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ABSTRACT 

Immunotherapy is an emerging building block of modern oncology, after chimeric antigen 

receptor (CAR) T cells demonstrated groundbreaking survival rates in hematological 

malignancies. However, therapy success in more common solid tumors has not been achieved 

yet, due to a variety of obstacles, such as a limited availability of suitable targets and decreased 

CAR T cells trafficking to the tumor. One of these barriers is the tumor microenvironment 

(TME), which is most pronounced in pancreatic ductal adenocarcinoma (PDAC). 

Combinatorial 2D and 3D preclinical multimodal imaging and cell tracking strategies can help 

to understand the mechanism that play a role in the solid tumor-specific barriers for CAR T cell 

migration. To this end, three non-solid CARs were characterized in vitro for killing and 

cytokine expression as well as for in vivo efficacy and tumor control. While in vitro results 

showed a potent killing and cytokine profile for all three CARs, in vivo analysis revealed a 

diminished killing potential of one CAR carrying an unspecifically bound IgG1-based spacer. 

This demonstrates the importance of imaging techniques to identify the most promising CARs 

for clinical transfer, to depict problematic CAR components and to unravel the underlying 

mechanisms. Furthermore, in vivo imaging identified the relevance of the CAR spacer domain, 

which is normally neglected. Favorable targeting of membrane-proximal epitopes with spacer, 

structural comparable to IgG1, encouraged the development of a novel spacer class, derived 

from sialic acid-binding immunoglobulin-type lectin (Siglec). Next, CAR T cells, incorporating 

the new spacers, were evaluated in vitro and ex vivo in solid and hematological malignancies. 

The functionality of the novel Siglec-4 derived spacer was superior to the established IgG4 and 

CD8α spacers in terms of the cytotoxic potential and a more potent anti-tumor marker and 

cytokine expression profile in comparison to IgG1-based spacers, supportive for future clinical 

trials. These results displayed the general functionality of CAR T cells against PDAC under the 

optimal conditions, in terms of target specificity, CAR composition and cell number and 

emphasize the implication of advanced imaging strategies for preclinical CAR T cell research. 

Thus, a rational multimodal imaging workflow was established and evaluated in a xenograft 

PDAC mouse model. First, optical 3D in vivo tracking of modified luciferase-expressing CAR 

T cells was applied. 3D Bioluminescence tomography (BLT) enabled the analysis of whole-

body CAR T cells biodistribution and detection of pronounced CAR T cell accumulation in 

tumor and spleen in PDAC bearing mice. Subsequent combination with ex vivo light-sheet 

fluorescence microscopy (LSFM) of xenografts facilitated the generation of data visualizing 

whole-body and intratumoral T cell distribution of two different CARs. The addition of cyclic 

immunofluorescence staining (IF) provided an in-depth characterization of tumor-infiltrating 
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CAR T cells and surrounding tumor cells, revealing strong activation and proliferation of target-

specific CAR T cells. The multi-modal imaging strategy enabled the evaluation of locally 

applied interleukin-2 (IL-2) as a support for CAR T cells in the immunosuppressive TME of 

PDAC. IL-2, repeatedly injected at the tumor site was shown to negatively impact intratumoral 

T cell distribution and phenotype. IL-2 co-treated CAR T cells infiltrated the tumor tissue less 

deep and showed a more overstimulated phenotype. These cells were no longer able to perform 

sufficient tumor eradication and local IL-2 did not translate into an enhanced anti-tumor 

efficacy. Taken together, this project established optical 3D CAR T cell tracking as part of a 

combined in vivo and ex vivo workflow for solid tumor cell therapy, TME-redirected treatment 

protocols and safety-orientated research. This preclinical imaging strategy enables the in-depth 

characterization of combinatorial CAR T cell approaches against solid tumors and TME in a 

mouse model of PDAC. 
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1 INTRODUCTION 

1.1 Cancer Therapy 

1.1.1 Cancer 

Despite the ongoing pandemic, cancer is still one of the most common causes of death 

worldwide after cardiovascular diseases and an important hindrance for increasing life 

expectancy (Ahmad and Anderson 2021). In the group of adolescents and young adults (age 15 

– 39 years) in developed countries, cancer is the most common cause of death, which is not 

self-inflicted (Armenian et al. 2020). This age group has a high five‐year relative survival rate 

ranging between 83 – 86%, as for all groups depending on the type of cancer age, sex, and 

economic developmental stage of the country (Siegel and Miller 2019). Research gaps for the 

adolescent age cohort and low alertness among patients and clinicians, result in these mortality 

rates and raise the risk of long-term and late effects in comparison to older cancer patients 

(Siegel and Miller 2019). The number of cases is rapidly rising in all age cohorts, which is 

influenced by many factors, such as aging, lifestyle, pollution, urbanization, and genetic 

predisposition (You and Henneberg 2018). Recent global cancer statistics expose the serious 

situation (Sung et al. 2021): 19.3 million patients were newly diagnosed with cancer and 10.0 

million died from cancer in 2020. Yet solid tumors, including lung (11.4% of all new cases), 

breast (11.7%), and pancreatic cancer (2.6%), demonstrate higher incidences than 

hematological malignancies, such as leukemia (2.5%) and lymphomas (3.2%) and have in turn 

a high medical need. For new cases, prognosis depends hardly on the tumor classification and 

the progression of the disease. Some lymphomas have sufficient and multi-layered treatment 

options resulting in 5 years survival rates of over 80%, while other solid malignancies, 

especially pancreatic cancer has five-year survival rates between 1 – 5 % and a median survival 

rate of only a few months (Huang et al. 2018; Liu and Barta 2019). Furthermore, the total 

number of cancer cases are expected to rise by 47% to 28.4 million in 2040, conjoint by an 

increasing death toll. Thus, cancer is a rising health problem.  

1.1.2 Tumor Development 

Further research is necessary to treat the growing number of cancer patients and to reduce the 

death toll. In this way, it is of high interest to analyze the molecular differences between healthy 

and tumor cells. Hanahan and Weinberg famously summarized these characteristics, essential 

for cancer development, termed hallmarks of cancer (Hanahan and Weinberg 2011). In cancer 

cells, the deregulated proliferation, caused by mutations in tumor suppressor or activator genes, 

e.g. DNA repair mechanism, is crucial and can contribute to decreasing genetic stability 
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(Alhmoud et al. 2020). However, this may also occur in benign neoplasms, which can be 

distinguished from malignant tumor cells by the invasive and metastatic behavior of the latter 

(Brosseau and Le 2019). The accelerated proliferation of neoplastic cells needs to be sustained 

by an increase of nutrients, growth factors, and cytokine supply and utilization (De Berardinis 

and Chandel 2016; Li et al. 2018). Lastly, cell death by internal and external processes needs 

to be prevented (Sharma, Boise, and Shanmugam 2019). Hence, multiple genetic and 

transcriptional changes have to accumulate for tumor initiation and progression.  

The development of pancreatic ductal adenocarcinoma (PDAC), the most common type of 

pancreatic cancer accounting for more than 90% of all cases, is well characterized and the 

aggressiveness rising cascade follows the principles of the hallmarks (Hezel et al. 2006). The 

evolution of PDAC is often initiated by the activating mutation of the GTPase KRAS in the 

following healing processes after inflammation or lesions (Figure 1). This results in ductal 

reprogramming and the formation of acinar-to-ductal metaplasia (ADM) (Schmid 2002). On-

going de-differentiation, accompanied by increasingly deregulated β-catenin signaling and 

overexpression of Hedgehog (Hh) ligands induces progression from ADMs via pancreatic 

epithelial neoplasia (PanIN) and finally to PDAC establishment (Morris, Wang, and Hebrok 

2010). However, for the establishment of PanIN status, β-catenin signaling has to be maintained 

at a low level before upregulation (Heiser et al. 2008). Subsequently to PanIN development, 

reactivated β-catenin and Hh expression rise continuously (Sano et al. 2016). The progression 

process is accompanied by an increasing desmoplastic reaction, a crucial feature for the 

successful treatment of PDAC (Erkan et al. 2012). Other typical mutations detected in PDAC 

and associated with malignancies include genetic and expressional alliteration in CDKN2A, 

SMAD4, and TP53 genes, usually detected during or after PanIN state (Oshima et al. 2013). 

Each of these mutations and KRAS impact another aspect of the hallmarks and the surrounding 

tumor stroma, resulting in various PDAC subtypes (Bailey et al. 2016). KRAS is responsible 

for the regulation of cell growth and proliferation, while the gene TP53 encodes the tumor 

suppressor protein p53, a common mutation in several types of solid tumor and hematological 

malignancies (Kandoth et al. 2013; Wood and Hruban 2012). CDKN2A is an important cell 

cycle regulator and loss of function promotes genetic instability, in contrast to SMAD4, where 

cells with mutations in this gene lose the ability to respond to growth-inhibitory factors 

(Lecanda et al. 2009; Moustakas and Heldin 2005; Tang et al. 2015). Combinations of the well-

established mutations with further recurrent somatic mutations lead to a multitude of individual 

subtypes with varying stroma classes (Pompella et al. 2020; Raphael et al. 2017). 

Circumventing the barriers created by this alternated stroma is essential for PDAC therapy, due 
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to its pronounced and dense phenotype and the signaling cross-talk between tumor and stroma 

cells (Sperb, Tsesmelis, and Wirth 2020; Yao, Maitra, and Ying 2020). 

 

Figure 1: Central steps during the proposed initiation and progression of pancreatic ductal 

adenocarcinoma (PDAC). 

At the beginning of PDCA initiation, acinar or ductal cells undergo a ductal reprogramming resulting in 

acinar-to-ductal metaplasia (ADM) formation. Highly prevalent KRAS mutation induces the 

establishment of pancreatic intraepithelial neoplasia (PanIN). Over time genetic instability by acquired 

mutations, in TP53 or SMAD4 leads together with deregulated β-catenin signaling and Hedgehog (Hh) 

expression to PDAC establishment, with increasing desmoplasia. Modified from (Morris et al. 2010).  

In contrast to pancreatic cancer, there is no dominating lymphoma subtype but development 

occurs over various individual premalignant states. Multiple lymphoma subtypes have been 

identified in any organ of the body largely influenced by the differentiation state of the origin 

B, T, or NK cell, albeit B-cell lymphomas display the highest incidences (Shankland, Armitage, 

and Hancock 2012). Lymphomas are usually divided into Hodgkin’s lymphoma (HL) and Non-

Hodgkin lymphomas (NHL), which make up to 90% of all lymphoma cases (Sung et al. 2021). 

For some subtypes of NHL, typical pathogenic contributors have been identified arising from 

recurrent mutations, transcriptional regulation, structural rearrangements or deregulated antigen 

receptor signaling (Elenitoba-Johnson and Lim 2018). Diffuse large B cell lymphoma (DLBCL) 

is the most common NHL, accounting for more than 30% of all newly diagnosed NHL cases 

(Campo et al. 2011). DLBCL can be further subdivided into three different subclasses based on 



17 

 

molecular subtypes, such as activated B cell-like (ABC), germinal center B cell-like (GCB), 

and primary mediastinal large B cell lymphoma (PMBCL) (Alizadeh et al. 2000; Rosenwald et 

al. 2003). As in PDAC, each of these subtypes is characterized by an identifying group of 

distinguishing set of mutations and translational changes, verified by gene expression profiling. 

For example, the ABC type is characterized by constitutive nuclear factor κB (NF-κB) activity 

due to aberrant B cell receptor signaling, ultimately preventing apoptosis, accompanied by 

additionally acquired mutations (Eric Davis et al. 2001). Taken together, each cancerous 

malignancy, independent of the origin, had to go through various steps to develop into a fully 

established invasive tumor. They can be identified by the site and cell type of origin and by a 

set of specific genetic and transcriptional changes leading to mutations. These specificities 

could help to treat patients depending on the molecular expression profile.    

  

1.1.3 Cancer Treatment Options 

For solid tumor treatments, surgical removal is often combined with radiation therapy and 

chemotherapy also termed as the three pillars of cancer therapy (Siamof, Goel, and Cai 2020). 

Stage and localization of the solid tumor progression, as accessed by imaging and histology, 

determine the treatment regiment, such as neoadjuvant versus adjuvant therapy, e.g. in the most 

common subtype of pancreatic cancer (Motoi and Unno 2021).  

Despite the overall dismal prognosis of pancreatic ductal adenocarcinoma (PDAC), patients 

diagnosed with a localized stage I or II diseases can be cured by partial 

pancreaticoduodenectomy followed by adjuvant chemotherapy with FOLFERINOX regiments 

(Conroy et al. 2018). FOLFIRINOX scheme, a combination of chemotherapeutics fluorouracil, 

leucovorin, irinotecan, and oxaliplatin, resulted in an overall survival of 54.4 months in 

comparison to the 35.0 months of gemcitabine monotherapy, the former standard of care. 

Notably, grade 3 or 4 adverse events were significantly higher in the FOLFERINOX group, 

potentially caused by the higher cytotoxic potential of the combinatorial regiment.  

However, up to 40% of PDAC patients are diagnosed with a locally advanced disease, which 

is borderline resectable due to the involvement of the surrounding tissue (Lekka et al. 2019). 

Different treatment protocols with radiation therapy and chemotherapy were tested as 

neoadjuvant therapy, to induce tumor shrinkage before surgery and reduce micro-metastases 

(Heinrich et al. 2011; Versteijne et al. 2016). However, until today there is no standard protocol 

for neoadjuvant therapy in PDAC due to missing clinical data, comparing the proposed 

protocols. The establishment of FOLFIRINOX as standard adjuvant therapy would advise 
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against chemotherapy protocols with one of the components of the FOLFERINOX scheme to 

avoid potential escape mutations (Bukowski, Kciuk, and Kontek 2020). Many PDAC tumors 

tend to become resistant to chemotherapy, probably due to genetic instability e.g. induced by 

KRAS mutation an important factor in PDAC development (Jinesh et al. 2018; Zeng et al. 2019). 

The third group of PDAC patients presents with an unresectable local advanced disease and 

metastasis formation (Soloff et al. 2018). The only options for these and the high number of 

relapsing patients are often mono- or dual chemotherapy schemes as respective first or second 

treatment lines with low median survival times between 6 to 11 months (Neoptolemos et al. 

2018).  

This emphasizes the high research demand for new therapeutic approaches in solid tumors, but 

especially in PDAC. Chemotherapy resistance and severe side effects of broad and untargeted 

chemo- or radiotherapy raised the interest in targeted therapies, which have a lower impact on 

healthy cells, even further. Chemotherapy resistance is also a problem for blood cancers, 

including lymphomas. However, there are further treatment options available contributing to 

the higher overall survival rates. Unlike solid tumors, surgery is not a curative option for blood 

cancers, due to the systematic nature of the disease (Abramson and Zelenetz 2013). But the 

systemic nature enables the treatment of hematological malignancies by allogeneic or 

autologous stem cell transplantations, in case of a relapsed or refractory disease after standard 

chemo- or radiotherapy (Schmitz et al. 2002). Another well-established therapy option for 

certain subtypes of hematological malignancies is targeted immunotherapy, using specific 

expression patterns on the malignant cells e.g. immuno-stimulating antibody treatments 

(Walewski et al. 2001). Nevertheless, targeted therapy can also be applied to deliver 

chemotherapeutics specifically to the solid tumor or to enhance the anti-tumor efficacy of 

chemotherapeutics, but neither targeted therapy nor immunotherapy early clinical trials were 

able to demonstrate extended survival times in pancreatic cancer (Lee et al. 2021; Pérez-Herrero 

and Fernández-Medarde 2015; Sarantis et al. 2020).  

 

1.1.4 Immunotherapy 

Immunotherapy, another form of targeted therapy, has become the fourth and newest pillar of 

cancer therapy over the last decade, which was rewarded with the Nobel Prize in Physiology or 

Medicine in 2018 (Guo 2018; Siamof et al. 2020). Despite, this promising and rising reputation 

of immunotherapy, the concept has already been used by Egyptians in 2600 BC, who applied a 

microorganism-containing poultice to an incision close to the tumor to induce local 



19 

 

inflammation, leading to the regression of the tumor (Kucerova and Cervinkova 2016). Cancer 

cells can be suppressed or actively killed by the innate immune cells, composed of eosinophils, 

basophils, natural killer (NK) cells, and phagocytic cells, such as neutrophils, monocytes, 

macrophages, dendritic cells (DC) (Corrales et al. 2017; Demaria et al. 2019). Adaptive immune 

cells complete the tumor immune response. B cells can induce a humoral immune response 

against malignant cells and T cells can contribute to the active killing of the tumor cells 

(Gonzalez, Hagerling, and Werb 2018). However, tumor cells establish numerous strategies to 

escape from the immunosurveillance (Beatty and Gladney 2015). Modern immunotherapy has 

developed methods to reverse the tumor immune escape, which can be sorted into five 

categories (Figure 2) (Zhang and Zhang 2020).  
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Figure 2: Overview of immunotherapy categories.  

Immune checkpoint inhibitors, oncolytic virus therapies, cytokine therapies, cancer vaccines, and 

adoptive cell transfer represent the five categories. All strategies have been tested in clinical studies and 

the underlying principles of each technique are depicted in the figure. T-cell receptor (TCR), chimeric 

antigen receptor (CAR) T cells. Modified from (Zhang and Zhang 2020).  

Oncolytic virus builds upon the ancient approaches of the Egyptians, but state-of-the-art genetic 

and protein engineering provides much safer utilization and direct stimulation of tumor-specific 

T and B cells (Fukuhara, Ino, and Todo 2016). Impressive clinical success was demonstrated 

talimogene laherparepvec (T-Vec), also known as Imlygic in patients with advanced melanoma, 

subsequently leading to FDA approval (Andtbacka et al. 2015). The second category includes 

cancer vaccines, which are subdivided depending on the target in cellular, peptide, DC, DNA, 
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and RNA vaccines and are redirected against tumor-associated antigens (TAAs) and tumor-

specific antigens (TSAs) (Hollingsworth and Jansen 2019). While preventive vaccines were 

successful against human papillomavirus (HPV) induced cervical cancer, vaccines targeting 

established neoplasm yielded only disappointing results despite of advantageous induction of 

long-term immune memory (Athanasiou et al. 2020; Gillison, Chaturvedi, and Lowy 2008). 

This applies also to clinical trials evaluating GVAX in PDAC, which were not able to extend 

the overall survival (Wu et al. 2020). Cytokines mediate cell-to-cell communication between 

the wide range of innate and adaptive immune cells, leading to the early approval of 

recombinant interferon-alpha (IFN-α) and interleukin-2 (IL-2) for the treatment of several 

malignancies (Berraondo et al. 2019). These early approvals paved the way for other 

immunotherapy strategies, but monotherapies provoked severe toxicities and stopped further 

clinical development except in combination with other treatment regimens (Wrangle et al. 

2018). Clinical trials in melanoma patients analyzed combination with Nobel price-winning 

checkpoint inhibitors (Rafei-Shamsabadi et al. 2019). Checkpoint inhibitors monoclonal 

antibodies, which are designed to reverse tumor immune escape by blocking the interaction of 

inhibitory ligands expressed on cancer cells and inhibitory signaling receptors on immune cells, 

e.g. T cells (Hodi et al. 2010). Despite the respectable success in immunogenic tumors, many 

solid tumors, such as PDAC, are poorly infiltrated by immune cells, so the amount of tumor 

recognizing cytotoxic immune cells has to be increased at the tumor side (Bian and Almhanna 

2021; Heinhuis et al. 2019). One option is the adoptive transfer of genetically modified chimeric 

antigen receptor (CAR) or T-cell receptor (TCR)-engineered T cells since both approaches have 

already achieved promising clinical outcomes (Zhang and Zhang 2020).   

1.1.5 CAR T Cell Therapy 

Adoptive cell transfer is another option for the immunotherapy of tumors. It originally started 

with the development of lymphokine-activated killer cells (LAK) cells, which are generated 

from ex vivo IL-2 stimulated autologous peripheral blood mononuclear cells and the final cell 

product contained more NK cells than T cells (Grimm et al. 1982). Whereas in vitro tests were 

quite promising, LAK cells were not able to recapitulate these results in vivo and failed in 

clinical trials (Lotze and Rosenberg 1986). The addition of further cytokines for ex vivo 

stimulation IFN-γ, IL-1, and anti-CD3 monoclonal antibody to cultures, later termed as 

Cytokine-induced killer cells (CIK), resulting in more efficient anti-tumor cell products 

(Schmidt-Wolf et al. 1991). Despite this increasing progress, the high interest in these cell 

products was quickly shifted to engineered and chimeric antigen receptor (CAR) T cells. The 

concept of implementing an antibody-derived specificity in T cells was first verified by Kuwana 
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et al. when they modified an immunoglobulin-derived variable region onto a T-cell receptor 

constant region (Kuwana et al. 1987). Gross et al. evolved this concept to double chain chimeric 

receptors by the fusion of antibody-derived binding domains to the constant TCR domain but 

inefficient cloning, complex formation, and surface expression halted further preclinical 

development (Gross, Waks, and Eshhar 1989). Finally, Eshhar et al. successfully combined the 

antigen recognizing domains derived from antibodies with the intracellular T cell signaling 

domains and enabled sufficient in vitro killing and pro-inflammatory cytokine expression of 

the first CAR (Figure 3) (Eshhar et al. 1993).  

