika MHC-

antigen komplex, mördas cancercellen.  

 

 

Figur 1. Hur mördar-T celler dödar cancerceller. Mördar-T cellen har en T cells-
receptor (TCR) som känner igen ett visst antigen presenterat på en MHC-molekyl. 
När mördar-T cellen känt igen MHC-antigen komplexet dödas cancercellen (Vänster). 
Cancercellerna kan nedreglera MHC och då kommer inte mördar-T cellen kunna 
känna igen och döda cancercellen. Cancercellen kan då dela sig och en tumör kan 
uppstå (Höger).  

Om T cellerna alltid kände igen cancerceller så skulle ingen ha cancer. Dock 

har cancerceller utvecklat flera mekanismer för att gömma sig för T cellerna. 

Bland annat kan de sluta presentera antigen på ytan genom att nedreglera 

MHC-molekyler. Därmed kan T cellerna inte känna igen cancercellerna som 

kan växa och bilda en tumör.  

I den här avhandlingen har T celler blivit beväpnade med en så kallad CAR-

molekyl (chimeric antigen receptor) vilken kan känna igen antigen oberoende 
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av MHC. Dessa CAR T celler kan därmed känna igen cancerceller trots att de 

inte längre uttrycker MHC. Man kan designa en CAR-molekyl att känna igen 

vilket protein som helst på ytan av en cancercell. CAR-molekylen består av 

två delar. Den första delen är ett så kallat antikropps-fragment som sitter på 

utsidan av T cellen och känner igen ett specifikt antigen på cancercellernas 

yta. Den andra delen sitter på insidan av T cellen och aktiverar T cellen när 

antigen har bundits. Den aktiverade CAR T cellen kan då döda cancercellen 

den känt igen.  

 

Figur 2. Hur CAR T celler mördar cancerceller. CAR T cellen har en CAR-mole-
kyl som kan känna igen ett antigen på ytan av cancercellen som inte är bundet till en 
MHC-molekyl. CAR-molekylen känner igen och binder till sitt antigen med hjälp av 
antikropps-fragmentet. När antigenet bundits aktiveras CAR T cellen (via aktiverings-
domänen) och dödar cancercellen.  

I projekt I och II har vi använt oss av CAR T celler för att attackera blodcancer. 

Projekt I är en klinisk studie som har utförts på Akademiska sjukhuset i Upp-

sala. I denna studie har patienter med olika typer av blodcancer, framförallt 

olika varianter av B cells lymfom, blivit behandlade med CAR T celler som 

känner igen ett protein som heter CD19. Patienternas egna T celler isolerades 

fram från deras blod och beväpnades med CAR-molekyler på labbet. Cellerna 

expanderades sedan på labbet för att få tillräckligt med celler att använda för 

behandling.  

Av 24 obotligt sjuka patienter så svarade 9 på behandlingen (37,5%). Vi 

ville undersöka varför vissa patienter svarade på behandling och andra inte. 

Genom att förstå varför kan vi förhoppningsvis förbättra CAR T cells-terapin 

i framtiden så att fler patienter kan dra nytta av behandling.  

Vi kom fram till att olika patienters CAR T celler skiljde sig från varandra 

redan innan de gavs till respektive patient och dessa skillnader påverkade om 
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patienterna svarade på behandling eller inte. Patienter som svarade på behand-

ling hade fler CAR T celler med bättre funktion jämfört med CAR T celler 

från patienter som inte svarade på behandling. Vi kunde även se att ju längre 

tid man expanderade CAR T cellerna på labbet, desto sämre funktion hade de. 

Detta skulle kunna förklara varför vissa patienter inte svarade på behandling 

då deras CAR T celler i genomsnitt expanderades en längre tid på labbet. 

I projekt II förbättrar vi CAR T celler genom att beväpna dem med ett protein 

som kallas NAP. När en CAR T cell känner igen en tumörcell mördar den 

tumörceller och producerar även NAP-proteinet. NAP kan förbättra immun-

försvarets förmåga att känna igen och döda cancerceller. NAP gör detta genom 

att rekrytera och aktivera olika typer av immunceller. Dessutom kan NAP in-

direkt aktivera andra T celler hos patienten än CAR T cellerna som kan hjälpa 

till att döda cancerceller. Genom att beväpna CAR T celler med NAP i projekt 

II kunde vi förbättra överlevnaden för möss med lymfom. Vi håller just nu på 

att förbereda för att utvärdera CAR T celler beväpnade med NAP i en klinisk 

studie och kommer behandla den första patienten i början av nästa år.  

I projekt III och IV har vi tagit fram och utvecklat nya CAR T celler mot 

hjärntumören glioblastom. I projekt III framställde vi flera nya antikropps-

fragment som kände igen proteinet IL13Rα2. Detta protein produceras av och 

finns på ytan av glioblastomceller. Vi valde ut fem antikropps-fragment som 

vi använde för att göra nya CAR-molekyler. Dessa CAR-molekyler användes 

sedan för att producera fem olika CAR T celler som vi sedan jämförde med 

varandra. En av dessa CAR T celler var överlägsen när det gällde att döda 

glioblastomceller på labbet och förlängde även överlevnaden på möss med 

glioblastom.  

Vårt slutgiltiga mål är att använda oss av den bästa CAR T cells-produkten 

för att behandla patienter med glioblastom. Men det kommer inte att räcka att 

bara använda CAR T celler. En av anledningarna är att alla glioblastomceller 

i en tumör inte producerar IL13Rα2 som CAR T cellerna känner igen. Därmed 

kan inte CAR T cellerna inte känna igen alla globlastomceller.  

I projekt IV använde vi oss återigen av NAP för att beväpna våra CAR T 

celler. Som tidigare beskrivits så kan NAP rekrytera och aktivera olika typer 

av immunceller. Dessa immunceller kan hjälpa till att döda glioblastomceller 

som inte uttrycker IL13Rα2 och därför inte känns igen av CAR T cellerna.  

Våra resultat visade att behandling med CAR T celler med och utan NAP 

bromsade tumörtillväxten och förlängde överlevnaden hos möss med 

glioblastom. Dessutom verkade CAR T celler beväpnade med NAP kunna 

sakta ner tumörtillväxten bättre är CAR T celler utan NAP tidigt i utveckl-

ingen av tumören. Vi håller just nu på att förbereda för att i framtiden behandla 

glioblastompatienter med vår nya variant av CAR T cell som är beväpnad med 

NAP.  
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