In a single-chain CAR, antigen recognition is executed by an antigen-binding single-chain 

variable fragment (scFv) domain, consisting of the variable heavy (Vh) and variable light (Vl) 

chains of an antibody, fused to a spacer and transmembrane domain, while signal transduction 

is performed by the connected TCR-derived CD3ζ signaling chain, carrying immune receptor-

tyrosine-based-activation-motifs [ITAMs] (Abate-Daga and Davila 2016; Sadelain, Rivière, 

and Brentjens 2003). This combination enables the activation of the T cell-independent of the 

natural TCR antigen processing and presentation, with a higher affinity and specificity to an 

antigen of choice, such as proteins, carbohydrates, or glycolipid molecules (Irving and Weiss 

1991; Stone and Kranz 2013). Of note, scFv affinity can steer density-dependent CAR T cells 

activation, in case of high-density target expression on tumor cells and low-density target 

expression on healthy tissue, but high affinities may even lead to overstimulation and 

activation-induced cell death (AICD) (Watanabe et al. 2016; Weijtens, Hart, and Bolhuis 2000). 

Since CARs are independent of the natural TCR, they also harbor greater targeting potential 

than adoptive cell therapy with ex vivo stimulated tumor-infiltrating lymphocytes (TILs), 

especially for tumors with the low infiltration rate of T cells including PDAC (Carstens et al. 

2017; Hall et al. 2016; Orhan et al. 2020).  
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Figure 3: Evolution of chimeric antigen receptors. 

The development of single-chain CARs started with double chain chimeric receptors. Vh and Vl chains 

derived from antibodies (orange and bright blue boxes) were engineered to the constant regions of the 

TCR α- and β-chains (green and blue boxes). These customized variable T cell receptor (TCR) domain 

resemble the TCR appearance and functionality. Activation of TCR and double chimeric receptors 

requires the assembly with intracellular CD3γ, CD3δ, CD3ε (purple boxes) and CD3ζ chains (yellow 

boxes). First generation CARs consists of an antigen-recognizing scFv, which is fused to the CD3ζ-

signalling domain via transmembrane and spacer domains. CAR potential and abilities, including 

cytokine secretion, cytotoxicity, persistance and proliferation of CARs, were extended and elevated in 

second- and third-generation CARs by the inclusion e.g. CD27, CD28, or 4-1BB as costimulatory 

domains (CS1 and CS2). Fourth- and fifth-generation CAR T cells are based on second-generation 

CARs and increased the application options and the flexibility for various challenges. Fourth-generation 

CARs, alternatively termed T cell redirected for universal cytokine-mediated killing (TRUCKs), can 

express cytokines locally constitutively or after CAR activation. Fifth-generation CARs incorporate the 

intracellular domains of cytokine receptors (dark blue box) e.g., IL-2Rβ. Target recognition of the CAR 

leads additionally to signal transduction in the STAT3/5 pathway. Modified from (Henze et al. 2020). 

 

However, CAR T cells containing only a CD3ζ signaling domain were not yet clinically 

effective due to limited anti-tumor efficacy and in vivo persistence (Kershaw et al. 2006). This 

proved the requirement for further co-stimulatory domains, next to the phosphorylation of the 

three CD3ζ ITAM motifs after antigen-binding, for enhanced in vivo potency. Interestingly, it 

was already proposed in 1975 that a full T cell activation might rely on a second costimulatory 

signal (Figure 3) (Lafferty and Cunningham 1975). The hypothesis was confirmed with 

antibodies blocking the interaction between CD80 and CD86, expressed on antigen‐presenting 

cells (APCs), and CD28, expressed on T cells (Dilek et al. 2013; Esensten et al. 2016). Hence, 

CD28 was the first candidate for the co-stimulatory domain. Intensive testing revealed that the 

incorporation of CD28 before the CD3ζ domain resulted in the strongest impact on in vivo T 

cell cytokine production and proliferation (Kowolik et al. 2006; Maher et al. 2002). The success 



24 

 

of CD28 encouraged the evaluation of further costimulatory domains expressed by T and NK 

cells, defining the second-generation of CAR T cells, such as ICOS, CD27, 4‐1BB, OX40, and 

CD40L in contrast to the only CD3ζ containing first-generation CARs. How each co-

stimulatory domain may influence in vitro and in vivo CAR T cell efficacy, metabolism, 

cytokine production, and T cell phenotype is still under investigation (Rafiq, Hackett, and 

Brentjens 2020; Sadelain, Brentjens, and Rivière 2013). Although the amount of available 

costimulatory domains has further grown over the years, the majority of clinical trials are 

performed with 4-1BB or CD28 second-generation CAR T cells (Weinkove et al. 2019). 

Eventually leading to the FDA approval of up-to-date four CAR T cell therapies for the 

treatment of hematological malignancies after the tremendous success in clinical trials, with 

overall remission rates of over 80% (Mullard 2021).  

The clinical success of second-generation CAR T cells raised the question if the addition of a 

second costimulatory domain could further enhance CAR T cell activity. Thus endless 

combinations and conformations of these third-generation CAR T cells were evaluated in vitro 

and in vivo (Figure 3). Combination of CD28 and 4-1BB costimulatory demonstrated that third-

generation CARs can extend CAR T cell potential, as in this case, where generated CAR T cells 

were able to persistent in vivo as long as 4-1BB second-generation CARs and elicit similar 

tumoricidal capacity of CD28-based CARs (Zhao et al. 2015). Unfortunately, the higher degree 

of the activation did not only resulted in a stronger proliferative capacity and improved efficacy 

of third-generation CARs in clinical trials but also increased risk for toxicities and faster 

exhaustion (Cheng et al. 2018; Lee et al. 2019; Ramos et al. 2018). Research to overcome these 

limitations is still ongoing.  

Further challenges and applications for CAR T cells motivated the development of the fourth- 

and fifth-generation (Figure 3). Both are based on second-generation CARs and ensure co-

expression of cytokines (fourth) or extended cytokine signaling (fifth) (Tokarew et al. 2019). 

The fourth generation is also termed as T cells redirected for universal cytokine-mediated 

killing (TRUCKs) and co-expression of cytokines, such as IL-12 or IL-15, of fourth-generation 

CARs can be constitutive or inducible by CAR activation (Chmielewski, Hombach, and Abken 

2014). A broadened cytokine expression profile of TRUCKs expressing IL-12 facilitated the 

eradication of antigen-loss cancer cells in tumors and induced activated macrophage 

accumulation (Chmielewski et al. 2011). Novel fifth-generation CAR T cells can promote 

cytokine signaling via JAK–STAT3/5 pathways for synergistic three-way signaling next to 

TCR (via CD3ζ) and CD28-dependent T cell activation for superior in vivo antitumor effects 
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(Kagoya et al. 2018). Beyond the five generations of CAR T cells, dual and split CARs have 

been invented to improve safety in case of critical target expression patterns (Lim and June 

2017). Nevertheless, clinical research is needed to verify the beneficial profile of fourth and 

fifth-generation or duals CARs in patients.  

Research is also ongoing to improve and reveal the functions of the further compartments of 

the CAR, the spacer, and transmembrane domains, but the dimensions are limited in comparison 

to target-binding and signaling domains (Fujiwara et al. 2020). The transmembrane domain 

connects the antigen-binding domain and spacer domain with the signaling domain and anchors 

the CAR in the cell membrane. Its influence on CAR functionality by surface stabilization and 

CD3ζ dimerization for activation was neglected for a long-time (Bridgeman et al. 2010; Romeo, 

Amiot, and Seed 1992). Thus, natural transmembrane domains of CD3ζ and CD28 and 

signaling domains were often used, but further research is necessary. The same holds for the 

second often neglected CAR domain, the spacer or hinge domain. Initially, the spacer domain 

was just depicted as a structural but functionally inert element in the CAR composition. Hence, 

sequences derived from various molecules, including IgG1 and IgG4, IgD, CD28, NKG2D, 

CD8α, were used as CAR spacer domains (Almåsbak et al. 2015; Barber et al. 2008; Hombach, 

Hombach, and Abken 2010; Sharifzadeh et al. 2013; Wilkie et al. 2008). Over time it became 

apparent that the spacer domain has to provide an optimal distance between the scFv and the 

cell surface to mimic a MHC:TCR-like immunological synapse (Guest et al. 2005; Haso et al. 

2013; Hudecek et al. 2013). Thus, CAR redirected to membrane-proximal or membrane-distal 

targets require different spacer lengths for optimal T cell efficacy (James et al. 2008; Krenciute 

et al. 2016). Moreover, the spacer domain can contribute to CAR surface stability, T cell 

expansion, and cytotoxicity (Guedan et al. 2019; Qin et al. 2017). Although the influence of the 

spacer domain on CAR functionality is known, side-by-side comparisons of spacers are missing, 

especially since some Ig-derived spacers might interfere with in vitro and in vivo functionality 

(Almåsbak et al. 2015; Hombach et al. 2010; Hudecek et al. 2015; Jonnalagadda et al. 2015).  

Nevertheless, extensive in vitro and in vivo testing is of high importance due to the persistent 

nature of the transgenic cells and the multiple ways to construct them. Each building block of 

a chimeric antigen receptor, antigen-binding, spacer, transmembrane, and signaling domains 

can originate from various immune or even non-immune cells (Fesnak, June, and Levine 2016). 

Thus, the activation and cytotoxicity of T cells generated by two different CARs might differ 

greatly, even if they are similar in the majority of building blocks. Additionally, transgenic cells 

in contrast to other cancer treatment strategies may circulate and persist in the human body for 
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a long time of up to months, increasing the risk for unfavorable interactions with healthy cells 

and tissues, highlighting the need for preclinical in vivo analyses (Guedan et al. 2020). 

1.1.6 CAR T cell therapy of PDAC 

Despite the tremendous success and research of CAR T cell against hematological malignancies, 

resulting in the FDA approval of up-to-date four CAR therapies, translation to solid tumors, 

including PDAC, faces some hurdles (Mullard 2021). Several reasons hinder the generation of 

effective CAR T cells for solid tumors. First of all, there are no safe targets known, which are 

exclusively expressed on PDAC. CD19 and CD20 classical targets for B-cell redirected 

immunotherapy, are solely expressed on B cells and patients can handle temporally loss of B-

cells as a consequence of the therapy (Salles et al. 2017). Identification of safe targets, such as 

mesothelin and CD133, for PDAC, requires an in-depth characterization of target expression 

patterns across the whole-body and many tumor samples (Schäfer et al. 2021). However, a 

cohesive characterization was not performed for the majority of CAR targets analyzed in 

preclinical and clinical studies in PDAC, such as carcinoembryonic antigen (CEA), epithelial 

cell adhesion molecule (EpCAM), mesothelin, and prostate stem cell antigen (PSCA) (Akce et 

al. 2018). Heterogenic target expression makes the target selection process even more 

complicated and might encourage the ongoing development of combinatorial CAR approaches 

(Bailey et al. 2016). Nevertheless, two clinical trials (NCT01355965, NCT02541370) using 

mesothelin-specific respectively CD133-specific CAR T cells verified the efficacy, feasibility, 

and safety of CAR T cell therapy in PDCA (Beatty and Gladney 2015; Wang et al. 2018). 

A second factor reducing CAR T cell efficacy in PDAC is the limited interaction between CAR 

T cells and pancreatic cancer cells. Contact of CAR T cells and tumor cells is less likely in 

PDAC, whereas bone marrow and blood are well accessible for CAR T cells (Tokarew et al. 

2019). Additionally, PDAC tumors are characterized by a dense tumor stroma and an 

immunosuppressive tumor microenvironment (TME), creating physical and environmental 

barriers for T cells, reducing the amount and potential of infiltration CAR T cells (Allen and 

Louise Jones 2011; Maria Michela D’Aloia et al. 2018). Various approaches are under 

investigation to increase the infiltration capacity of CAR T cells, enhance the metabolic profile, 

or reduce the number of stroma cells (Le Bourgeois et al. 2018; Caruana et al. 2015; Lo et al. 

2015). Further research and research strategies are necessary to enhance CAR T cells’ abilities 

in solid tumors.  
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1.2 Imaging in Preclinical Cancer Research 

1.2.1 Mouse Models for Preclinical Research 

Preclinical cancer research demands suitable in vivo mouse models to analyze treatment options. 

Three general types of tumor models exist in mice. One option is the engraftment of human 

cancer cell lines, engineered tumor cells, or patients samples as a xenograft, which can be 

performed by subcutaneous, intravenous, or orthotopic transplantation of tumor cells (Day, 

Merlino, and Van Dyke 2015). Although orthoptic tumor models are of high interest for TME 

related questions, the volume of the methods varies in their advantages and disadvantages 

(Erstad et al. 2018). In the case of leukemias, orthotopic tumor implantation can be easily 

achieved by intravenous injection, whereas some solid tumors such as PDAC models require a 

complex surgical procedure to transplant the tumor cells into pancreatic tissue with an extended 

healing period (Bibby 2004). The second option is the application of syngeneic tumor models, 

where the subcutaneously or orthotopically transferred tumor cells have a similar genetic 

background as the used mouse model (Narayanan et al. 2018). The benefits of this model 

include the presence of an intact immune system. The third option is the utilization of 

spontaneous or induced tumor models (Onaciu et al. 2020).  

Other areas, such as immunological or imaging-related research have other requirements. In 

this way, optical imaging methods are sensitive to light scattering by darker skin and dark fur. 

Hence, nude mice without any fur and bright skin are often used for optical imaging strategies 

(Kaijzel, Van Der Pluijm, and Löwik 2007). Evaluation of human CAR for clinical transfer 

requires the use of human T cells and tumor cells, so immunodeficient mouse models, such as 

NOD SCID gamma (NSG) mice are often used in preclinical CAR evaluation (Agarwal et al. 

2019; Chu et al. 2015; Wen et al. 2019). However, the unavailability of immune cells hinders 

immunological TME studies and increases the risk for infections after complicated surgical 

procedures, as in the case of orthotopic tumor implementation. Humanization of NSG mice 

with CD34+ human hemopoietic stem cells (HSC) is an option to provide a fully-humanized 

immune system but recovery until full immunological reconstitution takes 4-6 weeks (Wen et 

al. 2019; Wu and Yu 2019).  

1.2.2 Small Animal In Vivo Imaging Modalities 

Clinical imaging techniques are applied for the determination of disease progression and 

treatment decisions, still, it is an advantageous tool for preclinical research. Various two- (2D) 

and three-dimensional (3D) methods are available with individual advantages and limitations, 

to monitor cancer development, progression, or treatment (Table 1).  
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Technology Means of 

detection 

Resolution Depth Agents Target Relative 

cost 

Computed 

tomography 

(CT) 

  

Ionizing radiation 

(γ-rays) 

50 μm No limit Iodinated 

molecules 

Anatomical, 

physiological 

€€ 

Positron 

emission 

tomography 

(PET) 
  

Ionizing radiation 

(γ-rays) 

1 – 2 mm No limit 19F-, 64Cu-, 68Ga-

, or 11C-labelled 

compounds 

Physiological, 

molecular 

€€ 

Single photon 

emission 

computed 
tomography 

(SPECT) 

  

Ionizing radiation 

(γ-rays) 

0.3 – 1 mm No limit 99mTc-, 111In-, 67

Ga-labelled 

compounds 

Physiological, 

molecular 

€€ 

Magnetic 
resonance 

imaging 

(MRI)  

Electromagnetism 10 – 100 μm No limit Paramagnetic 
and magnetic 

compounds (iron 

oxide; chelated 

Gd3+)  

Anatomical, 
physiological 

€€€ 

Ultrasound 

  

Acoustic waves 50 μm 3 cm Microbubbles Anatomical € 

Bio-
luminescence 

(BLI) 

 

Bioluminescent 
light 

1–5mm 
 

up to 
<5cm 

Luciferin Molecular € 

Bio-
luminescence 

tomography 

(BLT) 

 

Bioluminescent 
light 

2–6mm 
 

up to 
<5cm 

Luciferin Physiological; 
molecular 

€€ 

Fluorescence 

reflectance 

imaging (FLI) 

 

Fluorescent light 2–3mm up to 

<1cm 

Fluorochromes; 

fluorescent 

proteins 

Physiological; 

molecular 

€ 

Fluorescence 

mediated 

Tomography 

(FMT) 

 

Fluorescent light 1–2mm up to 

<5cm 

Near-infrared 

fluorochromes 

Physiological; 

molecular 

€€ 

Intravital 

microscopy 

Fluorescent light 200nm up to 

<1mm 

Fluorochromes; 

fluorescent 

proteins 

Anatomical; 

physiological; 

molecular 

€€ 

Table 1: Overview of preclinical in vivo imaging techniques. 

Each modality differs in cost, detection, resolution, depth, and target. € represents €100,000–€200,000, 

€€ represents €200,000–€400,000 and €€€ represents >€400,000. Modified from (Chehade, Srivastava, 

and Bulte 2016; De Jong, Essers, and Van Weerden 2014). 

 

Each scientific question requires the careful selection of an appropriate imaging modality 

depending on required spatial resolution, imaging depth, and the respective target. Anatomical 

questions imply the application of CT, MRI, or Ultrasound imaging, which can be used without 

additional agents. Whereas PET and SPECT offer high resolution of molecular and 

physiological details, but nuclear agents and radiotracers require special permits, raising the 

technical barriers for these techniques. Computed tomography (CT), positron emission 

tomography (PET), single photon emission computed tomography (SPECT), and magnetic 
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resonance imaging (MRI), ultrasound, imaging are also important tools in clinical imaging, so 

the transferability of preclinical imaging results is strongly pronounced (reviewed by (De Jong, 

Essers, and Van Weerden 2014)). In contrast to that, clinical transfer of optical imaging 

modalities, including FLI, FMT, BLI, and newly established BLT, is prevented by low 

penetration depths of light, the light absorption of hemoglobin, and attenuation by melanin and 

hair, but technical improvements are currently under investigation for improved clinical transfer 

(Pirovano et al. 2020). Thus, optical imaging techniques are currently limited to preclinical 

research.  

1.2.3 Computed Tomography 

To date, CT is the gold standard for anatomical imaging questions in clinical and preclinical 

diagnostic and research. The advantages include the speed, high resolution, with unlimited 

depth at a comparatively low cost. The CT data is generated by the reconstruction of thousands 

of X-ray scans of a γ-ray source from different angles around the sample (typically 180° or 

360°). The reconstructed data can be analyzed in all different planes, coronal, sagittal, and axial, 

like a slice or 3D projection of the greyscale image. Thresholding of the greyscale values in a 

region of interest (ROI) allows the separation of different organs by segmentation and further 

analysis of certain tissue parameters, such as size, volume, or vascular network (reviewed by 

(Rawson et al. 2020)). The applied energy has to be adjusted, based on prior evaluation of the 

ROI, to achieve high-resolution images of individual structures. (Pawałowski et al. 2019). Some 

structures might even require contrast agents for sufficient differentiation of soft tissues. 

However, an increase of energy or multiple repeated scans with several energy intensities raise 

the overall organ dose, which is considerably higher than in comparison to conventional 

radiography and might even induce cancer in the long term (Brenner and Hall 2007). 

1.2.4 Molecular Bioluminescence Imaging 

2D BLI imaging is a rapid, cost-effective, non-radioactive, and accessible method for sensitive 

and quantitative high-throughput imaging in multiple small animals, representing an ideal tool 

for preclinical cancer research (Rehemtulla et al. 2000). 2D BLI has been applied to study drug 

development, monitoring of genes, tumor development, metastasis, and protein interaction in 

various xenograft and orthotopic tumor mouse models (Alsawaftah et al. 2021). Over the last 

decades, the toolbox has expanded, but the basic principle is still composed of the combination 

of a luciferase gene expressed under a constant or inducible promotor by a biological organism, 

such as bacteria, viruses, fungi, or cells, and the respective substrate, e.g. D-Luciferin (Xu et al. 

2016). Combination of both in small animals results in an intramolecular electron transfer, via 
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an oxidation decarboxylation reaction in presence of oxygen, ATP, and MG2+, which is 

responsible for light emission during return and enables detection with super-cooled (-90°C) 

back-illuminated charge-coupled devices (CCD) between 400 and 700 nm (Fraga et al. 2006). 

This results in a light emission proportional to higher amounts of luciferase enzymes, expressed 

by e.g. proliferating cells. The substrate is often intraperitoneally injected and low-light 

sensitive CCD image acquisition is performed 10 - 15 minutes after injection at the maximum 

intensity of light emission before the slow clearance of signal, albeit other injection routes result 

in other kinetics (Figure 4) (Inoue et al. 2009). 

 

Figure 4: In vivo bioluminescence imaging in small animals.  

Bioluminescence imaging requires three different steps. First, animals are injected with genetically 

modified cells, bacteria, or viruses, expressing a bioluminescent reporter gene. In a second step, animals 

are injected with the bioluminescent substrate, e.g. D-Luciferin. Subsequently, animals are transferred 

into an in vivo imaging device for the acquisitions of signals and data processing. For 3D BLT imaging, 

mice are transferred either horizontally or vertically, depending on the device provider, to an integrated 

or separated µCT with an γ-ray tube for reconstructed hybrid BLT/CT scans. Modified from 

(Mezzanotte et al. 2017).    

The most widely used combination of luciferase gene and substrate is firefly (ff) luciferase from 

Photinus pyralis with D-Luciferin, with an emission peak at 600 nm (Zhao et al. 2005). Codon 

optimization improved the thermostability and its expression in mammalian cells, including 

human cancer cell lines (Branchini et al. 2007). However, there are other available options from 

various organisms, including beetle, bacterial, marine, and fungal luciferases with their 

respective substrates, covering a wide range of emission wavelengths (Zambito, Chawda, and 

Mezzanotte 2021). Each combination has individual strengths and weaknesses facilitating 

different applications, supporting the chances, and overcoming some do the drawbacks of BLI 

imaging. 

2D BLI imaging allows low threshold, longitudinal, and non-radioactive imaging of multiple 

animals at low costs. The continuously growing amount of modified luciferases and improved 

substrates enable a combination of multiple red- or green- luciferases and spectral unmixing of 

signals for dual imaging with one or more substrates (Daniel et al. 2015). Fusion of luciferases 
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achieved intramolecular bioluminescence resonance energy transfer (BRET) and improved the 

number of photons at high wavelengths for imaging of blood-rich or deep tissues (Taylor et al. 

2018; Yeh et al. 2017). This compensated partially the unfavorable emission peak of the ff 

luciferase at 600 nm outside of the optical window between 700 – 900 nm, where high amounts 

of the emitted light are absorbed by water and hemoglobin (Sakudo 2016). Despite the high 

sensitivity of BLI, caused by the low background signal, detection of smaller metastatic tumors 

close to the primary and brighter tumors is limited (O’Neill et al. 2010). Another drawback is 

the requirement of ATP and oxygen in living cells for the oxidation decarboxylation reaction 

since intratumoral areas are often hypoxic with low ATP amounts (Eales, Hollinshead, and 

Tennant 2016). This reduces the high sensitivity of 2D BLI in larger tumors, whereas small 

tumors are detectable at an early time-point and low cell numbers of 1x104 (O’Neill et al. 2010). 

This drawback also prevents ex vivo analysis, due to the unavailability of suitable detection 

methods.       

Beyond 2D BLI imaging, 3D BLT is an emerging optical molecular imaging technology. This 

modality connects bioluminescence imaging with micro-computed tomography (µCT), by 

spatial reconstruction of the electrons captured by a CCD to the scanned object (Gu et al. 2004; 

Rice, Cable, and Nelson 2001). BLT imaging allows the quantitative and localized analysis of 

the bioluminescent source and distribution in vivo, in contrast to planar 2D imaging (Han and 

Wang 2008). BLT accuracy is strongly influenced by the reconstruction algorithm and the 

amount of emitted light, so further progress is needed to improve accuracy by advanced 

reconstruction algorithm and high emitting luciferase/luciferin systems (Mezzanotte et al. 2017). 

Nevertheless, BLT imaging represents an attractive tool for biological and medical research in 

preclinical imaging.  
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SUMMARY REVIEW  

ENHANCING THE EFFICACY OF CAR T CELLS IN THE TUMOR 

MICROENVIRONMENT OF PANCREATIC CANCER 

The manuscript reviews how current strategies of stromal tumor microenvironment (TME) 

targeting could be connected with cell-based immunotherapy approaches, such as chimeric 

antigen receptor (CAR) T cells. First of all, the enormous barriers, created by the TME of PDAC 

for cancer therapy including CAR T cells, were described and depicted in a figure. The next 

part gives a short overview of the developmental history of transgenic T cells up to the most 

recent innovations. One major hindrance for CAR T cells in PDAC, next to the TME and the 

pronounced desmoplastic reaction, is the unavailability of suitable targets with a safe expression 

profile. Thus, the current progress of clinical CAR T cell targets in pancreatic cancer was 

summarized, resulting in the implication to use cell-based approaches requiring more than one 

target for full T cell signaling.  

Furthermore, the contribution and potential of stromal TME players were reviewed, in 

combination with the present-day clinical status of potential therapies utilizing the presence of 

these players in the TME. Cancer-Associated Fibroblasts (CAFs) are of great significance in 

PDAC due to their proportion and impact on the TME subtype, which could be indicative for 

further patient stratification. In the following section the components of the extracellular matrix 

(ECM), expressed by CAFs, were investigated for their combinatorial potential with cell-based 

immunotherapies. This was further complemented by the analysis of selected growth factors, 

which could be an interesting option in combination with CAR T cells. For all parts we describe 

the clinical progression of the possible combinatorial approach in PDAC.  

The conclusive section emphasizes the most advanced and promising approaches, highlights 

the crucial impact of the stromal TME on T cell-based immunotherapies and stresses the 

significance of imaging techniques in this context.  
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Abstract…      

Pancreatic cancer has the worst prognosis and lowest survival rate among all types of cancers 

and thus, there exists a strong need for novel therapeutic strategies. Chimeric antigen receptor 

(CAR)-modified T cells present a new potential option after successful FDA-approval in 

hematologic malignancies, however, current CAR T cell clinical trials in pancreatic cancer 

failed to improve survival and were unable to demonstrate any significant response. The 

physical and environmental barriers created by the distinct tumor microenvironment (TME) as 

a result of the desmoplastic reaction in pancreatic cancer present major hurdles for CAR T cells 

as a viable therapeutic option in this tumor entity. Cancer cells and cancer-associated fibroblasts 

express extracellular matrix molecules, enzymes, and growth factors, which can attenuate CAR 

T cell infiltration and efficacy. Recent efforts demonstrate a niche shift where targeting the 

TME along CAR T cell therapy is believed or hoped to provide a substantial clinical added 

value to improve overall survival. This review summarizes therapeutic approaches targeting the 

TME and their effect on CAR T cells as well as their outcome in preclinical and clinical trials 

in pancreatic cancer. 

Keywords: tumor microenvironment; pancreatic cancer; immunotherapy; CAR T cell therapy; 

extracellular matrix; cancer-associated fibroblasts 

1. Introduction 

Pancreatic cancer, i.e., pancreatic ductal adenocarcinoma (PDAC), is a fatal disease with five-

year overall survival rates of 1% to 5% and median survival duration of fewer than six months 

[1]. The poor prognosis has not substantially changed during the past decades, establishing 

pancreatic cancer as the fourth leading cause of cancer-related deaths in Western countries 

[2,3,4]. Therapeutic progress in other types of cancer will lead to its ascension in second place 

among all cancers within the next decade [5]. Surgery remains the only potentially curative 

treatment, but only a minority of patients show a resectable disease stage at diagnosis, due to 

invasion to the surrounding vasculature and due to lack of symptoms at an early stage [6]. 

Nonetheless, the median overall survival is still only 24 months for patients with resectable 

disease [7]. 

Therapeutic failures of chemotherapy, targeted therapy, and immunotherapy of PDAC can be 

largely attributed to the special features of this cancer, which exhibits highly nutrient-poor, 

immunosuppressive, hypoxic and desmoplastic characteristics leading to rapid cancer 

progression [8]. The tumor is composed of only a minor number of malignant cells within a 

microenvironment of dense extracellular matrix (ECM), a barrier that prevents adequate drug 



35 

 

delivery and might serve as a prognostic factor (Figure 1 and Figure 2) [8]. Responsible for the 

stromal reaction are mainly cancer-associated fibroblasts (CAFs) that develop from bone 

marrow-derived mesenchymal stem cells (MSCs), pancreatic stellate cells (PSCs), and 

quiescent resident fibroblasts through multiple pathways of activation [9]. The complex tumor 

vasculature in PDAC is characterized by a lack of blood vessels, leading to high levels of 

hypoxia in the tumor interior [10]. Furthermore, the capillaries and lymphatic vessels that are 

present tend to be collapsed due to high interstitial pressure, either from excess fluid or from 

solid stress [11]. Other non-neoplastic cancer-associated cells consist of immune-suppressor 

cells such as regulatory T cells (Treg), myeloid-derived suppressor cells (MDSC), and tumor-

associated macrophages (TAM) that can inhibit CD8+ T cells, which play a key role in the 

antitumor immune response, and thereby establish an immunosuppressive tumor 

microenvironment [12]. Neural remodeling and perineural invasion (PNI), the neoplastic 

invasion of tumor cells into nerves, are further unfavorable histological features, and are 

considered as one of the main routes for cancer recurrence and metastasis after surgery [13]. 

Conventional therapies such as chemotherapy and radiation have focused on effective therapy 

of the malignant cell population. Thus, a concordant combination of various treatments 

targeting additional key cellular features of PDAC such as stroma, reversing suppressive 

immune reactions and enhancing antitumor reactivity may lead to more successful treatment 

strategies [14]. Thus, there is a clinically unmet need for new therapeutic options. 
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Figure 1. Complex tumor microenvironment (TME) of pancreatic cancer. The pancreatic ductal 

adenocarcinoma (PDAC) microenvironment is characterized by a dense desmoplastic stroma, with 

cancer-associated fibroblasts (CAFs) presenting the majority of the cell population (in grey). Tumor 

cells (round and brown) in aggressive PDACs can occur in tumor buds, small groups of cells, especially 

in the invasive front. A high abundance of extracellular matrix (ECM) molecules, enzymes, and growth 

factors is another important feature. Immune cells are often excluded from the TME or exhibit an 

immunosuppressive phenotype. The distribution of pro- and anti-inflammatory immune cells as well as 

the exact composition of the tumor stroma is dependent on the subtype of pancreatic cancer as discussed 

by Bailey et al. or by Karamitopoulou [12,15]. 
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Figure 2. Hematoxylin/eosin-stained human PDAC sample. Tumor cells (arrow) are surrounded by 

the desmoplastic reaction of stromal cells and few immune cells. 

 

Immunotherapy is a rapidly developing field within oncological research, especially since the 

development of chimeric antigen receptor (CAR) T cells, which are genetically engineered to 

express receptors targeting cancer cells for immunotherapy. CAR technology has made leaps 

of development since its conception in 1993, combining antigen recognizing regions from 

antibodies with intracellular T cell signaling domains (Figure 3) [16]. In this way, potential 

demasking of tumor cells by major histocompatibility complex (MHC) class I downregulation, 

can be overcome [17]. At first, double chimeric receptors were developed by engineering the 

VH and VL chains of immunoglobulins to the constant regions of the T cell receptor (TCR) 

[18]. Over time, CARs were modified into a single chain approach coupling a single chain 

variable fragment (scFv) derived from an antibody via a spacer and transmembrane domain to 

the CD3ζ signaling domain of the TCR [16]. The addition of costimulatory domains from CD28 

or 4-1BB generated a stronger activating signal, circumventing the intracellular activation by 

TCR-domains, defining the second CAR generation [19]. Second-generation CARs targeting 

CD19 are the first CAR success-story wherein phase II study 81% of the B cell acute 

lymphoblastic leukemia patients demonstrated complete remission 28 days after infusion [20]. 

Their tremendous success in the treatment of leukemia and lymphoma patients led to the FDA 

approval of the first CAR T cell therapy as a second-line treatment in 2017 [21]. The 

incorporation of further costimulatory domains derived from CD27 or CD40 as well as the 

introduction of additional cytokine expression or induction of other signaling pathways 

established the third, fourth, and fifth generations of CAR T cells, increasing cytokine 

production, cell survival, and persistence [22]. In recent years, advanced CAR concepts, such 

as Tandem or Universal CAR approaches have been developed and enabled the targeting of 

challenging antigen expression profiles on cancer cells [23]. Other advanced CAR technologies 

explore mechanisms to switch on and off CAR expression on T cells to control possible toxic 

side effects [24]. Another upcoming class of engineered receptors is synthetic Notch (synNotch) 
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receptors, which can induce transcriptional activation after target recognition [25]. Ultimately, 

all developmental generations of CARs offer various opportunities and challenges for 

prospective cell-based approaches as reviewed before [22,24,26]. 

 

Figure 3. Developmental stages of chimeric antigen receptors. The first double chain chimeric 

receptors were engineered to customize the variable T cell receptor (TCR) domain by using VH and 

VL chains of antibodies (orange and bright blue boxes) fused to the constant regions of the TCR α- and 

β-chains (green and blue boxes). They mimicked the TCR in appearance and functionality. Activation 

relies on association with intracellular CD3ζ (yellow boxes), CD3γ, CD3δ, and CD3ε chains (purple 

boxes). The first generation of CARs combined the antigen recognizing scFv directly with the CD3ζ-

signalling domain in one construct overcoming expression difficulties by the tremendous construct 

length of double chain chimeric receptors. Cytotoxicity, proliferation, cytokine secretion, and 

persistence of CARs were increased in second and third generation CARs by the addition of further 

costimulatory domains (CS1 and CS2) such as CD27, CD28, CD134, or 4-1BB. Introduction of T cell 

redirected for universal cytokine-mediated killing (TRUCKs) or fourth generation CARs increased the 

flexibility in CAR design for specific challenges even further, enabling local expression of cytokines 

such as IL-12, which are toxic in high concentrations. Fifth generation CARs, as fourth generation CARs, 

are based on second generation CARs. The individual antigen response is complemented by activation 

of intracellular domains of cytokines (dark blue box) e.g., IL-2Rβ, which induced signal transduction in 

the STAT3/5 pathway. Another group of artificial antigen receptors, gaining increased interest in recent 

years, are synNotch receptors. These receptors use the cleavage process after Delta-Notch binding and 

enable an unlimited variety of responses (green box) after target recognition such as cell fate 

determination with transcription factors and expression of selected cytokines or therapeutic antibodies. 

In this way, they bring the potential of immune cells as “living drugs” a big step forward. 
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Unfortunately, fewer exciting outcomes were achieved in initial clinical trials with CAR T cells 

targeting solid tumors, including PDAC. Successful CAR therapy for carcinomas needs to 

overcome the physical and environmental barriers in the tumor microenvironment (TME) [27]. 

The TME consists, next to tumor cells, of endothelial, immune, and inflammatory cells, stromal 

cells, the extracellular matrix and a broad spectrum of enzymes, cytokines, and growth factors 

[28]. This creates a strong physical barrier for CD8+ T cells, while their immune response is 

further diminished by the high amount of immunosuppressive immune cells present in the TME 

of PDAC [12,29]. These aspects must be considered and addressed in the field of cell-based 

immunotherapy against solid cancers. Here we review different strategies to overcome these 

hurdles for successful CAR T cell therapy in pancreatic cancer. 

2. CAR T Cells and the Tumor Microenvironment of Pancreatic Cancer 

2.1. CAR Targets for Pancreatic Cancer 

The first obstacle for effective CAR T-cell therapy for carcinomas is the lack of suitable targets 

on carcinoma cells. CAR T therapy induces an ablation of all cells with a certain degree of 

antigen expression leading to potentially fatal side effects such as “on target/off tumor” 

toxicities [30]. Unfortunately, this is also the case for most of the PDAC targets tested in 

preclinical and clinical trials such as carcinoembryonic antigen (CEA), CD133, CD70, Claudin 

18.2, epithelial cell adhesion molecule (EpCAM), receptor tyrosine-protein kinase erbB-2 

(HER2), mesothelin, and prostate stem cell antigen (PSCA) (Table 1) [31]. 

 

Table 2: Therapeutic options for combinatorial stromal and immunotherapy. 

Therapeutic Proposed effect Clinical trials References 

2.1. CAR T cell therapy for pancreatic cancer 

Carcinoembryonic 

antigen (CEA) 

CAR Target Pancreatic cancer: 

NCT03818165, 

NCT04037241, 

NCT02850536, 

NCT02349724, 

NCT03682744, 

NCT03267173, 

NCT02416466, 

NCT02959151 

[31] 

CD133 CAR Target Pancreatic cancer: 

NCT02541370 

[31,32] 

CD70 CAR Target Pancreatic cancer: 

NCT02830724 

[31] 

Claudin 18.2 CAR Target Pancreatic cancer: 

NCT03890198, 

NCT03302403 

[31] 
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Epithelial cell 

adhesion molecule 

(EpCAM) 

CAR Target Pancreatic cancer: 

NCT03013712 

[31] 

HER2 CAR Target Pancreatic cancer: 

NCT02713984, 

NCT03267173 

[31] 

Mesothelin  CAR Target Pancreatic cancer: 

NCT02706782, 

NCT03267173, 

NCT03497819, 

NCT03638193, 

NCT01897415, 

NCT01583686, 

NCT02465983, 

NCT03323944, 

NCT02959151, 

NCT02580747 

[31,33] 

Prostate stem cell 

antigen (PSCA) 

CAR Target Pancreatic cancer: 

NCT03267173, 

NCT02744287 

[31] 

2.2.1. Cancer-Associated Fibroblasts 

Fibroblast activation 

protein (FAP)-CAR T 

cells 

CAF depletion Solid tumors: 

NCT03932565, 

NCT01722149, 

NCT03050268 

[34,35,36,37,38] 

Vismodegib CAF depletion Pancreatic cancer: 

NCT01195415, 

NCT01064622, 

NCT01537107, 

NCT01088815, 

NCT00878163, 

NCT01713218, 

NCT02465060 

[39] 

CAF vaccine CAF depletion N/A [40] 

All-trans retinoic acid 

(ATRA) 

CAF remodeling  Pancreatic cancer: 

NCT03307148, 

NCT03878524 

[41,42] 

JQ1 CAF remodeling  N/A [43,44] 

Calpeptin CAF remodeling N/A [45] 

2.2.2. Components of Extracellular Matrix in Pancreatic Cancer 

Heparanase-

expressing CAR T 

cells 

Heparan sulphate 

proteoglycans 

degradation 

N/A [46] 

Collagen binding 

domain (CBD)- 

immune checkpoint 

inhibitors (CPI)/CBD-

IL-2 

Collagen redirected 

delivery 

N/A [47] 

BC-1 Fibronectin redirected 

delivery 

N/A [48] 

DARLEUKIN Fibronectin redirected 

delivery 

Pancreatic cancer: 

NCT01198522 

 

Solid tumors: 

[49,50,51] 
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NCT01058538, 

NCT02086721, 

NCT02735850, 

NCT03705403 

TELEUKIN Tenascin-C redirected 

delivery 

Solid tumors: 

NCT01131364, 

NCT01134250  

[52,53] 

PEGPH20 Hyaluronic acid 

degradation 

Pancreatic cancer: 

NCT03481920, 

NCT01453153, 

NCT01839487, 

NCT04058964, 

NCT03634332, 

NCT02241187, 

NCT02921022, 

NCT02910882, 

NCT01959139, 

NCT04134468, 

NCT03193190, 

NCT02715804  

[54,55,56,57] 

ABT-510 Thrombospondin 1 

inhibition 

Pancreatic cancer: 

NCT00586092   

 

Solid tumors: 

NCT00113334, 

NCT00073125, 

NCT00061646 

[58,59,60,61] 

CVX-045 Thrombospondin 1 

inhibition 

Solid tumors: 

NCT00879554 

[62,63] 

Trabectedin Thrombospondin 1 

inhibition 

Pancreatic cancer: 

NCT01339754 

 

Solid tumors: 

NCT00002904, 

NCT00786838, 

NCT03127215, 

NCT01273480, 

NCT01267084 

[62,63,64] 

MZ-1 Periostin inhibition N/A [65] 

2.2.3. Growth Factors in Pancreatic Cancer 

Bevacizumab Vascular endothelial 

growth factor (VEGF) 

inhibition 

Pancreatic cancer: 

NCT00614653, 

NCT00365144, 

NCT00088894., 

NCT00112528, 

NCT00366457, etc.  

[66,67,68] 

BGB324 AXL RTK inhibition Pancreatic cancer: 

NCT03649321 

[69] 

TP-0903 AXL RTK inhibition N/A [70] 

 Abbreviations: CEA, carcinoembryonic antigen; EpCAM, epithelial cell adhesion molecule; HER-2, 

receptor tyrosine-protein kinase erbB-2; PSCA, prostate stem cell antigen; FAP, fibroblasts activation 

protein; CAR, chimeric antigen receptor; CAF, cancer-associated fibroblasts; ATRA, all-trans retinoic 

acid; N/A, not applicable; CBD, collagen binding domain; CPI, immune checkpoint inhibitors; 

PEGPH20, PEGylated recombinant human hyaluronidase; VEGF, vascular endothelial growth factor; 

RTK, receptor tyrosine kinase.     
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The most advanced targets for clinical consideration are CEA and mesothelin, with up to five 

clinical trials completed, active, or recruiting (CEA: NCT03818165, NCT02850536, 

NCT02416466, NCT04037241, NCT03682744; mesothelin: NCT03323944, NCT03497819, 

NCT03638193, NCT01897415). In contrast, the only published results from clinical trials of 

CAR T cells in PDAC originate from mesothelin and CD133. The mesothelin-specific CAR 

trial resulted in two patients with a progression-free survival of four to five months and another 

patient showed a reduction of liver lesions, but not of the primary tumor (NCT01355965) [33]. 

The CD133 CAR trial also demonstrated a partial remission in two PDAC patients with Grade 

II toxicity, potentially due to the expression pattern of CD133 in hemopoietic stem cells 

(NCT02541370) [32]. Both studies verified the feasibility, safety, and principal efficacy of 

CAR T cell therapy for pancreatic cancer. Nevertheless, several problems prevented the 

induction of full remission and improvement of survival by immunotherapy despite its efficacy 

against metastases, often the discriminating factor for successful cancer therapy [71]. Two of 

the problems that must be solved for effective CAR T cell treatment are (i) emerging exhaustion 

and (ii) missing persistence of CAR T cells [32,33]. Co-treatment with PD-1/PD-L1 interfering 

checkpoint inhibitors or multiple infusions of CAR T cells might overcome these problems [72]. 

This aims to precondition chemotherapy and CAR constructs modifications, e.g., different 

costimulatory domains for CD4+ and CD8+ CAR T cells as well as transgenic cytokine 

expression, might overcome these problems [72]. However expression levels of cytokines need 

to be steered carefully, e.g., with conditional induction, to limit the risk for toxic cytokine 

release syndrome (CRS) [73]. 

The heterogeneity underlying PDAC makes therapeutic options based on one-size-fits-all 

approaches ineffective. Among others, Bailey et al. [15] defined for example four subtypes of 

PDAC, based on genomic analysis correlating with histopathological characteristics. These 

various PDAC types and their distinct stroma subtypes imply a specific stratification of the 

patients due to different behavior under the same treatment [74]. The complexity is further 

increased by another hurdle, which remains unchallenged: advanced targets in pancreatic cancer 

are usually heterogeneously expressed and are sometimes just present on 20% of the tumor cells, 

leading to progression of the diseases by the target-negative cells in the clinical trials [31,32,33]. 

Therefore, classifying patients in subtypes that could benefit from cell therapy would help 

improve outcomes and quality of life as well as avoid ineffective or even risky therapy 

approaches. These complex circumstances require the identification of new CAR targets as well 

as sophisticated Tandem, Universal CAR, and adapter-CAR approaches. In this way, 
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unintentional “on target/off tumor” toxicities can be prevented for a safe and balanced 

application of CAR T cells in pancreatic cancer [75]. 

2.2. Targeting the Tumor Microenvironment in Pancreatic Cancer 

A second major hindrance for cell therapy is the complex TME of solid tumors, representing 

an exceptional challenge in comparison to other tumor types. However, the histological key 

feature of PDAC is the occurrence of a unique desmoplastic reaction, comprising over two-

thirds of the total tumor volume and destructing the architecture of normal pancreatic tissue 

[76]. Desmoplasia is marked by a dramatic increase in the proliferation of alpha-smooth muscle 

actin-positive fibroblasts and is also accompanied by the increased deposition of extracellular 

matrix molecules [77]. This has a strong impact on treatment outcomes since cytotoxic therapy 

can not only increase the amount of active CAFs but also increase their treatment resistance 

and tumor aggressiveness [78]. Another aspect of the dense tumor stroma is the limited 

availability of nutrients and oxygen [12]. The consequences of this deprivation for immune 

cells, including CAR T cells, in the stroma of solid tumors as well as major changes in the 

metabolic processes of the TME, have been extensively reviewed elsewhere [79,80,81] and will 

not be addressed in this review. 

2.2.1. Cancer-Associated Fibroblasts 

Under normal conditions, stromal fibroblast cells communicate and interact with the 

surrounding ECM. They secrete and synthesize new ECM molecules as well as growth factors 

and enzymes, e.g., upon stimulation by tissue injury [82]. Under pathological conditions in the 

context of cancer however, the complexity of fibroblasts’ roles increases. In an early tumor 

stage, fibroblasts have been demonstrated to prevent tumor growth by remodeling the ECM and 

inducing an anti-tumor immune response [83]. Whereas at later stages with an established tumor, 

fibroblasts transform into activated CAFs, where they become tumorigenic and enhance 

metastasis-potential and chemoresistance [84]. ECM molecule expression and release of tumor-

promoting cytokines can also be increased in activated CAFs, but stimuli and time point of 

phenotype switch are still under investigation [85]. CAFs can originate from various cell types, 

such as resident fibroblasts, chondrocytes, adipocytes, mesenchymal stem cells, pericytes, and 

mesenchymal transitioned endothelial and epithelial cells, including cancer cells and cancer 

stem cells [86]. In PDAC, CAFs can additionally be derived from PSCs, quiescent under normal 

conditions but transitioned into a myofibroblast-like phenotype under pathophysiological 

conditions in the pancreas [87]. Regardless of CAF origin, this cell type can constitute up to 
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90% of the tumor mass in PDAC, representing an inevitable hurdle for expedient treatment 

strategies [88]. 

Accordingly, numerous efforts have tried to dispose of CAFs or reprogram them within the 

TME [89]. In the context of CARs, several groups have generated fibroblast activation protein 

(FAP)-redirected CAR T cells to erase FAP-expressing CAFs, resulting in a reduction of ECM 

molecules and tumor growth, also in a syngeneic murine pancreatic cancer model [34,35,36]. 

FAP is a serine protease capable of local ECM modification by changing fibronectin orientation 

[90]. All studies emphasized the value of co-targeting CAFs and tumor cells simultaneously for 

solid tumors. Nevertheless, a debate is on-going regarding the safety of FAP as a CAR target, 

after the demonstration of hematopoietic side effects due to FAP+ bone marrow stromal cells 

(BMSCs) in mice [37,38]. Other possible extracellular markers expressed on CAFs, e.g., 

platelet-derived growth factor receptor (PDGFR) α and β, exhibit inappropriate expression 

patterns [86,91]. Therefore, more convenient and safe targets or target combinations need to be 

evaluated for successful CAF-redirected CAR establishment. 

Next to cell-based CAF depletion, drug-based therapeutic options have also been proposed. 

Nab-paclitaxel has been shown to decrease CAFs numbers in PDAC in a clinical trial in 

combination with gemcitabine (NCT00398086) [92]. Small molecules inhibiting the sonic 

hedgehog (SHH) pathway have demonstrated promising preclinical results but failed to 

recapitulate these outcomes in clinical trials [93,94]. A phase II clinical trial (NCT01130142, 

NCT01064622) with a combination of vismodegib (GDC-0449) and gemcitabine revealed no 

survival benefit [39]. One possible explanation supported by the results of Özdemir et al. [95] 

is that the depletion of myofibroblasts in pancreatic cancer may also accelerate cancer growth 

and reduce survival. While the myofibroblast-depleted tumors did not respond to gemcitabine, 

anti-CTLA4 immunotherapy inverted the outcome and resulted in prolonged animal survival. 

Although FAP+ cell-depletion upon adenoviral vaccination demonstrated an improvement of 

CD8+ T cell function [40], remodeling of CAF expression pattern instead of CAF depletion 

might be a better-suited strategy for combinatorial approaches with immunotherapy in PDAC. 

The clinically most advanced substance to alter CAF expression phenotype is all-trans retinoic 

acid (ATRA), currently used as the standard treatment of acute promyelocytic leukemia but 

also tested in PDAC [96]. It reduces ECM and cytokine secretion by inhibiting FAP, ACTA2 

and transforming growth factor β receptor (TGF-βR) expression on CAFs [41]. Suitability of 

ATRA for stromal remodeling in pancreatic cancer is currently under clinical investigation 

(NCT03307148, NCT03878524) [42]. Another preclinical substance reducing CAF activation 
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and expression in PDAC is JQ1; an inhibitor of the BET family of bromodomain chromatin-

modulating proteins [43]. JQ1 has been demonstrated to control MYC silencing [97]. Since 

MYC-activated cells secrete factors, which can induce an MYC-dependent metabolic program 

in CAFs, JQ1 might be able to interfere with the tumor cell-CAF crosstalk [44]. Furthermore, 

the PDAC-specific CAF precursor cells, PSCs, can be remodeled to decrease the desmoplastic 

reaction. Calpeptin, a calpain inhibitor, was also able to decrease fibrosis in a subcutaneous 

xenografts mouse model using co-implantations of PSCs and pancreatic cancer cells [45]. A 

combination of metformin and gemcitabine resulted in significantly lower tumor size and 

reduced collagen amounts in an orthotopic mouse model [98]. Unfortunately, most of the 

approaches are not protein or nucleic acid-based and cannot be produced by CAR effector cells. 

Therefore, FAP-depleting or remodeling molecules could be applied as a pharmacological pre-

treatment to reshape the therapy-inhibiting expression pattern of CAFs. Alternatively, FAP-

redirected CAR T cells could be used to deliver CAF remodeling factors or antibodies to inhibit 

the crucial expression profile of CAFs and their autocrine feedback loops (Figure 4) [99]. 

Tandem chimeric antigen or synNotch receptor approaches could be applied simultaneously or 

in a time-shifted manner. 
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Figure 4. Strategies for CAR T cells to overcome or use the TME for successful immunotherapy. 

CAR T cells face major hinderances created by the distinctive TME of pancreatic cancer. Some of the 

hinderances might be surmounted or turned into a specific targeting strategy. CAFs may represent up to 

two thirds of the pancreatic tumor mass. However, CAF-depletion or remodeling approaches using CAR 

T cells or pharmacological substances such as ATRA or nab-paclitaxel might be able to break their 

crucial influence in the TME. Another strategy, potentially breaking the crucial influence of CAF 

expression profile in the TME, could be the application of FAP-redirected synNotch CAR T cells to 

deliver specific antibodies for inhibition of excess growth factors. Collagen is a key molecule in the 

creation of the dense ECM of PDAC, while its presence could be used for specific delivery of cytokines, 

required to boost CAR T cell efficacy and persistence. Moreover, it has already been demonstrated that 

CARs, re-equipped with ECM-degrading enzymes, such as heparanase, had higher infiltration compared 

to the control CARs. Multiple TME components have a high potential of influencing vessels 

development and growth. These components need to be targeted and modified, e.g., by inhibitory 

antibodies to improve vessel functionality and ensure directed CAR T cell transport to the pancreatic 

tumor. Use of broad RTK inhibition needs to be balanced after careful consideration of their influence 

on different TME players. In this way, polarization of pro-inflammatory cells into anti-inflammatory 

cells can be prevented. 

2.2.2. Components of Extracellular Matrix in Pancreatic Cancer 

One of the key features of activated fibroblasts is their distinct ECM production, especially 

crucial in PDAC with its pronounced desmoplasia [86]. Whatcott et al. [100] observed a strong 

negative correlation between patient survival and high levels of ECM deposition, also a solid 

tumor-specific hurdle for immunotherapy [101]. Thus, the composition of the ECM in 
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combination with the capability of CAR T cells to degrade extracellular matrix proteins can 

have a major influence on T cell tumor-trafficking and infiltration. A major challenge, however, 

is the fact that ECM proteins are not necessarily tumor-specific, but exert important 

physiological functions in organ development, tissue integrity, and wound healing [102]. 

Caruana et al. [46] demonstrated that ex vivo manipulated CAR T cells may downregulate 

ECM-degrading enzymes and overexpression heparanase improved CAR T cell infiltration and 

anti-tumor activity in vivo. However, heparan sulphate proteoglycans are not the only obstacle 

in the ECM of PDAC [103]. It is composed of collagens, non-collagen glycoproteins, 

glycosaminoglycans, growth factors, and proteoglycans as well as modulators of the cell-matrix 

interaction. Overexpressed ECM molecules, including thrombospondin, periostin, hyaluronic 

acid (HA), tenascin-C, vitronectin, collagens, and fibronectin increase pancreatic cancer cell 

migration and invasion [104]. Some of these molecules have already been exploited for possible 

effects on immunotherapy approaches. 

Structural protein 

Collagen is the most frequent molecule in the ECM of PDAC and a major component of the 

desmoplastic reaction [105]. Furthermore, a collagen-derived proline can compensate as an 

alternative nutrient source in the resource-deprived TME [106]. However, collagen also 

regulates the activity, phenotype ratio and the amount of tumor-infiltrating T cells due to its 

dense network [107]. In this way, mammary tumors with a high collagen-density, correlated 

with a worse prognosis, contained a higher ratio of CD4+ to CD8+ T cells and an overall reduced 

amount of infiltrating CD8+ T cells. In PDAC, it was demonstrated that excessive collagen 

amounts abrogated tumor cell-directed movement of T cells by chemokines, but favored T cell 

movement to the stroma cells in a contact guidance dependent manner [108]. These findings 

imply the relevance of the ECM composition for cell-based immunotherapy in solid tumors. 

Despite the severe impairment created by the collagen network, Ishihara et al. [47] managed to 

turn the presence of collagen into an advantage by increasing the delivery of cytokines with a 

short half-life, such as IL-2, and checkpoint inhibitors specifically and doseable to the TME 

through coupling to a collagen-binding domain. This enables a safe approach to shift the 

balance of pro- and anti-tumorigenic cytokines and stimulate the immune cells in the TME. 

Consequently, collagen-redirected IL-2 reduced common side effects such as vascular leak 

syndrome and increased tumor-infiltrating CD8+ T cells in an orthotopic breast cancer mouse 

model [47]. 
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Glycoproteins 

Fibronectin, another common molecule in the ECM of pancreatic cancer, but not in healthy 

tissues, is considered to be a significant hallmark of epithelial-to-mesenchymal transition (EMT) 

occurring in advanced tumors [109]. Fibronectin interacts with many ECM and surface 

molecules, creating an active interaction platform. This stimulates the EMT and multiple 

aggressiveness- and resistance-related signalling pathways, which in turn upregulate 

fibronectin expression, resulting in a strong feedback loop in the TME [110]. As in the case of 

collagen, intratumoural regions with low fibronectin amounts displayed high leukocyte 

infiltration [111]. The important role of fibronectin led to the creation of several approaches 

inhibiting its functions or using its presence in the TME for imaging, drug delivery, and therapy 

[112,113]. BC-1 coupled to IL-12 was used for TME-targeted cytokine delivery in clinical 

studies and resulted in stable disease in 46% of melanoma or renal cell carcinoma patients [48]. 

However, the single-chain variable fragment (scFv) L19-based cytokine delivery is more 

clinically advanced than the BC-1 based IL-2 delivery [49]. L19-IL2 (DARLEUKIN®) is 

already in clinical trials against various solid tumor types (NCT01058538, NCT02086721, 

NCT02735850, NCT03705403). Despite the promising preclinical results, a clinical trial of 

L19-IL2 with gemcitabine in patients with advanced pancreatic cancer had to be terminated due 

to lack of recruitment (NCT01198522). Nevertheless, phase II trials in melanoma patients 

resulted in reduced metastasis and increased survival demonstrating the potential of fibronectin-

redirected IL-2 [50,51]. Besides IL-2, L19 was also coupled to IL-12 and tumor necrosis factor 

(TNF) α, revealing equally promising results in solid metastatic cancers [58,114], in particular 

for L19-TNF in combination with L19-IL2 [115]. In this way, targeting fibronectin enabled 

TME-specific cytokine delivery to outbalance immunosuppressive cytokines. This can be 

exploited as a combinatorial therapeutic strategy together with CAR T cells or as a pre-

treatment. 

Similar to fibronectin, tenascin-C is mostly present in the pathophysiological conditions of 

adults, building up a provisional matrix in the scar formation process [59]. It is upregulated in 

the ECM of solid tumors, including PDAC [60]. While the exact role of tenascin-C remains 

undefined, it is widely known for its modulation capacity on cell adhesion to fibronectin and its 

promotion of EMT, enhancing cancer cell growth and motility [116,117]. It has also been 

shown to interact with multiple ECM molecules and to facilitate the angiogenic switch by 

representing an important factor of the AngioMatrix (ECM and related protein involved in the 

angiogenic switch) inducing resistance to chemo- and anti-angiogenic therapy in PDAC [118]. 
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Nevertheless, no correlation between high tenascin-C expression and survival has been 

determined. However, overexpression of tenascin-C together with other ECM-related factors 

has been shown to correlate with poor prognosis for patients of pancreatic cancer [119]. 

Tenascin-C pronounced importance in the context of solid tumors led to multiple approaches 

to modify tenascin-C in the ECM or to make use of its presence. Inhibition of tenascin-C 

expression is possible by blocking its natural activation pathways such as transforming growth 

factor β (TGF-β), but also by RNA interference resulting in only short survival prolongation 

[120]. Tenascin-C expression and signalling have been demonstrated to be prevented by 

angiotensin II type 1 receptor (AT-1) and angiotensin-converting enzyme (ACE) inhibitors, 

which has not yet been assessed in the clinic [120]. Another possibility would be to erase 

tenascin-C, as previously described for heparan sulphate proteoglycans, from the ECM of solid 

carcinomas, a process occurring after wound healing. Unfortunately, this mechanism has not 

yet been identified (reviewed by Spenle et al. [120]). Therefore, as in the case of fibronectin, 

multiple antibodies have been generated redirecting radionuclides and cytokines to the tenascin-

C-rich ECM. F16-IL2 (TELEUKIN®), an IL-2 coupled antibody-cytokine fusion protein is the 

most advanced candidate with two clinical trials in solid tumors, such as breast and lung cancer 

(NCT01131364, NCT01134250). This recombinant protein demonstrated its ability to increase 

survival as well as the number of macrophages and NK cells in the tumor stroma in a BALB/c 

nude mice breast cancer model [52]. F16-IL2 clinical potency has also been analyzed in a 

clinical setting in solid tumors including pancreatic tumors, demonstrating an anti-cancer 

activity in combination with doxorubicin [53]. 

Thrombospondin 1 (TSP-1) is a strong inhibitor of angiogenesis, promotes inflammatory (‘M1-

type’) macrophage recruitment and prevents stemness of cancer cells. Via its crosslinking-

interaction with the “don’t eat me”-signal CD47 it can directly induce tumor cell death 

[121,122]. However, it also releases the active form of TGF-β from its latent form, promotes 

Treg formation and inhibits T cell proliferation [123,124]. Several inhibitors for TSP-1 are 

available with the most advanced being ABT-510, CVX-045, and Trabectedin [62,63]. While 

ABT-510 showed a limited increase of cytotoxic T cell frequency, it did not demonstrate 

efficacy in various solid tumors as a monotherapy leading to its suspension from clinical 

development (NCT00586092) [62,125,126]. Trabectedin, approved for the treatment of 

sarcoma and ovarian cancer, indicated a tremendous effect on favorable cytokines/chemokine 

expression level, although there was no efficacy as a single agent in stage II clinical trial for 

salvage therapy in metastatic pancreatic cancer (NCT01339754) [64]. Nevertheless, based on 

the findings of Weng et al. [127] TSP-1-targeted therapy in combination with cell therapy may 
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deserve a second chance as a more nuanced treatment. Here it was shown that downregulation 

of TSP-1 solely in dendritic cells increased the amount of tumor-infiltrating CD4+ and CD8+ T 

cells [127]. 

Glycosaminoglycan 

Next to heparan sulphate proteoglycans, hyaluronic acid (HA) is another glycosaminoglycan, 

overexpressed in the ECM of PDAC [104]. HA is widely expressed in all tissues and plays an 

important role in multiple biological processes, e.g., cell proliferation, inflammation, and 

angiogenesis [128]. Nevertheless, it exerts its most important biological functions by regulating 

cell motility via CD44, the tissue hydration influencing the intestinal fluid pressure (IFP), tissue 

permeability, and drug delivery potential [100,129]. Consequently, high amounts of high 

molecular weight HA contribute to a stiff tumor matrix increasing the IFP and reducing the 

ability of chemo-, nanomedicine, and cell-based therapies to penetrate stroma-rich tumors [130]. 

Accordingly, HA accumulation in the ECM of pancreatic cancer patients correlates with poor 

survival [131]. Unlike tenascin-C, there is a specific way to remove excess high molecular 

weight HA from the ECM. HA disruption with the PEGylated human recombinant PH20 

hyaluronidase (PEGPH20) indicated improved drug delivery and response in a mouse model of 

pancreatic cancer and increased CD8+ T cell infiltration and better checkpoint inhibitor efficacy 

in a syngeneic breast cancer mouse model [54,55]. PEGPH20 treatment also resulted in a 

remodeling of the TME by decreasing other ECM molecules, such as collagen and tenascin-C. 

The promising preclinical success was also transferred to the clinic (NCT03481920, 

NCT01453153, NCT01839487, NCT04058964, NCT03634332, NCT02241187, 

NCT02921022, NCT02910882, NCT01959139, NCT04134468, NCT03193190, 

NCT02715804) and was in stage III of clinical development for pancreatic cancer [56]. 

Unfortunately, the phase III study was not able to meet the endpoint criteria, halting further 

development [57]. Nevertheless, especially for cell-based therapy approaches, which are 

limited by larger diameters (hydrodynamic size) than chemotherapeutics, depletion of HA may 

have a potential of exerting a significant impact on therapy delivery. 

Altogether, these findings imply the importance of the ECM for the outcome of cancer therapy 

including immunotherapy. The impact of the ECM on the therapeutic outcome is further 

strengthened by the wide range of cytokines, which are bound and released by various ECM 

molecules after expression by CAFs and tumor cells, as recently reviewed by Tzanakakis et al. 

[132] for the group of the proteoglycans. Furthermore, options that failed before as 

monotherapies or in combination with chemotherapeutics deserve a second consideration for 
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suitability in combination with immunotherapy. In the long-term, the latest CAR technologies 

could be utilized to secrete engineered proteins to increase tumoricidal immune response and 

CAR T cell infiltration, overcoming the complex barriers created by the ECM. 

Growth Factors in Pancreatic Cancer 

The majority of the growth factors, expressed by cancer cells or CAFs in the TME, increase 

cell survival, proliferation, migration, and metastasis in an autocrine feedback loop or in a 

paracrine manner, via their associated receptors [99]. They can also be bound by ECM 

molecules and be released by enzymes, such as matrix metalloproteinases (MMPs) [86,133]. 

Aside from the close cancer cell and fibroblast communication network, some of these factors 

are also released by other immune cells in the TME, such as tumor-favoring M2 macrophages 

or neutrophils [134,135]. 

A thoroughly investigated factor is the vascular endothelial growth factor A (VEGF-A), and its 

receptor (VEGFR2), which regulates the process of angiogenesis [28]. Unlike most 

hematologic malignancies, solid tumors heavily depend on the formation of new vessels for 

sufficient blood supply. Hypoxia in all tissues, including cells present in the intertumoral 

regions of PDAC, induces the expression of VEGF after hypoxia-inducible factor 1 alpha (HIF-

1) translocation to the nucleus in a gradient manner, which in turn initiates the growth of new 

blood vessels into hypoxic regions [136,137]. Nevertheless, the relationship between 

angiogenesis and PDAC is far more complex. On the one hand, PSCs and CAFs secrete VEGF, 

which leads to increased, disorganized vascular growth and formation with enhanced IFP [11]. 

While on the other hand, the dense desmoplastic reaction around pancreatic tumors leads to 

vascular disruption, which further increases hypoxia and reduces drug administration [10]. This 

leads to insufficient therapeutic-dose delivery that might, to some extent, explain the low 

survival rates in patients with pancreatic cancer [61,138]. Cell therapy also relies on functioning 

vessels [79]. Fortunately, vessel function can be restored by using anti-angiogenic treatments, 

such as bevacizumab, to normalize vessel organization and IFP [139]. Co-treatment of 

angiogenesis inhibitor bevacizumab together with GD2-redirected CAR T cells increased tumor 

infiltration and antitumor activity in a preclinical neuroblastoma model [66]. Bevacizumab was 

already tested in pancreatic cancer patients in combination with gemcitabine. Despite the 

promising objective response rate of 21%, there was no difference in the overall survival time 

between the bevacizumab and the placebo group (NCT00088894) [67]. This undesirable 

outcome may be attributed to the ability of tumors to acquire resistance to VEGF inhibition, 

e.g., by the release of more proangiogenic factors, such as angiopoietin 1 (ANGPT1), resulting 



52 

 

in increased amounts of vascular progenitor cells [140]. Recently, another mechanism 

dependent on the ECM molecule periostin, present in ECM of PDAC, has been revealed and 

induced revascularization and macrophage recruitment [65]. The second effect was reversible 

by the addition of an anti-colony stimulating factor 1 receptor (CSFR1) antibody, blocking 

macrophage infiltration [65]. This highlights the importance of understanding the individual 

TME composition of each patient in order to match the most suitable anti-angiogenic treatment, 

because many of the early mentioned ECM molecules have been shown to modify angiogenesis 

in different ways, e.g., by VEGF interaction [129]. Modification of other TME molecules, such 

as thrombospondin-1, together with anti-angiogenic treatment has already been evaluated in the 

clinic by the co-treatment of advanced solid tumors with bevacizumab and ABT-510, resulting 

in partial response for one patient and stable disease for more than a year in five patients [68]. 

Hence, combining multiple anti-angiogenic approaches with cell therapy might be necessary 

for a successful cell-based immunotherapy of PDAC. These findings stress the importance of 

moving away from the current one-size-fits-all therapy approaches to more personalized 

combinatorial therapies, simulating personalized nanomedicine approaches [141]. 

Tumor cells in hypoxic areas often express other growth factors next to VEGF. Their 

interactions with their defined receptors lead to receptor tyrosine kinase (RTK) induction, 

which can be antagonized by the blockage of downstream signalling pathways with RTK 

inhibitors [142]. RTKs are a group of cell surface receptors involved in multiple key pathways 

of cell proliferation, differentiation, survival, and migration. The inhibition of the RTK, Axl, 

attracted attention for its influence on immune cells and not on tumor cells. Axl has been 

associated with the traditional RTK pathways in cancer cells and with the regulation of innate 

immune response and a more aggressive and resistant phenotype [143,144]. These findings 

motivated the preclinical evaluation of the Axl receptor as a target for monoclonal antibody 

immunotherapy in pancreatic cancer [145]. Small molecule inhibition by BGB324 of Axl 

decreased immune suppression and increased chemotherapy potency in pancreatic cancer and 

synergized with CAR T cell therapy in B cell malignancies [69,70]. This in vivo demonstrated 

synergy was dependent on T helper cell type 1 phenotype polarization, expressing an anti-

tumorigenic cytokine profile, induced by Axl inhibition. Given the great influence on vessel 

functionality and further, on immune cells, growth factor modification might have a significant 

influence on the improvement of immunotherapy in solid tumors. These findings encourage the 

application of already clinically approved drugs as supporting combinatorial approaches with 

immunotherapy. Upon favorable outcomes from clinical trials, biological inhibitors such as 

bevacizumab, could even be secreted by the CAR T cells, creating a living drug. 
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3. Conclusions 

Pancreatic cancer represents an exceptional challenge for successful cancer therapy. CAR T 

cells are no exception, instead, they face great obstacles but also have the capacity to offer 

valuable chances. Cell-based immunotherapy has shown pronounced clinical success in 

hematologic malignancies and its feasibility has been demonstrated in pancreatic cancer, but it 

needs to overcome certain barriers, such as infiltration, persistence, and exhaustion. However, 

the first major hurdle is the heterogeneity of pancreatic cancers in terms of proposed subtypes 

and varying target expression. This requires advanced CAR technology to ensure the successful 

targeting of all cancer cells. The complex and heterogenous TME is the second major hurdle 

specifically for CAR T cells against pancreatic cancer. All parts of the TME require individual 

strategies. Reprogramming of CAFs might be more favorable than CAFs depletion without 

directly powering up the therapy intensity. The presence of tumor-specific ECM molecules, as 

described in this review, would enable a specific delivery of cytokines, using agents such as 

F19-IL-2 [53]. In this way, both approaches could be combined strategically to first loosen the 

dense stroma, before boosting up CAR T cells. This represents an option to increase the 

temperature of immunological “cold” tumors, similar to PDACs [146]. However, tremendous 

tumor growth in areas that are no longer suppressed needs to be vigorously prevented. The same 

holds true for situations, where CAR T cells are equipped with ECM-degrading enzymes, such 

as overexpressed heparanase, or tumors are pre-treated with IFP decreasing molecules such as 

PEGPH20 [55,56]. Restored baseline IFP and vessel function is of major importance for 

successful CAR T cell delivery to the tumor, even if they are provided with infiltration-

increasing mechanisms, such as heparanase [46]. IFP and enhanced permeability and retention 

(EPR) effect in cancer nanomedicine are closely related. Hence, high-resolution 3D imaging 

techniques, used in nanotherapy, could be applied for translational approaches in terms of vessel 

functionality in vivo and later patient stratification for combinatorial cell-based therapies [147]. 

A high need for vessel functionality assessment is also present for the analysis of the interplay 

of all the ECM molecules and growth factors in the TME, which can influence vessel growth 

and development [11,68]. Tumors undergoing anti-angiogenic treatment strategies, such as 

bevacizumab, may develop resistance mechanisms. Those mechanisms can be dependent on 

the ECM composition, but might also be overcome by modifications of the present molecules. 

The availability of vessel-independent growth factors, secreted by the various players in the 

TME indicates a medical need for in-depth patient-stratifications based on the presence of key 

different TME molecules, especially when it comes to the application broad range RTK 
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inhibitors. This research requires technically advanced organoid or tissue printing methods, 

combined with established immunological assays. 

Taken together, there is an overall need for the development of new in vivo and in vitro assays 

in combination with imaging strategies to facilitate combinatorial research and improve 

preclinical translation potential. Agents, which might have failed as monotherapies, might 

deserve a second look in the context of combinatorial approaches with immunotherapy, due to 

their characteristics as a “living drug”. Research on different TME subtypes needs to be 

intensified and these parameters, in addition to molecular markers, need to be taken into account 

to define clear subgroups of PDAC. The acquired knowledge should assist in identifying only 

the PDAC patient, who will benefit from a particular personalized medicine concepts (Figure 

5).  Therefore, sub classifying patients would help to improve outcomes and quality of life, as 

well as avoid ineffective therapy and reduce financial and organizational burdens on the health 

systems, healthcare providers, and the patients. These efforts will hopefully utilize existing and 

developing pharmacological therapies, regardless of their stand-alone therapeutic success, in 

combination with CAR T cells to create highly improved multifactorial therapeutic strategies, 

that can overcome the current hurdles faced by the challenging TME in pancreatic cancer. 

 

Figure 5. Strategy flow chart for PDAC therapy. Pancreatic cancer patients are classified into one of 

three categories upon diagnosis. Therapy (Tx) is chosen on the basis of this classification. In case of 

later stage PDAC or recurrent tumor, personalized medicine approaches could be of use. Imaging of 

patients would be followed by tissue retrieval to perform in-depth phenotyping of the tumor and its 

stroma. This could be performed by the application of up and coming technologies such as patient-

derived organoids analysis, RNA-Seq or multiplex immunofluorescence staining. All in all, such refined 

selection criteria enable the balanced and careful stratification of patients into further effective and safe 
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therapy paths, including personalized therapy approaches, such as CAR T cell therapy, with or without 

conditioning of the tumor microenvironment. 
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1.4 Aims of the Study 

Treatment of solid tumors and in particular of PDAC represent an enormous challenge, due to 

the pronounced TME. Immunotherapy is an emerging field of oncology after the sensational 

success of CAR T cells against hematological malignancies. These accomplishments suggest 

cell-based therapies as an option for solid tumors, including pancreatic cancer. However, CAR 

T cells face several hindrances in vivo, such as immunosuppressive stromal and immune cells, 

limited CAR T cell trafficking, and physical barriers created by the extracellular matrix (ECM), 

which need to be overcome. Thus, treatment strategies including adjusted CARs and cytokine 

application have to be evaluated to increase the efficacy of CAR T cells in solid tumors. In 

addition, there is a high need to implement 2D and emerging 3D bioluminescence imaging of 

tumor and CAR T cells as decisive tools for preclinical research. These tools combined with ex 

vivo imaging methods can provide insights into immunotherapy functionality aspects. This 

study aimed to modulate CAR T cells by cytokine supplementation and CAR composition 

adjustments and to monitor the infiltration of CAR T cells and their anti-tumor efficacy into 

solid tumors by the application of multimodal imaging methods. Therefore, in this study, the 

following specific aims were addressed. 

1.4.1 Assessment of the Influence of CAR Composition on In Vivo Functionality 

All structural parts of a CAR can impact the cytotoxic potential of CAR T cells. However, the 

spacer region is merely depicted as inert and just a few groups performed comparative studies 

of different spacers. Thus, the first aim of this study was to perform side-by-side comparisons 

of multiple spacers to identify the impact of the spacer domain on in vitro and in vivo CAR T 

cell behavior. This was achieved by in vitro and in vivo characterization of CARs, with CD8α- 

and IgG1-derived spacers, in the most established model for CAR T cell research, a CD20-

expressing lymphoma model. Here, a modified IgG1 based spacer demonstrated opposing in 

vitro and in vivo anti-tumor efficacy. To provide a structural alternative for impaired IgG1-

based spacers, a novel class of spacers, with Ig-like structures, was developed in the well-

established lymphoma model with the aim to test this construct in a PDAC xenograft model. In 

vitro and in vivo testing of the newly established spacer class is described in the first chapter: 

“A Novel Siglec-4 Derived Spacer Improves the Functionality of CAR T Cells Against 

Membrane-Proximal Epitopes”. 
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1.4.2 Evaluation of an In Vivo and Ex Vivo CAR T cell Tracking Strategy 

Under certain circumstances, CAR T cells can execute their cytotoxic potential towards PDAC 

xenografts. Although, they face a tremendous hurdle with the distinct TME in the clinical 

setting. Data generated with in vivo and ex vivo imaging tools are crucial to analyze the ideal 

working condition for CAR T cells and to validate combinatorial approaches for the TME in 

PDAC. Hence, the second aim of this study was the development and establishment of an in 

vivo and ex vivo imaging approach for tracking and monitoring of EGFR and BDCA-2 CAR T 

cell localization, distribution and status. To accomplish the following, a workflow of in vivo 

bioluminescence imaging and ex vivo microscopy techniques was applied to a PDAC xenograft 

mouse model. 2D BLI and 3D BLT in vivo imaging of EGFR and BDCA-2 CAR T cells was 

performed for direct cell tracking using a modified click beetle luciferase. Light-sheet 

fluorescence microscopy and cyclic immunofluorescence stainings facilitated spatial resolution 

and characterization of tumor-infiltrating CAR T cells by indirect ex vivo cell labeling. This 

part of the study is investigated in the second chapter: “Multimodal imaging of CAR T cells 

using bioluminescence tomography and light-sheet microscopy reveals negative effects of local 

interleukin-2.”     

1.4.3 Analysis of IL-2 as a Support for CAR T cells in TME of PDAC 

IL-2 is a well-established cytokine and a crucial factor for B and T cell proliferation. This major 

role as a determining growth factor for T cells resulted in one of the first approvals in the field 

of immunotherapy. However, patients experienced severe and partially lethal side effects after 

systemic IL-2 cancer treatment. Despite these drawbacks, localized IL-2 could assist CAR T 

cells in the hostile TME with its immunosuppressive milieu. Therefore, the third aim of this 

study was to evaluate local IL-2 as support for EGFR CAR T cell efficacy in solid tumors. 

Tumor killing and infiltration were analyzed by repeated subcutaneous injection of IL-2 at the 

tumor site of previously PDAC engrafted mice, treated with target-specific and unspecific CAR 

T cells. In vivo and ex vivo tracking of CAR T cells was performed to analyze the influence of 

local IL-2 on whole-body and intratumoral T cell distribution and phenotype. Local IL-2 in 

combination with CAR T cell therapy was addressed in the second chapter: “Multimodal 

imaging of CAR T cells using bioluminescence tomography and light-sheet microscopy reveals 

negative effects of local interleukin-2.” 
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SUMMARY CHAPTER 1  

A NOVEL SIGLEC-4 DERIVED SPACER IMPROVES THE 

FUNCTIONALITY OF CAR T CELLS AGAINST MEMBRANE-

PROXIMAL EPITOPES 

In this manuscript, we evaluated the in vitro and in vivo functionality of three different CD20 

redirected chimeric antigen receptor (CAR) constructs, with varying spacer regions and single-

chain variable fragments (scFv). All second-generation CAR constructs demonstrated 

comparable cytotoxicity of transduced T cells against a lymphoma cell line in vitro. However, 

one of the constructs, incorporating a modified CH2-CH3 domain of IgG1 as a spacer domain, 

failed to exert any anti-tumor efficacy in vivo, in contrast to CARs with a shorter but less 

structured CD8α spacer. 

The lack of available long and structured spacers with a beneficial functionality profile but 

without the risk of unspecific binding, resulted in the evaluation of a new spacer class derived 

from sialic acid-binding immunoglobulin-type lectins (Siglecs). Five different spacers were 

designed and tested in vitro in a CD20 specific CAR setting. One of the spacers, based on 

Siglec-4, demonstrated a high cytotoxicity comparable to the well-established CD8α spacer.  

The new Siglec-4 derived spacer was combined with scFvs redirected against a membrane-

proximal TSPAN8 epitope or a membrane-distal CD66c epitope. In vitro testing in a PDAC 

setting, demonstrated a favorable cytotoxic profile of TSPAN8-Siglec-4 CAR, while T cells 

transduced with a CD66c-Siglec-4 CAR were not activated. The transfer into a xenograft in 

vivo model confirmed the effective functionality profile of the TSPAN8-Siglec-4 CAR T cells, 

which outperformed an IgG4 spacer in terms of efficacy and a CD8α spacer, in terms of 

cytokine expression profile and T cell phenotype. This manuscript established a new class of 

spacers and demonstrated the functionality of CAR T cells in PDAC dependent on the target 

and the CAR design.  
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CHAPTER 1 - A NOVEL SIGLEC-4 DERIVED SPACER 

IMPROVES THE FUNCTIONALITY OF CAR T CELLS 
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Abstract 

A domain that is often neglected in the assessment of chimeric antigen receptor (CAR) 

functionality is the extracellular spacer module. However, several studies have elucidated that 

membrane proximal epitopes are best targeted through CARs comprising long spacers, while 

short spacer CARs exhibit highest activity on distal epitopes. This finding can be explained by 

the requirement to have an optimal distance between the effector T cell and target cell. 

Commonly used long spacer domains are the CH2-CH3 domains of IgG molecules. However, 

CARs containing these spacers generally show inferior in vivo efficacy in mouse models 

compared to their observed in vitro activity, which is linked to unspecific Fcγ-Receptor binding 

and can be abolished by mutating the respective regions. Here, we first assessed a CAR therapy 

targeting membrane proximal CD20 using such a modified long IgG1 spacer. However, despite 

these mutations, this construct failed to unfold its observed in vitro cytotoxic potential in an in 

vivo model, while a shorter but less structured CD8α spacer CAR showed complete tumor 

clearance. Given the shortage of well-described long spacer domains with a favorable 

functionality profile, we designed a novel class of CAR spacers with similar attributes to IgG 

spacers but without unspecific off-target binding, derived from the Sialic acid-binding 

immunoglobulin-type lectins (Siglecs). Of five constructs tested, a Siglec-4 derived spacer 

showed highest cytotoxic potential and similar performance to a CD8α spacer in a CD20 

specific CAR setting. In a pancreatic ductal adenocarcinoma model, a Siglec-4 spacer CAR 

targeting a membrane proximal (TSPAN8) epitope was efficiently engaged in vitro, while a 

membrane distal (CD66c) epitope did not activate the T cell. Transfer of the TSPAN8 specific 

Siglec-4 spacer CAR to an in vivo setting maintained the excellent tumor killing characteristics 

being indistinguishable from a TSPAN8 CD8α spacer CAR while outperforming an IgG4 long 

spacer CAR and, at the same time, showing an advantageous central memory CAR T cell 

phenotype with lower release of inflammatory cytokines. In summary, we developed a novel 

spacer that combines cytotoxic potential with an advantageous T cell and cytokine release 

phenotype, which make this an interesting candidate for future clinical applications. 

Keywords: Chimeric antigen receptor, hinge, spacer, Siglec, CH2-CH3, IgG, CAR design 
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Introduction 

The unprecedented therapeutic efficacy of CAR T cells in previously refractory blood cancers 

is considered to be one of the major breakthroughs in cancer immunotherapy, culminating in 

the recent market approvals by the Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) for two CAR T cell products (1–7). While CAR therapies have now 

achieved public recognition, their development and the quest for optimal CAR design has been 

a multistep process stretching over several decades. Ever since their initial description in 1989 

by Eshhar et al. (8), the receptors have evolved from a two-chimeric-TCR chain architecture to 

a one-protein design. This design commonly incorporates a single-chain variable fragment 

(scFv) of a given antibody as the antigen binding moiety, an extracellular spacer and a 

transmembrane region as structural features, as well as signal transduction units for T cell 

activation. Originally, the spacer domain was introduced into the CAR framework as an inert 

building block to allow the antigen binding moiety to extend beyond the T cell's glycocalyx and 

improve antigen accessibility (9). Following this assumption, a plethora of spacer regions were 

designed simultaneously ranging from the immunoglobulin (Ig) domains of the crystallizable 

fragments (Fc) of antibodies to extracellular domains of CD8α, CD28, the TCRβ chain or 

NKG2D (10–16) and were applied without comparative analyses. However, already very early 

on, Patel and colleagues provided the scientific proof that the spacer region can be of paramount 

importance for the receptor function and affects its expression, surface stability through the 

turnover rate, and signal transduction (17). More recent accumulating research has further been 

showing that in addition to the nature of the spacer, effective antigen recognition depends on 

the functional interplay between the spatial localization of the target epitope and the CAR 

spacer length (18–20). For instance, membrane-distal epitopes were shown to most efficiently 

trigger CARs with short spacers, while membrane-proximal epitopes required receptors with 

extended spacer domains to elicit accurate effector function, in this way emphasizing the 

biological requirement of optimal T cell-target cell distance (18–22). Thus, the design of CARs 

against novel antigens needs to consider both the epitope position within the target antigen as 

well as the nature and length of the spacer region and customize these variables accordingly. 

The use of Ig-derived spacers is particularly attractive as it provides the opportunity to modulate 

the spacer length into long (CH2-CH3 domain), medium (CH3) and short (hinge only) 

structures, while retaining the nature of the parent protein. However, Ig-derived spacers have 

faced various complications during their development. In particular, off-target activation, CAR 

T cell sequestration in the lung, tonic signaling and activation-induced cell death (AICD) have 
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been described leading to only a limited T cell persistence (23–26). Although these effects could 

be abrogated by mutating the amino acid sequence essential for FcR binding (23, 25, 27), it 

needs to be taken into consideration that these experiments were conducted in 

immunosuppressed NSG mice and whether FcR binding can be entirely eliminated in humans 

remains unclear. Of note, several clinical studies that used IgG-derived spacers described only 

limited anti-tumor efficacy and low CAR T cell persistence (28–31) while others are showing 

some promising clinical responses (32–34). Interestingly, the first commercially available CAR 

T cell-based therapies use CD28 (Yescarta) and CD8 (Kymriah) derived spacer domains. 

Taking into account the shortage of well-described long spacer domains with a favorable 

functionality profile, we endeavored to develop a novel long spacer for membrane-proximal 

epitopes, which naturally lacks an FcR binding domain. Based on the postulated spatial 

requirements between CARs and their target antigens, we anticipated finding a CAR spacer 

construct whose functionality against membrane-proximal epitopes extends beyond that of a 

CD8α spacer CAR. Hence, we generated novel CAR spacers and analyzed their efficacy side-

by-side to the cognate CD8α spacer counterpart – a comparison that has not been extensively 

undertaken thus far. The design of the novel spacers was based on the sialic acid binding Ig-

like lectin (Siglec) receptor family, whose members are broadly expressed on various immune 

cells (35, 36). Structurally, each receptor member is composed of an N-terminal Ig-like V-set 

domain which is involved in sialic acid binding and a defined number of Ig-like C2-set domains 

that serve as a structural spacer and extend the binding moiety away from the plasma membrane. 

The selection of the Siglec family was inspired by the hypothesis that the incorporation of 

naturally occurring spacer domains into the CAR architecture will preserve the biological 

requirements of a spacer region and minimize unspecific interactions with other cells. 

In this study, we confirm this strategy of using naturally occurring spacer domains by first 

demonstrating, that in a CD20+ lymphoma model a long IgG1 spacer CAR is as functional as 

the CD8α spacer in vitro, but fails to translate its effectiveness in vivo, despite containing the 

earlier reported mutations to abrogate FcR binding (23). Subsequently, we evaluate novel 

spacers derived from the Siglec family of proteins and identify a long alternative spacer derived 

from Siglec-4 that performs with equal efficiency to the CD8α spacer in vitro. Finally, we 

demonstrate in a solid tumor model that the novel Siglec-4 spacer CAR does not exceed, but 

rather matches the CD8α spacer CAR cytotoxic activity in vivo on membrane-proximal targets, 

while maintaining a favorable cell phenotype profile and cytokine release pattern. 
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Materials and Methods 

CAR Gene Construction 

Commercial gene synthesis in combination with an optimization algorithm for codon usage in 

humans (ATUM) was used to construct the CAR genes of interest. The CD20-specific scFv 

was derived from the murine monoclonal antibody Leu16 as originally described by Jensen and 

colleagues (37), while the CD66c- and TSPAN8-targeting scFv sequences were derived from 

the antibody clones REA414 (CD66c) and REA443 (TSPAN8) (Miltenyi Biotec). All antigen 

binding domains contained a (G4S)3-linker between the VL and the VH regions. To facilitate 

receptor trafficking to the plasma membrane, a human CD8α leader signaling peptide was 

added N-terminally to the respective scFv sequence. The spacer region downstream of the scFv 

encompassed either the domain for IgG1 hinge-CH2CH3 (234 amino acids), IgG4 hinge-

CH2CH3 (228 amino acids), or CD8α hinge (45 amino acids). To abrogate potential 

interactions of the Fc spacer CARs with FcR-expressing cells, the PELLGG and ISR motives 

in the IgG1 CH2 domain were replaced by the corresponding IgG2 amino acids (23). In the 

case of the IgG4 CH2 domain, the APEFLG sequence was replaced by APPVA from IgG2 and 

an N279Q mutation was introduced to remove glycosylation at this site (25). Spacers derived 

from the Siglec family were designed based on the protein sequences extracted from UniProt 

and the plasma membrane-proximal domains were incorporated into the CAR architecture. 

Thus, the Siglec-3 spacer comprised the amino acids 145–259 of the parent protein with a 

C169S mutation to abrogate unspecific disulfide-bond formation. The Siglec-4 spacer 

contained the amino acids 238–519, the Siglec-7.1 spacer the amino acids 150–353, the Siglec-

7.2 spacer the amino acids 234–353, and the Siglec-8 spacer the amino acids 241–363 of the 

respective parent protein. All spacers were linked to the transmembrane domain of human 

CD8α, the intracellular domain of 4-1BB, and the CD3ζ signaling domain as derived from 

UniProt. The CAR genes were fused to a Furin-P2A sequence to include co-expression of the 

truncated low affinity nerve growth factor receptor (ΔLNGFR). Transgene expression was 

promoted by the PGK promoter located upstream of the CAR gene. 

Lentiviral Vector Production 

Second generation self-inactivating VSV-G-pseudotyped lentiviral vectors were produced by 

transient transfection of adherent HEK293T cells. One day before transfection, 1.6×107 

HEK293T cells were seeded per T175 flask to reach a confluency of 70–90% on the following 

day. Each T175 flask was then transfected with a total of 35 μg plasmid DNA composed of 

pMDG2 (encoding VSV-G), pCMVdR8.74 (encoding gag/pol), and the respective transgene-
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encoding transfer vector using MACSfectin reagent (Miltenyi Biotec). All transfection 

reactions were performed with a DNA: MACSfectin ratio of 1:2. Following overnight 

incubation, sodium butyrate was supplied at a final concentration of 10 mM and at 48 h after 

transfection the medium was collected, cleared by centrifugation at 300 × g and 4°C for 5 min 

and filtered through 0.45 μm-pore-size PVDF filters. Concentration of the viral stock was 

performed by centrifugation at 4°C and 4,000 × g for 24 h. Pellets containing lentiviral vector 

were air-dried and resuspended at a 100-fold concentration with 4°C cold PBS. Lentiviral vector 

aliquots were stored at −80°C. 

Generation of CAR T Cells 

Automated CAR T Cell Generation 

The CliniMACS Prodigy® TCT (T cell transduction) application was used for the automated 

manufacturing of large amounts of gene-modified T cells. Technical features and experimental 

procedures have previously been described in detail (38, 39). In brief, T cells were obtained 

from non-mobilized leukapheresis from healthy anonymous donors (University Hospital 

Cologne or the German Red Cross Ulm) and were typically processed 24–48 h after collection. 

Transduced and enriched CAR T cells were finally formulated and harvested in Composol® 

solution (Fresenius Kabi), supplemented with 2.5% human serum albumin (Grifols). For quality 

assurance, the transduction efficiency and T cell phenotype was determined using a 

MACSQuant Analyzer 10 (Miltenyi Biotec) after the TCT process. Transduction efficiency 

were determined by flow cytometry on days 5 and 12 of the TCT process using a flow cytometer. 

Manual CAR T Cell Generation 

Buffy coats from healthy anonymous donors were obtained from the German Red Cross 

Dortmund. Peripheral blood mononuclear cells (PBMCs) were then isolated from buffy coats 

by density gradient centrifugation. T cells were purified from PBMCs applying the Pan T Cell 

Isolation Kit, human (Miltenyi Biotec) and activated in TexMACS™ Medium (Miltenyi Biotec) 

supplemented with T Cell TransAct™, human (Miltenyi Biotec) and 100 IU/ml of recombinant 

Human IL-2 IS, research grade (Miltenyi Biotec). T cells were transduced 24 h after activation 

using VSV-G pseudotyped lentiviral particles. 3 days post activation, T Cell TransAct™, 

human and excess viral vector were removed and T cells were cultured in TexMACS™ 

Medium only supplemented with IL-2. T cells were expanded for 12 days and used directly for 

in vitro assays or frozen in TexMACS™ Medium containing 10% DMSO for later in vivo use. 
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Frozen T cells that were used for in vivo testing were thawed 24 h before injection and 

cultivated at 37°C in TexMACS™ Medium without further supplements. 

Target Cell Lines 

HEK293T, JeKo-1, Raji and AsPC1 cells were obtained from ATCC and cultured as 

recommended. Raji cells were transduced with with a ffLuc cassette for in vivo detection and 

AsPC1 cells were transduced with with a eGFP/ffLuc cassette for in vitro and in vivo detection. 

To validate authenticity of the cell lines used, we used the Human STR Profiling Cell 

Authentication Service (ATCC). 

Flow Cytometry 

Antibodies specific for anti-human CD62L, CD45RO, CD95, CD271 (LNGFR), CD107a, 

TNF-α, CD223 (LAG3), CD279 (PD1), CD366 (TIM3), CD137 (4-1BB), CD4, CD8, CD3 

were monoclonal recombinant antibodies (Miltenyi Biotec). For anti-CD20 CAR detection the 

CD20 CAR Detection Reagent (Miltenyi Biotec) was used. Staining of Miltenyi Biotec 

antibodies was performed according to the supplier's instructions. For direct CAR detection of 

CD66c and TSPAN8 specific CARs a sequential staining was used. First, samples were 

incubated with polyclonal Fab specific anti-mouse IgG antibodies produced in goat (Merck) at 

concentrations of 10 μg/ml for 30 min at 4°C. Samples were washed and then incubated with 

polyclonal anti-goat IgG antibodies produced in chicken (Thermo Fisher) at concentrations of 

10 μg/ml for 30 min at 4°C. Stained samples were measured on a MACSQuant® Analyzer 8 or 

MACSQuant Analyzer 10 (Miltenyi Biotec) and analyzed using the MACSQuantify™ 

Software. 

In vitro Functional Assays 

With JeKo-1 Target Cells 

1×105 JeKo-1 and 1×105 CAR T cells were co-cultured in TexMACS™ Medium (Miltenyi 

Biotec) for 24 h in 96-well round bottom plates. Supernatants were collected at the endpoint 

and used to detect the cytokines released by anti-CD20 CAR T cells using the MACSPlex 

Cytokine 12 Kit (Miltenyi Biotec) with the four selected human cytokines IFN-γ, IL-2, TNF-α 

and GM-CSF, according to the manufacturer's instructions. The cytolytic activity of the 

engineered T cells was evaluated by using 1×104 CD20+ JeKo-1 cells labeled with 1 μM 

CellTraceTM Violet (Life Technologies), as target cells. Effector and target cells were co-

cultured for 24 h at the indicated ratios (E:T) in 96-well round bottom plates. Detection of the 
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specific lysis was performed by quantitation of Violet dye labeled target cells using a 

MACSQuant Analyzer 8 (Miltenyi Biotec). Mock-transduced T cells were used as control at 

the same effector-to-target ratios. 

With Raji Cells 

2×105 CAR T cells were incubated with 2×105 CD20+ Raji cells in 200 μl TexMACS™ 

Medium at 37°C. In addition, the medium was supplemented with 20 μl of a CD107a specific 

antibody. After 1 h of incubation the protein transport inhibitors Monensin and Brefeldin A 

(BD Biosiences) were added as recommended for 4 h. After this incubation period, cells were 

washed and first surface stained with LNGFR specific antibodies to label transduced T cells 

and subsequently intracellularly stained for TNF-α using the Inside Stain Kit and a TNF-α 

specific antibody (all Miltenyi Biotec). Cells were then measured by flow cytometry. For TIM3, 

LAG3 and PD1 detection 1×105 CAR T cells were inoculated with 2×105 CD20+ Raji cells in 

200 μl TexMACS™ Medium at 37°C for 24 h. Subsequently T cells were stained and analyzed 

by flow cytometry. 

For functionality assays in the presence of NSG macrophages, 2×105 CAR T cells were 

incubated in a 1:1:1 ratio with Raji target cells and macrophages derived from a peritoneal 

lavage. The assay was performed in the presence or absence of murine FcR-blocking reagent. 

After 24 h of incubation, detection of the specific lysis was performed by quantitation of Violet 

dye labeled target cells via flow cytometry using a MACSQuant Analyzer 8 (Miltenyi Biotec). 

With AsPC1 Cells 

GFP+/Luc+ AsPC1 target cells were inoculated in 96-well plates at 2.5×104 cells per well in 

TexMACS™ Medium. CAR T cells or untransduced Mock T cells were added with at an E:T 

ratio of 2:1. The amount of T cells in the Mock control was adjusted to the number of total T 

cells in the CAR group with the highest total cell count. Cytotoxicity was measurement as the 

decrease of green surface area as assessed by the IncuCyte® S3 Live-Cell Analysis System 

(Sartorius). Measured values were normalized to the start of the experiment. After 24 h a 

supernatant sample was taken for cytokine measurements using the MACSPlex Cytokine 12 

Kit. At the end of the experiment expression of LAG3, PD1, and 4-1BB were measured using 

a MACSQuant Analyzer 8 (Miltenyi Biotec). Specific endpoint killing was calculated from the 

green surface area values with the following formula: 
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specific killing [%]= 100−(100 ∗ green area Mockgreen area CAR ). 

In vivo Assays 

Experiments involving animal handling were approved by the Governmental Review 

Committee on Animal Care in NRW, Germany and performed according to guidelines and 

regulations (Landesamt für Natur, Umwelt and Verbraucherschutz NRW, Approval number 84-

02.04.2015.A168 and Approval number 84-02.04.2017.A021). 

Raji lymphoma were established by tail vein injection of 5×105 Raji Luc+ cells. After 7 days, 

1×106 CAR T cells or Mock GFP-transduced T cells, adjusted to the total amount of T cells 

according to transduction efficiency of the CARs, were infused intravenously. 

For AsPC1 GFP+/Luc+ cell line derived tumors 1×106 cells were injected subcutaneously in the 

right flank of NOD SCID gamma (NSG; NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice (Jackson 

Laboratory, provided by Charles River). When tumors reached a size of 25 mm2, 5×106 CAR 

T cells were injected into the tail vein. The amount of injected untransduced Mock T cells was 

adjusted to the number of total T cells in the CAR group with the highest total cell count. 

Therapeutic response was measured longitudinally using the IVIS Lumina in vivo imaging 

system (PerkinElmer) after intraperitoneal injection of 100 μL (30 mg/mL) D-Luciferin (for 

Raji studies: XenoLight Rediject D-Luciferin Ultra (PerkinElmer). For AsPC1 studies: 

Potassium Salt, LUCK-2G, GoldBio) and additionally by manual caliper measurement for 

pancreatic tumors. All measures to secure the well-being of mice were executed following the 

relevant animal use guidelines and ethical regulations. Upon reaching the endpoint (weight loss 

of >19%, paralysis, stress score of >20 or end-point of the experiment, Day 20 for the 

lymphoma model and Day 29 for the pancreatic model), animals were euthanized according to 

guidelines and post-mortem analysis was performed in order to determine tumor burden, 

persistence and killing of the different CAR T cell constructs. In particular blood, bone marrow 

and spleen were subjected to flow cytometric analysis. Therefore, spleen was dissociated using 

the gentleMACS™ Octo Dissociator with Heaters according to the manufacturers protocol 

(Miltenyi Biotec) and bone marrow was extracted from the femurs and tibias of mice by cutting 

off the epiphyses of the bones and rinsing the inner fragments. The cell suspensions were 

filtered through a 70 μm pore size MACS SmartStrainer (Miltenyi Biotec) and following red 

blood cell lysis on blood, bone marrow and spleen single-cell suspensions using Red Blood Cell 

Lysis Solution (Miltenyi Biotec), samples were stained and analysis was conducted on a 

MACSQuant Analyzer 8. 
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Statistics 

Unless otherwise specified, all graphical error bars represent standard error of the mean. 

Statistical comparisons between more than two groups were conducted by One-way ANOVA 

with p < 0.05 using GraphPad Prism 7. To facilitate the statistical overview of the in vivo 

experiments, the significance analyses were organized in a pairwise significance matrix (PSM) 

where each box represents a comparison between two groups, as shown by Al Rawashdeh et al. 

(40). The order, in which the groups were compared, is illustrated in Figures S1, S4. Significant 

differences between two comparing groups are defined by a green box, while insignificant 

differences by a red box. 

Results 

CD20 Specific CD8α and IgG1 CH2-CH3 Spacer CARs Exhibit Comparable in vitro Activity 

During pre-clinical development of a CD20 directed CAR candidate (39) we also evaluated a 

number of different CAR configurations (Figure 1A). We used an scFv derived from the Leu16 

monoclonal antibody (30, 41), binding to the large extracellular loop of CD20 (42). This loop 

is only 47 amino acids long, which is why we hypothesized it would be more effectively 

targeted with a flexible CD8α or long IgG spacer. We generated two second generation CAR 

constructs, that comprised a CD8α transmembrane domain, a 4-1BB co-stimulatory domain and 

a CD3ζ main activator domain. Both bind CD20 via the Leu16 derived scFv in a VH-VL 

orientation and only differed in the spacer domain. The CD20_hl_IgG1 CAR comprises an 

IgG1 CH2-CH3 spacer while the CD20_hl_CD8 CAR possesses a CD8α spacer. The PELLGG 

and ISR motif of the IgG1 CH2-CH3 spacer were replaced by the corresponding IgG2 amino 

acids to reduce Fcγ-Receptor binding, as described previously (23). To assess whether the order 

of binding domains in the scFv also can play a role in CAR function, we constructed a CD8α 

spacer CAR with swapped scFv orientation (CD20_lh_CD8). We generated CD20 specific 

CAR T cells by genetically modifying CD3/CD28 polyclonally activated T cells with lentiviral 

vectors in a fully automated manner in a closed system using the CliniMACS Prodigy® as 

described previously (39). At the end of the manufacturing on day 12, similar T cell phenotypes 

were obtained for the samples modified with the different CAR constructs and the untransduced 

Mock control (Figure 1B). More than 80% of T cells had a memory phenotype (central memory 

T cell (TCM) and stem cell memory T cell (TSCM) as defined by their phenotypes being 

CD62L+/CD45RO+/CD95+ and CD62L+/CD45RO−/CD95+, respectively). Also, the three 
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constructs demonstrated comparable functionality in terms of cytokine release (Figure 1C) and 

cytotoxicity (Figure 1D) upon co-culture with CD20+ JeKo-1 target cells. 

 

Figure 1. CD20 specific CAR T cells with short CD8α and long IgG1 CH2-CH3 spacers show 

similar in vitro functionality. (A) Structure of the three CD20 CAR constructs. (B) T cell phenotypes 

in the CD4/CD8 enriched fraction on d0, d5, and d12 of the automated T cell transduction process by 

flow cytometry. (C) GM-CSF, IFN-γ, IL-2, IL-6, and TNF-α production after 24 h co-culture of CD20 

CAR T cells with CD20+ JeKo-1 target cells at 1:1 effector to target ratio analyzed by flow cytometry. 

n = 3. (D) Cytolytic activity of the engineered CAR T cells. Effector CAR T cells and target-positive 

JeKo-1 target cells were co-cultured for 24 h at the indicated ratios (E:T). Detection of the specific lysis 

was performed by flow cytometry. n = 3. 

CD8α and IgG1 CH2-CH3 Spacer CARs Differ in Their in vivo Performance 
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Having assessed the in vitro activity, we next analyzed the same lentivirally modified T cells in 

a pre-clinical NSG mouse model. 5×105 CD20+ Raji cells, which were modified to 

constitutively express luciferase, were injected into the tail vein of each mouse. Seven days 

later, 1×106 CD20 specific CAR T cells or GFP transduced Mock T cells (Figure 2A) were also 

applied intravenously. Tumor burden was monitored longitudinally over 3 weeks by non-

invasive bioluminescent imaging (BLI) of tumor cells in vivo. Neither the Mock treated group 

nor mice treated with the IgG1 spacer CAR showed any control of tumor growth compared to 

the untreated group, and the animals in these groups were sacrificed according to the ethical 

code on day 17 and day 15, respectively (Figure 2B). On the other hand, significant therapeutic 

responses were achieved by the CD20_hl_CD8 and CD20_lh_CD8 CAR T cells (Figures 2B,D). 

Both groups exhibited a reduced tumor growth 6 days post T cell injection. While the 

CD20_hl_CD8 CAR T cells reached background fluorescence on day 13, CAR T cells equipped 

with the same CAR but with the scFv in the converse orientation needed longer to reduce tumor 

burden and did not reach background levels until the end of the experiment. This difference 

between the scFv variants could be attributed to a single mouse having remnants of tumor 

present in the jawbone, which in our experience is difficult to treat and possibly inaccessible to 

CAR T cells. We verified that the scFv orientation indeed had only a minor influence by 

repeating the experiment with the CD8α spacer CARs with the different scFv orientations using 

a different donor (Figures 2C,E). Again, both groups of CAR-modified T cells were effective 

in rapidly controlling the tumor growth, with no significant difference being observed between 

the different scFv orientations. Ex vivo analysis of spleen, bone marrow and blood at the end 

of the study showed no detectable IgG1 spacer CAR T cells in the treated mice while CAR T 

cells with the CD8α spacer could be readily detected, implying a reduced in vivo persistence or 

expansion of the T cells modified with the IgG1 spacer CAR (Figure S2). 
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Figure 2. CD20 specific CAR T cells with an IgG1 spacer domain fail to exhibit in vivo efficacy. 

(A) Overview of the study workflows. (B) Tumor burden change over time in mice treated with anti-

CD20 IgG1 CH2-CH3 and CD8α spacer CAR T cells from one donor. n = 5/group. PSM p < 0.05 (green) 

[one-way ANOVA]. (C) Tumor burden change over time in presence of the two different CD8α CAR 

constructs with T cells from a second donor. n = 6/group. PSM p < 0.05 (green) [one-way ANOVA]. 

(D) Representative in vivo bioluminescence images of tumor bearing mice from (B). Images are 

arranged according to the treatment group and time after CAR T cell injection. T cells were generated 

from one donor. Scale factor: min: 5×106, max: 5×108 p/s. (E) Representative in vivo bioluminescence 

images of tumor bearing mice from (C). Images are arranged according to the treatment group and time 

after CAR T cell injection. T cells were generated from a second donor. Scale factor: min: 5×106, max: 

5×108 p/s. 
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These findings were in line with earlier results of other groups, showing reduced in vivo 

efficacy of full length IgG family spacers (25, 27). These groups mutated FcR binding sites or 

developed other solutions in order to decrease off-target binding of the T cell, which we were 

also able to confirm in an in vitro assay using mouse macrophages (Figure S3), but it is unclear 

whether all potential off-target binding has been abrogated as binding to other lower affinity 

FcγRs may be retained (25). 

 

Construction and Characterization of a New Family of CAR Spacers 

These findings motivated us to develop a new class of CAR spacer regions that naturally lack 

FcR binding sites. In this context we identified the Sialic acid-binding immunoglobulin-type 

lectin (Siglec) family whose members are expressed on various immune cells and incorporate 

Ig-like domains in their receptor architecture (43, 44). More specifically, while the membrane 

distal sialic acid binding Ig-like V-set domain is positioned N-terminally, the more C-terminally 

located Ig-like C2-set domains, which vary in number, serve as spacer regions. Based on 

previous reports describing that CAR T cell activation can be optimized according to the epitope 

location and spacer length, we selected one, two or three C2-set domains derived from Siglec-

3, -4, -7, or -8 for spacer design (Figure 3). 

 

Figure 3. Overview of Siglec membrane proteins used for CAR construction.  

To confirm correct translation and surface expression of the constructs, bicistronic lentiviral 

expression vectors were generated with a downstream ΔLNGFR gene linked to the CAR by a 

P2A sequence (Figure 4A). After transfection of the DNA constructs into HEK293T cells, 
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detection of the reporter protein ΔLNGFR confirmed successful transcription and translation of 

the CAR cassette, while direct staining of the CAR with a CD20 CAR detection reagent (PE) 

visualized surface expression of the CAR constructs. All constructs showed both ΔLNGFR and 

CAR expression in >80% of HEK293T cells (Figure 4B). Subsequently, we transduced primary 

T cells with lentiviral vectors and assessed the CAR expression 6 days post transduction (Figure 

4C). The ΔLNGFR reporter protein was expressed in all cases demonstrating effective lentiviral 

transduction of the T cells and translation of the expression cassette (range 46–75% LNGFR+ 

T cells). However, while three CAR constructs showed CAR expression levels comparable to 

the CD8α spacer CAR control, no CD20_hl_Sig7.1 CAR expression was detectable and the 

CD20_hl_Sig3 CAR was expressed on only 5% of the T cells. Based on these results, we 

excluded these constructs from further analysis. 
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Figure 4. In vitro evaluation of novel CD20 specific Siglec spacer CAR T cells. (A) Modular 

structure of the CD20 CAR constructs with the Siglec spacers and extracellular domain comparison of 

the CAR constructs. (B) Expression analysis of the CAR constructs in transiently transfected HEK293T 

cells 24 h post transfection and (C) in transduced T cells from two donors 6 days post transduction. 

LNGFR and CAR expression were evaluated by flow cytometry. (D,E) Siglec spacer CAR T cells were 

cocultured with Raji or HEK293T cells for 5 h at a ratio of 1:1 and T cell expression of CD107a (D) and 

intracellular TNF-α (E) were analyzed by flow cytometry. (F) The frequency of TIM3, LAG3, and PD1 

triple positive CAR T cells was analyzed after 24 h co-culture at a 1:2 ratio of CAR T cells to Raji or 
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HEK293T cells by flow cytometry. CAR T cells alone were also cultured in order to exclude unspecific 

activation. n = 3. Error bars, mean ± SD. ns > 0.05, **p < 0.01, and ****p < 0.0001 [one-way ANOVA, 

CAR T+ Raji compared to Untreated (UnTd)]. 

 

Siglec-4 Spacer Shows Comparable in vitro Functionality To CD8α Spacer in a CD20 CAR 

Model 

Next, we investigated the cytotoxic potential of the novel constructs. We co-cultured CAR T 

cells for 5 h with CD20+ Raji cells or CD20− HEK293T cells at an E:T ratio of 1:1. Effector 

function was assessed by determining degranulation and intracellular detection of the cytokine 

TNF-α in the transduced cells (gated on ΔLNGFR expression). Only CAR T cells co-cultured 

with CD20+ target cells showed significant degranulation (Figure 4D). Strongest degranulation 

could be observed for the CD8α and Siglec-4 spacer variants with around 35% of CD107α 

positive cells. The Siglec-7.2 spacer CAR produced an intermediate amount of CD107α at 20% 

positive cells and the Siglec-8 variant had the lowest degranulation with only 10% positive cells 

but still more than the negative controls (Figure 4D). Similar to the degranulation analysis, the 

proportion of ΔLNGFR+/TNF-α+ cells was also highest in CD8α spacer CAR T cells (Figure 

4E; 31%) but the CD20_hl_Sig4 CARs only displayed 18% of TNF-α positive cells, followed 

by Siglec-7.2 and Siglec-8 spacer CARs. Again, no unspecific activation could be observed in 

the controls. 

We also assessed the activation state of the modified T cells by analyzing TIM3, LAG3, and 

PD1 surface expression. CD20+ Raji cells were co-cultured with CAR T cells for 24 h at an E:T 

ratio of 1:2. The CD8α and Siglec-4 spacer CAR modified T cells contained the largest fraction 

of TIM3/LAG3/PD1 triple positive cells (Figure 4F). As the Siglec-7.2 and Siglec-8 spacer 

CAR T cells displayed lower degranulation and upregulation of activation markers after antigen 

engagement throughout these in vitro experiments, we decided to investigate only the Siglec-4 

spacer in more detail. 

 

The Siglec-4 Spacer CAR Displays High Functional Potency Against Membrane-Proximal 

Targets 

In our CD20+ Raji lymphoma model the Siglec-4 spacer CAR demonstrated a comparable in 

vitro functionality to the CD8α spacer CAR. As described above the Leu16 epitope is very 

proximal to the target cell membrane, making it more susceptible for engagement with long 

spacer CARs. From the CAR variants that could be efficiently expressed in T cells, the Siglec-
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4 spacer was the only spacer with three C2-set Ig domains, agreeing with previous work that 

long spacers are excellent for targeting “short,” membrane-proximal targets. To verify this 

hypothesis and to prove the robustness of the Siglec-4 spacer functionality, we assessed the 

Siglec-4 spacer CAR in an additional solid tumor model of pancreatic ductal adenocarcinoma 

(PDAC). We have recently identified CD66c and TSPAN8 as novel target candidates for 

cellular treatment of PDAC (Schäfer et al. manuscript under revision). These two target 

molecules are especially suitable for investigating our novel long spacer, as the scFv binding 

epitopes differ greatly in terms of membrane proximity. 

TSPAN8 has two extracellular loops extending from the membrane that span 24 and 96 amino 

acids, respectively, the larger having two interconnecting disulfide bonds. Thus, the whole 

protein is very membrane proximal. On the other hand, CD66c is a glycophosphatidylinositol 

anchored protein and consists of two C2-set domains and one V-set domain. In consequence it 

extends further into the extracellular space compared to TSPAN8. In addition, the epitope of 

the aCD66c scFv is localized on the outer N terminal V-set domain. In summary, TSPAN8 can 

be considered a membrane proximal target, while CD66c is a membrane distal target. 

We exchanged the Leu16 scFv from our CD20_hl_Sig4 CAR with the CD66c and TSPAN8 

specific scFvs that were previously identified (Figure 5A) (Schäfer et al. manuscript under 

revision). Additionally, we incorporated in our experiments CD66c and TSPAN8 specific 

CD8α spacer CARs and a TSPAN8 specific IgG4 CH2-CH3 spacer CAR, which contained a 

4/2 NQ mutation in the CH2 domain as well as a S → P substitution which has been reported 

to reduce FcR binding also in vivo (25), which was not the case for our IgG1 construct (25). 
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Figure 5. In vitro comparison of T cells transduced with TSPAN8 and CD66c CAR constructs, 

incorporating different spacer domains. (A) Structure of the TSPAN8 and CD66c CAR constructs 

with the Siglec spacers and extracellular domain comparison of the CAR constructs and target molecules. 

(B) Cytolytic kinetics and specific endpoint killing of AsPC1 target cells incubated with CAR T cells 

and Mock T cells from three different donors in effector to target ratios of 2:1. n = 6. (C) Frequency of 

4-1BB, LAG3 and PD1 positive CAR T cells was analyzed at the end of the cytolytic evaluation with 

AsPC1 cells by flow cytometry. (D) GM-CSF, IFN-γ, IL-2, IL-6, and TNF-α production after 24 h of 
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co-culture of TSPAN8 or CD66c CAR T cells with AsPC1 cells from one donor assessed by flow 

cytometry. n = 2. Data from (B–D) were taken from the same experiment. Shown is the mean ± SD. ns > 

0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 [one-way ANOVA, multiple 

comparisons]. 

CD66c+/TSPAN8+ AsPC1 PDAC cells that were additionally modified to express GFP and 

luciferase were co-cultivated with CAR T cells specific for CD66c and TSPAN8 at an E:T ratio 

of 2:1 and analyzed using a fluorescent live cell analysis system. We assessed cytotoxicity as a 

decrease in green fluorescence surface area normalized to 2 h after co-inoculation. After 48 h, 

a supernatant sample was taken for cytokine quantitation while activation markers were 

measured at the end of the experiment (132 h). 

Both, the CD66c_lh_Siglec-4 CAR T cells, as well as the untransduced control T cells showed 

no specific killing of target cells, while the CD66c_lh_CD8 CAR showed a specific endpoint 

killing of 42%, (Figure 5B). On the other hand, when targeting the membrane proximal 

TSPAN8, the Siglec-4 spacer CAR T cells showed a similar killing to that of the 

TSPAN8_hl_CD8α CAR T cells approaching 60% endpoint killing. In contrast, CAR T cells 

modified with a TSPAN8 CAR with the alternative long IgG4 CH2-CH3 spacer exhibited only 

40% killing at the end of the experiment, showing the weakest cytotoxicity of all tested 

TSPAN8 CAR T cells. The CD66c_lh_Sig4 CAR T cells, which showed no cytotoxicity, also 

expressed no activation markers (Figure 5C). The strongest upregulation of activation markers 

4-1BB, LAG3 and PD-1 was observed in TSPAN8_hl_CD8α CAR T cells. Interestingly, the 

TSPAN8 specific Siglec-4 CAR T cells displayed a lower expression of activation markers, 

even though the cytotoxicity equalled that of the CD8α spacer CAR T cells. This difference 

between the CD8α and the Siglec-4 spacer CAR T cells was even more striking at the cytokine 

level (Figure 5D). The TSPAN8_hl_CD8 CAR T cells released markedly higher levels of 

cytokines than the other CAR T cells. The TSPAN8_hl_Sig4 CAR T cells secreted cytokines 

at levels more similar to CD66c_lh_CD8 and TSPAN8_hl_IgG4 CAR T cells, which was very 

surprising, with regard to the same observed cytotoxicity as the TSPAN8 CD8α CAR T cells. 

 

The Siglec-4 Spacer Is Highly Efficacious in an in vivo PDAC Model 

Finally, we investigated the functionality of the three TSPAN8 specific CAR constructs in vivo 

in a pre-clinical PDAC tumor model. 1×106 AsPC1 eGFP+/Luc+ cells were injected 

subcutaneously in NSG mice. Tumor growth was measured non-invasively by BLI imaging and 

furthermore assessed by physical caliper measurement. When the first tumors reached a 

diameter of 25 mm2, treatment groups were randomized according to the BLI signal and tumor 
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size, and treatment was started by i.v. injection of 5×106 CAR T or untransduced Mock T cells 

(Figure 6A). Untransduced T cells did not display a therapeutic benefit over the untreated group 

(Figure 6B). All mice from these two groups had to be sacrificed before the end of the 

experiment as tumor ulcerations began to become established. The therapeutic effect for the 

CD8α and Siglec-4 CARs became apparent in BLI measurements from day 6 onwards. The 

tumor burden within the groups treated with the CD8α and Siglec-4 spacer CARs decreased in 

a comparable manner and reached baseline by the end of the experiment 29 days after T cell 

injection. At the same time, tumor growth was controlled by the IgG4 CH2-CH3 spacer group, 

but there was no tumor clearance as seen with the other groups. Persistence of CAR T cells 

could be demonstrated in the spleens of all CAR T cell treated groups with the highest amounts 

found in the CD8α spacer CAR and Siglec-4 spacer CAR groups (Figure 6C). A markedly 

lower amount of CAR T cells could be recovered from the IgG4 spacer CAR group. 

Interestingly, when the phenotype of the human T cells was examined the proportion of TCM 

was twice as high in CD4 and CD8 CAR T cells of the Siglec-4 spacer CAR group as compared 

to the CD8α spacer CAR T cells (Figure 6D). 
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Figure 6. The TSPAN8 specific Siglec-4 spacer CAR T cells exhibit the same anti-tumor efficacy 

as the CD8α spacer CAR T cells, while retaining a more memory-like phenotype. (A) Overview of 

the study workflow. (B) Tumor burden and change in tumor size over time after TSPAN8 CAR T cell 

infusion. Untreated and Mock T cell treated animals served as controls, T cells from one donor were 

used. IgG4: n = 5; Sig4 and CD8α: n = 4. PSM p < 0.05 (green) [one-way ANOVA, multiple 

comparisons]. (C) Total number of CAR positive T cells recovered from spleens of TSPAN8 CAR-

treated animals at the end of the experiment calculated after flow cytometric analysis. IgG4: n = 5; Sig4 

and CD8α: n = 4. (D) CD4 and CD8 CAR+ T cell phenotypes in the spleens of TSPAN8 CAR-treated 

animals analyzed at the end of the experiment by flow cytometry. n = 4. 

 

Discussion 

Despite the largely empirical design of CARs based on the functional principles of an antibody 

and the T cell receptor (TCR), CAR T cell therapies have demonstrated remarkable efficacy in 

the hematological tumor setting. Although a direct comparison of results across CAR T cell-

based clinical trials is difficult due to the various differences in protocols, target antigens, co-

stimulatory signaling, treatment regimen, patient groups and disease burden, the rough trend 
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can be observed that those receptors that incorporate a CD8α or CD28 spacer region in their 

architecture display better therapeutical efficacy than those that utilize IgG-based Fc domains 

(1–7, 28–31). Non-clinical studies investigating this effect suggest that the inferiority of IgG 

spacers is due to the engagement with FcγR-expressing myeloid cells (23) resulting in off-target 

activation of both gene-modified T cells and the respective FcγR+ cells. In parallel, additional 

work has been demonstrating that the exemplary performance of CD8α or CD28 spacer CARs 

is partially also attributed to the epitope location on the targeted antigen CD19 and a number of 

studies have affirmed the postulate that membrane-proximal epitopes are best targeted by long 

spacer modules while membrane-distal epitopes are effectively recognized by CARs 

incorporating short spacer elements (18–22, 45). 

In light of these developments, we identified a shortage of functional CAR spacer modules for 

membrane-proximal epitopes. Taking advantage of the well-described CD20 antigen and the 

membrane-proximal binding epitope of Leu16-derived anti-CD20 scFv (42), we sought to 

characterize the properties of CD8α- vs. IgG-based spacer CARs against CD20 in vivo. To 

avoid unintended cross-activation of CAR- and FcγR-expressing cells in the context of the IgG 

spacer, the amino acid sequence for IgG1-FcγR interactions in the IgG1-CH2 extracellular 

domain of the CAR was replaced by the corresponding IgG2 amino acids as described 

previously (23). However, contrary to reports describing increased anti-tumor activity and CAR 

T cell persistence following modifications in the IgG4 spacer to abrogate FcγR-binding in the 

CAR spacer domain (25, 27), we did not observe any in vivo therapeutic efficacy of IgG1 CAR 

T cells after similar modifications in our study. More specifically, the lack of efficacy was 

accompanied with an inefficient persistence of the gene-modified T cells. These results were in 

stark contrast to the functional capacity of the CD8α CAR T cells which – according to current 

understanding – display a less favorable receptor architecture due to the short spacer region. 

Although it is reasonable to conclude that the introduced mutations into the IgG spacer domain 

may not entirely abrogate FcγR binding, it cannot be ruled out that additional mechanisms are 

in play that sacrifice the therapeutic efficacy. For example, it has already been described that 

murine scFvs and other non-self gene products can elicit HLA-restricted T cell-mediated 

immune responses (3, 46, 47). Thus, the possibility exists that the introduced mutations into the 

Fc region can create immunogenic peptides by the T cell's antigen processing machinery which 

are then presented on the T cell's HLA and render the gene-modified lymphocytes susceptible 

to TCR-triggered fratricidal activity. Therefore, it is to be appreciated that the interplay of CAR 

T cells with their cognate counterparts and the immune system is complex and further work is 

required to understand the full immunogenic potential of CAR molecules. 
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To exclude the possibility of potential immunological barriers elicited by the spacer region, we 

switched our test system to the IgG4 backbone which was previously described to show in 

vivo performance (25, 27) and which has also shown successful translation to the clinic (34). In 

addition, a new set of spacer domains was designed based on the Siglec family whose members 

are expressed throughout the immune system and display evolutionary structural similarities to 

the constant region of immunoglobulins, but lack the inherent ability to interact with FcγRs 

(36). To determine systematically the optimal spacer length for the membrane-proximal CD20 

epitope, five Siglec spacer CAR variants were generated incorporating either one, two or three 

Ig domains. Of note, different parent proteins were selected, as different Siglec molecules 

encompass distinct glycosylation patterns which are likely involved in modulating the protein's 

stability, flexibility, spatial architecture etc. and thus may have different effects on the CAR 

molecule. Moreover, in an attempt to maintain the original architecture of the molecule, the 

domains closest to the plasma membrane were selected. Consequently, the Siglec spacer regions 

within the otherwise identical CAR framework encompassed either a 114 amino acid (aa) 

Siglec-3, 119 aa Siglec-7, 127 aa Siglec-8, 203 aa Siglec-7, and 280 aa Siglec-4 spacer domain 

as opposed to the control 45 aa CD8α spacer domain. 

Subsequent expression profiling revealed that not all Siglec spacer-based CARs were efficiently 

expressed on the T cell surface. In particular, Siglec-7.1 and Siglec-3 spacer CARs showed the 

lowest expression efficiency emphasizing the importance of the spacer region not only on the 

receptor's functionality but also on its optimal expression. In fact, Patel and colleagues have 

already described that the CAR spacer domain can affect the receptor's stability and modify its 

turnover rate (17). It is plausible that the glycosylation patterns present in Siglec-7.1 and Siglec-

3 spacer CARs render the receptors less stable, in this way increasing the turnover kinetics and 

a decreased CAR detectability on the cell surface. Another potential reason for the inefficient 

expression of the Siglec-3 spacer CAR may lie in the C169S mutation which was introduced in 

order to abrogate unspecific disulfide bond formation as C169 is involved in an interdomain 

disulfide bond within the parent protein. Moreover, it is possible that the Siglec-3 C2-set 

domain per-se is instable when isolated from the membrane-distal V-set domain. Although a 

splice variant of CD33 has been described, which lacks the N-terminal domain (CD33ΔE2), these 

reports rely on mRNA analyses (48, 49). Protein-based detection using antibodies remains 

controversial, as it is still not clear whether a clone exists that can specifically recognize the 

Siglec-3 C2-set domain (49, 50). Importantly, using lentiviral transduction of His-tagged 

CD33ΔE2, Laszlo and colleagues have shown that the expression of the splice variant is also 

dependent on the cell type (49). In this context, HEK293T exhibited highest transgene 
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expression while hematopoietic cells displayed only low level expression of the truncated 

immune receptor which is in line with our observations on the expression of the Siglec-3 spacer 

CAR (Figures 4B,C). 

In the next series of experiments, the three best expressed Siglec spacer CAR candidates were 

analyzed for their ability to induce T cell effector function upon antigen engagement. Consistent 

with previous reports (17–19, 25, 26, 51), our study provides evidence that the CAR spacer 

region can modulate the effector function of transgenic T cells. Intriguingly, however, we find 

that depending on the effector function analyzed, the functional hierarchy may vary. In 

particular with regard to cytotoxicity, no significant differences between the CD8α spacer (45 

aa in length, no Ig domain) and Siglec-4 spacer (280 aa in length; three Ig domains) CAR can 

be observed while in terms of cytokine secretion the CD8α spacer CAR displays a significant 

dominance over other CAR constructs. Importantly, in addition to the CD20 system, this 

observation was further confirmed in the setting of another membrane-proximal antigen, 

TSPAN8, indicating a common functional feature for membrane-adjacent epitopes. 

It has already been demonstrated in the TCR-context that distinct thresholds exist for the 

cytolytic machinery, the proliferative induction as well as the cytokine production system (52–

56) and emerging work suggests similar principles for CAR-triggered T cells (26). The current 

study further supports this finding and the data obtained indicate that the nature of the spacer 

region can modulate the nature and degree of effector function. An alternative strategy has been 

described by Liu and colleagues (57) and Caruso and colleagues (58) in two independent studies, 

in which they demonstrate the ability of effector function fine-tuning through scFv affinity 

modulation. The clinical impact of such modifications was impressively demonstrated by 

Ghorashian and colleagues, who reported a better overall therapeutic profile of CD19 CAR T 

cell therapies in patients who received lower affinity CARs compared to the commonly used 

FMC63-scFv-based CARs (59). In particular, while the antileukemic activity was retained, the 

CAR T cells displayed an enhanced proliferative capacity and reduced severity of cytokine 

release syndrome (CRS). Though this clearly reveals the effectiveness of such an approach, 

scFv affinity modulation is a laborious undertaking and bears the risk to result in unwanted 

modifications to the target specificity. Therefore, fine tuning the chimeric receptor's spacer 

region provides a time-profitable option with a lower risk profile. More importantly, it further 

allows to create a variety of receptors with a range of signal transduction intensities independent 

of the binding domain. 
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Besides, based on the efficacy data obtained with the CD8α spacer (45 aa) vs. Siglec-4 spacer 

(280 aa) CARs targeting CD20 and TSPAN8, we find that the receptors' cytotoxic efficacy is 

not dominated by the spatial constraints of the CAR and its target epitope. This is significant as 

previous studies reporting such a trend were performed primarily in the context of IgG-derived 

sequences (25, 26, 51) and have not been compared extensively to spacers derived from other 

parental proteins. Thus, our work demonstrates that not only structural and spatial elements in 

CAR T cell:target cell interaction influence a receptor's bioactivity, but also additional factors 

are in play that are not entirely understood or fully considered yet. It is likely that e.g., CAR 

flexibility/rigidity and surface stability may have a greater relevance than previously assumed. 

For instance, Patel and colleagues have shown that the spacer domain can diminish a CAR's 

functionality by increasing its turnover rate (17). Thus, it is important to take into consideration 

that Ig domains as they are present in IgG and Siglec spacer domains display a distinct structural 

folding while the CD8α spacer is derived from a stalk connecting an Ig-like domain with the 

membrane. Attempts to resolve the structure of the CD8α hinge domain were of limited success 

so far, indicating the relative flexibility of this region (60). The Siglec-4 or the IgG spacers are 

missing this flexibility and in this way reduce targetable epitopes to the ones located in 

membrane proximity. 

Another important aspect to be taken into consideration is the tendency of the CD8α stalk region 

to heterodimerize with CD8β, the subunit that contains raft-localizing determinants (61). As 

lipid rafts contain an accumulation of accessory molecules decisive for signal transduction and 

the intracellular CD8β domain has been described to promote association with the two crucial 

players Lck and LAT (62), it is likely that – in the context of cytotoxic T cells – the CD8α 

spacer region is capable of attenuating the effector function threshold by fostering interaction 

with downstream signaling molecules. These effects are absent in IgG- and Siglec-based 

spacers, so that the overall induction of T cell function is likely primarily guided by the number 

of triggered CAR molecules (Figure S5). 

In support of the in vitro data, the Siglec-4 spacer CAR displayed a similar anti-tumor 

efficacy in vivo as the cognate CD8α spacer CAR against TSPAN8 and both therapies were 

superior to the IgG4-based spacer CAR treatment. Taking into account the length of the spacer 

regions (CD8α: 45aa; Siglec-4: 280 aa; IgG4: 228aa), we could not observe any obvious 

correlation with CAR potency and rather identified an intrinsic inferiority of the IgG4 spacer in 

vivo. However, in the context of the TSPAN8 targeting, the modified IgG4 spacer CAR showed 

a much better relative in vivo performance to the CD8α spacer compared to the IgG1 spacer 
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performance in the CD20 study. Indeed, the modified IgG4 spacer (25) has now demonstrated 

good efficacy in ongoing clinical studies (34) indicating that other factors in CAR design such 

as the scFv binding domain, transmembrane domain or the drug product formulation may also 

play a role in in vivo function and T cell persistence. 

Strikingly, however, while the cytotoxic activity was comparable between the CD8α and 

Siglec-4 spacer CARs, we observed a reduced secretion of pro-inflammatory cytokines and an 

attenuated upregulation of activation/exhaustion markers such as 4-1BB, LAG3, and PD1 in 

the Siglec-4 spacer CAR T cells. Moreover, while the proliferative capacity of Siglec-4 CAR T 

cells was slightly lower compared to CD8α spacer CAR T cells, the Siglec-4 CAR-treated mice 

featured a trend toward a higher fraction of TCM phenotype within the CAR T cell cohort which 

is associated with better overall remission and decreased likelihood of relapse in a clinical 

context. 

It is currently widely established that CAR efficacy correlates closely with the development 

and severity of CRS in the clinic, an adverse event whose management has proven challenging 

in the clinical setting. Although tocilizumab and glucocorticoids have been described as 

effective intervention options, finding the right timing for their application represents a big 

hurdle (1, 63). In fact, too early intervention may jeopardize the therapeutic efficacy and 

increase the risk of relapse, while too late intervention bears the risk of CRS-induced multi-

organ failure and irreversible neurotoxicities resulting in a patient's death (1, 3, 5, 7, 64–68). 

Thus, a treatment modality that retains the cytotoxic ability of currently approved CAR T cell 

therapies but attenuates the levels of secreted cytokines may turn engineered T cells not only 

into a reliable and effective, but also a safer platform. Moreover, a concomitant increase of the 

memory phenotype in the CAR T cell cohort of the patient holds promise to further increase 

the therapeutic efficacy while reducing life-threatening side effects. 

Although the phenotype of Siglec-4 CAR modified T cells bodes well for future clinical 

application, what is the potential toxicity profile of this novel spacer structure? The parent 

protein Siglec-4, also known as myelin-associated glycoprotein (MAG), has been reported to 

be exclusively produced by myelinating glial cells such as oligodendrocytes in the central 

nervous system (CNS; 1% of total protein mass) and Schwann cells in the peripheral nervous 

system (PNS; 0.1% of total protein mass) (69, 70). Its specific expression on the innermost 

layer of myelin directly opposite to the axon surface supports its crucial role in the stabilization 

of axon-myelin interactions, the regulation of myelination, and the inhibition of axon 

regeneration after injury (71–73). These effects have been first described to be mediated by the 
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N-terminal V-set domain of the receptor, as determined by ligand specificity analyses, site-

directed mutagenesis and analogy to the crystal structure of Siglec-1 (74–77). In our evaluation 

of homology studies, we found the protein sequence to be the best conserved among the Siglecs 

and within mammalian species. Indeed, the highest sequence homology was identified to lie 

within the first two N-terminal domains of Siglec-4 (78). Consequently, in order to abrogate 

these interactions, both N-terminal domains were excluded from our CAR spacer design. 

More recent studies, however, suggest that an alternative binding domain exists that interacts 

with the Nogo receptor 1 and 2 (NgR1, NgR2), but not NgR3 (79–82). Deletion analysis 

demonstrated that while the first three Ig-like C2-set domains (amino acids 17-325) of Siglec-

4 are involved in these interactions, C2-set domains 3-5 (amino acids 234-506) as they are 

present in our CAR architecture fail to associate with NgR1 or NgR2 (83) indicating that 

domains 1 and 2 are the major interaction partners. Interestingly, both a soluble and membrane-

bound receptor construct comprising the C2-set domains 3-5 of Siglec-4 (amino acids 234-506) 

are still able to inhibit neurite outgrowth in the CNS, suggesting the existence of an as of yet 

unidentified ligand partner (83, 84). This observation may indicate the potential risk of 

unwanted interactions of the Siglec-4 spacer-based CAR T cells with this unknown binding 

partner. Although the CNS is an immune-privileged organ an intensive infiltration by CAR T 

cells has been shown to occur as a result of blood-brain-barrier (BBB) damage due to strong 

CRS. However, as Siglec-4 spacer CAR T cells appear to produce lower levels of cytokines, 

BBB disruption is expected to be mitigated, in this way minimizing CNS accessibility for CAR 

T cells. 

In support of this hypothesis, despite the high homology between human and rodent Siglec-4 

of 95% at the amino acid level over the entire extracellular domain (85, 86), we did not observe 

any toxicities in the mouse cohort receiving Siglec-4 spacer CAR therapy in our in vivo studies. 

Nevertheless, since - to the best of our knowledge - human-mouse cross-reactivity of Siglec-4 

and its interaction partners has not been determined, these data need to be handled with care 

and further analysis is required to investigate the extent of potential side-effects of Siglec-4 

spacer-based CAR T cells. 

In summary, this study introduces the new class of Siglec CAR spacers, which structurally 

resemble IgG class spacers without their FcγR binding features. The Siglec-4 spacer proved to 

be as efficient as a conventional CD8α spacer in both in vitro and in vivo CAR function, but 

exhibited advantageous traits in terms of the T cell phenotype and CAR T cell cytokine release, 
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which make it an interesting candidate CAR structure to translate into future clinical 

applications. 
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Figure S1: Organization of the pairwise significant matrix for group comparison of in vivo 

performance of CD20_hl_IgG1, CD20_lh_CD8, CD20_hl_CD8, Untreated and Mock. PSM p<0.05 

(green) [one-way ANOVA, multiple comparisons]. 
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Figure S2: Flow cytometry analysis of tumor and CD20 CAR T cells persistence in blood, spleen 

and bone marrow. Ex vivo analyses were performed at the endpoint of the study. Percentage of 

transduced T cells in the Mock group was calculated based on GFP expression. n = 5 – 6. 

 



100 

 

 

Figure S3: Macrophages do not inhibit the function of CAR T cells containing an IgG1 spacer 

with mutated Fc-binding sites. CD20_hl_IgG1 CAR T cells were mixed in a 1:1:1 ratio with Raji 

target cells and NSG macrophages, derived from a peritoneal lavage. Macrophages, tumor and CAR T 

cells were co-incubated for 24 hours in absence or presence of murine FcR-blocking reagent (block). n 

= 3. 

 

 

Figure S4: Organization of the pairwise significant matrix for group comparison of in vivo 

performance of TSPAN8_hl_CD8, TSPAN8_hl_Sig4, TSPAN8_hl_IgG4, Untreated and Mock. 

PSM p<0.05 (green) [one-way ANOVA, multiple comparisons]. 
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Figure S5: Schematic model of spacer dimerization with natural CD8β leading to increased 

signaling. 
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SUMMARY CHAPTER 2  

MULTIMODAL IMAGING OF CAR T CELLS USING 

BIOLUMINESCENCE TOMOGRAPHY AND LIGHT-SHEET 

MICROSCOPY REVEALS NEGATIVE EFFECTS OF LOCAL 

INTERLEUKIN-2  

In this manuscript, we tracked CAR T cells in vivo and ex vivo in a subcutaneous PDAC 

xenograft model to gain spatial-temporal information about CAR T cell biodistribution and 

localization within the tumor. Recently established mutated click beetle luciferase (CBR2opt) 

was incorporated into two CAR constructs for direct cell labeling. One construct was redirected 

against epidermal growth factor receptor (EGFR) present on AsPC1 PDCA cells, while the 

second construct served as a functional but target unspecific control, redirected against the 

hematological cancer target blood dendritic cell antigen 2 (BDCA-2). Additionally, we 

evaluated the influence of locally injected IL-2 as a T cell support in the tumor 

microenvironment (TME) on in vivo and intratumoral T cell distribution.  

CBR2opt facilitated 2D bioluminescence (BLI) biodistribution analysis of CAR T cells but 

technical drawbacks prevented the quantification of target-specific CAR T cell proliferation at 

the tumor. However, whole-body 3D hybrid µCT/ bioluminescence tomography (BLT) enabled 

for the first time 3D tracking of CAR T cells with bioluminescence. Quantification of 

segmented tumors displayed the antigen recognition induced proliferation of EGFR CAR T 

cells at the tumor. Further, segmentation of the BLT signal revealed a target unspecific 

proliferation of BDCA-2 CAR T cells in BDCA-2- NSG mice. Supplemented local IL-2 had 

no significant influence on T cell proliferation at the tumor site neither in 2D BLI nor in 3D 

BLT. 

Ex vivo analysis was performed using light-sheet fluorescence microscopy (LSFM) and cyclic 

immunofluorescence (IF). Quantification and segmentation of LFSM indicated adverse side 

effects on CAR T cell tumor penetration depth. Combination with cyclic IF demonstrated a 

target-independent effect of local IL-2 on intratumoral T cell distribution but target-dependent 

unfavorable effect on T cell phenotype. This manuscript established 3D BLT for CAR T cell 

tracking but exposed a negative long-term effect of locally applied IL-2.   
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Abstract 

  

One major drawback in the field of CAR T cell therapy in solid tumors is the lack of 

spatiotemporal information that enables monitoring of T cell localization, distribution, and 

status. To address this challenge, we combined 3D µCT bioluminescence tomography (BLT), 

light-sheet fluorescence microscopy (LSFM) and cyclic immunofluorescence staining 

(MACSima™). Intratumoral CAR T cell trafficking was monitored in a subcutaneous 

pancreatic cancer xenograft mouse model over time. Accumulation of CAR T cell in tumor 

tissue based on target-dependent infiltration was significantly increased in comparison to target-

independent infiltration as quantified by 3D µCT/BLT. These findings were confirmed by ex 

vivo LSFM 3D quantitative analysis revealing deeper T cell tumor infiltration for the target-

positive cohort. MACSima™ revealed that local IL-2 application resulted in intratumoral T cell 

exhaustion. Overall, these results demonstrate that optical tomography-based in vivo CAR T 

cell whole-body tracking and ex vivo 3D- and sequential 2D-microscopy analysis are valuable 

tools to assess T cell infiltration and status within tumor tissue. 

Keywords: CAR T Cells, Cell Tracking, Optical tomography, 3D uCT/BLT, Light-Sheet 

Fluorescence microscopy, Cyclic immunofluorescence 

Introduction 

CAR T cells failed, so far, to recapitulate their tremendous accomplishments within 

hematological malignancies in solid tumors 1. Several factors have contributed to this failure, 

such as the availability of suitable targets. In contrast to blood cancers, there are no targets in 

solid tumors available with a safe expression profile, increasing the risk for on-target off-tumor 

toxicities due to a heterogeneous expression pattern 2. Trafficking of CAR T cells is crucial for 
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clinical outcomes but diminished in solid tumors 3,4. While CAR T cells can access most 

hematological malignancies easily, solid tumors are surrounded by a pronounced tumor 

microenvironment (TME), which needs to be overcome 5. This major barrier for CAR T cell 

infiltration in solid tumors is created by suppressive immune cells, including marrow-derived 

suppressor cells (MDSCs), cancer-associated fibroblasts (CAFs), tumor-associated 

macrophages (TAMs), and regulatory T cells (Tregs), an angiogenic vasculature, and the 

resulting disturbance of sufficient nutrient and oxygen supply 6,7. Majority of preclinical and 

clinical research addressing these and other cell therapy-associated questions are largely 

conducted with negligible in vivo analysis of CAR T cell behavior. The lack of these insights 

hinders further clinical improvements of CAR T cells. Hence, there is an urgent need for more 

preclinical research to overcome these drawbacks. In vivo and ex vivo 3D cell tracking 

strategies can provide spatial and temporal information, supporting research activities regarding 

the toxicology of cell-based cell therapies or TME-related strategies for combinatorial 

immunotherapies 8,9. Bioluminescent imaging (BLI) combined with reporter proteins based 

direct cell labeling enables non-invasive whole-body and real-time mapping of CAR T cell 

biodistribution, tumor infiltration, expansion, and persistence 10. The combination of 3D 

reconstructed BLI and µCT scan, termed bioluminescence tomography (BLT), has extensive 

applications for preclinical research as a comparably new modality, providing quantitative 

optical imaging information in 3D 11. Pairing with other imaging modalities, such as 3D light-

sheet fluorescence microscopy (LSFM) and cyclic immunofluorescence staining, enables 

further in-depth cellular characterization 12. LSFM microscopy allows segmentation and 

quantification of immune cells in the core and periphery of the tumors down to minor 

differences between different CARs 13. Cyclic immunofluorescence staining (MACSima™) has 

been applied to stain the same section with multiple markers to gain various information on 

single-cell level and evaluate individual CARs in solid tumor models 14. In this way, the 

incorporation of multimodal imaging techniques into a single strategy facilitates a precise 

characterization of a certain CAR therapy from longitudinal 3D in vivo biodistribution to spatial 

resolution and phenotyping within a solid tumor. 

Here, we apply this proposed multimodal imaging strategy to investigate the behavior of a CAR 

T cell therapy and a mock control in the in vivo and ex vivo context of a subcutaneous 

pancreatic adenocarcinoma (PDAC) mouse model. We further evaluate the impact of local 

Interleukin-2 (IL-2) as an external CAR T cell support against the hostile TME. IL-2, a T-cell 

growth factor with pleiotropic effects on the immune system in patients, is approved as an 

immunotherapeutic treatment for solid tumors 15. Here it is subcutaneously injected under the 
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tumor to monitor the effect on CAR T cell tumor infiltration and biodistribution dynamics. In 

vivo tracking of CAR T cells is executed by the addition of recently established mutant version 

of click beetle red luciferase (CBR2opt) reported by Hall et al. via lentiviral T cell transduction 

16. Finally, insights from in vivo tracking are broadened with ex vivo tracking data, using LSFM 

and immunofluorescence, revealing long-term disadvantages of local IL-2 on spatial CAR T 

cell distribution, independent of the target, and on phenotype, only in target-specific CAR T 

cells.   

Material and Methods 

CAR Gene Construction 

CAR genes of interest were constructed by commercial gene synthesis (ATUM). CAR 

expression was initiated by the EF1α promoter located upstream of the CAR gene. N-terminal 

addition of a human CD8α leader signaling peptide to the respective scFv sequence facilitated 

the trafficking of CAR receptors to the plasma membrane. The Epidermal Growth Factor 

Receptor (EGFR)-specific scFv was derived from the chimeric monoclonal antibody 

Cetuximab 17, while the blood dendritic cell antigen 2 (BDCA-2) specific scFv was derived 

from the humanized AC144 clone. VL and VH regions of the antigen-binding domains were 

connected via a (G4S)3-linker. The hinge and transmembrane domain of human CD8α was used 

to link the scFvs to the intracellular signaling domains of 4-1BB, and the CD3ζ signaling 

domain was derived from UniProt. For in vivo tracking of CAR T cells, CAR genes were fused 

via a Furin-P2A sequence to a mutant version of click beetle red luciferase (CBR2opt) described 

by Hall et al. 16. CBR2opt sequence was obtained from Addgene and introduced into two 2nd 

generation CARs redirected against epidermal growth factor receptor (EGFR) or blood 

dendritic cell antigen 2 (BDCA-2). EGFR is a driver of tumorigenesis in many solid tumors, 

including PDAC, making it an interesting target for immunotherapy 18. In contrast to EGFR, 

BDCA-2, a C-type lectin, is exclusively expressed on the surface of human plasmacytoid 

dendritic cells (pDC) and not expressed on PDAC cell lines including AsPC1 19,20. 

Lentiviral Vector Production 

Lentiviral vector productions were performed as previously described 21. For production of 

third-generation self-inactivating VSV-G-pseudotyped lentiviral vectors, 1.6×107 HEK293T 

cells were seeded per T175 flask 24h before transfection, until a confluency of 70 – 90% was 

reached. For transfection of one T175 flask, a total amount of 50 μg DNA was combined with 

MACSfectinTM reagent (Miltenyi Biotec) at DNA: MACSfectinTM ratio of 1:2. The 50 µg of 
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DNA contained respective amounts of the transfer plasmid (encoding the CAR construct), two 

packaging plasmids (encoding gag/pol and rev) and the envelope plasmid (encoding VSV-G). 

Transfected HEK293T cells were incubated overnight before sodium butyrate was added at a 

final concentration of 10mM. Lentiviral vector containing supernatant was collected 48 h after 

transfection, centrifuged at 300 × g at 4°C for 5min and filtered through 0.45 μm-pore-size 

PVDF filters. Subsequently, filtered supernatant was centrifuged at 4°C and 4,000 × g for 24h 

to increase viral stock concentration. Air-dried pellets containing lentiviral vectors were 

resuspended at a 200-fold concentration with 4°C cold PBS. Aliquots of lentiviral vectors were 

stored at −80°C. 

CAR T Cell Generation 

Buffy coats from consented healthy anonymous donors were obtained from the German Red 

Cross Dortmund as registered and approved by the Ethics Committee of the German Red Cross. 

All study-related procedures have been performed according to the Declaration of Helsinki and 

to the relevant ethical guidelines. 

CAR T cells were generated according to previously applied protocols 21. Density gradient 

centrifugation was applied to isolate peripheral blood mononuclear cells (PBMCs) from buffy 

coats. T cells purification from PBMCs was performed using human pan T Cell Isolation Kit 

(Miltenyi Biotec) according to the manufacturer’s instructions. Isolated T cells were then 

cultivated in TexMACSTM Medium (Miltenyi Biotec) supplemented with 200 IU/ml of 

recombinant Human IL-2 IS, research grade (Miltenyi Biotec) and activated with TransActTM, 

human (Miltenyi Biotec). Twenty-four hours after activation, lentiviral vectors were added to 

the T cell cultures for transduction. T Cell TransActTM and excess viral vector were removed 3 

days post activation and replaced with fresh TexMACSTM Medium, supplemented with 200 

IU/mL IL-2, for further cultivation of T cells. Cell splitting and feeding occurred at a 2-3 days 

interval. After 12 days of expansion, T cells were pelleted at 300 x g for 10min and subjected 

to experimental studies.   

Flow Cytometry  

Cellular composition of purified T cells was analyzed with hCD3, hCD4 and hCD8 REAfinity 

recombinant antibodies (Miltenyi Biotec) as previously reported 21. CAR expressions were 

detected by a sequential staining protocol. Transduction efficiency of anti-EGFR CAR T cells 

was determined with a recombinant EGFR protein including a His-Tag (Acrobiosystems), 

followed by a monoclonal anti-His antibody (Miltenyi Biotec). BDCA-2 CAR T cells were 
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identified by a biotin-tagged BDCA-2 CAR Detection Reagent (Miltenyi Biotec) followed by 

an anti-Biotin antibody (Miltenyi Biotec). For stainings, samples were incubated with the 

respective primary antibody at manufacturer recommended concentrations for 10min at 4°C. 

Samples were washed and incubated with the respective secondary antibodies at recommended 

concentrations for 10min at 4°C. Stained cells were acquired on a MACSQuant Analyzer 8 

(Miltenyi Biotec) and analyzed using the MACSQuantifyTM Software 2.13v. 

 

In vivo analysis 

Tumor model 

All experiments were performed according to guidelines and regulations and were approved by 

the Governmental Review Committee on Animal Care in NRW, Germany (Landesamt für 

Natur, Umwelt and Verbraucherschutz NRW, Approval number 84-02.04.2017.A021). NOD 

SCID gamma (NSG; NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice (Jackson Laboratory, provided 

by Charles River) were injected subcutaneously with 5×105 AsPC1 wildtype human cells in 

100 µl PBS in the right flank for tumor establishment. Tumor growth was tracked by 2D Caliper 

measurements of tumor volume. When tumors reached a size of >25 mm², mice were 

randomized based on tumor size and freshly prepared CAR T cells were injected in 100 µl PBS 

into the tail vein. In the cytokine-treated cohorts, IL-2 was administered under the subcutaneous 

tumor on day 1, 3, 5 and 7 post therapy initiation at a dose of 25,000 IU/mouse. On days 1, 3, 

5 and 7 25 000 IU IL-2 in PBS were subcutaneously injected, in separate cohorts, for further 

CAR T cell stimulation. During the course of the experiment, well-being of mice was monitored 

and scored according to relevant animal use guidelines. Animals were euthanized according to 

guidelines upon reaching the endpoint (paralysis, stress score of >20, weight loss of >19%, or 

end-point of the experiment) and tumors were taken out for further ex vivo analysis. 

2D and 3D bioluminescence imaging 

2D and 3D CAR T cell distribution was measured on day 0, 2, 6, 9, 13, 16 and 20 after 

intraperitoneal injection of 100 μL (30 mg/mL) D-Luciferin Potassium Salt, LUCK-2G, 

(GoldBio) in with isofluorane anesthetized mice as described before 21. 2D measurements were 

performed using the in vivo imaging system (IVIS) Lumina system (PerkinElmer) with open 

filters 10 min after substrate injection. 2D data were analyzed and quantified with living image 

software 4.7.3v. For comparison of the different treatment groups, total flux of dorsal, ventral 

and tumor region of interest (ROI) were normalized to the value at day 0. 



115 

 

For 3D measurements, anesthetized mice were transferred to a 3-mouse bed of the OI module 

connected to µCT (MILabs). 3D BLI signal was acquired according to the manufacture protocol 

with emission filters at 586, 615, 631 and 661 nm followed by a CT scan with 50 kV tube 

voltage and 0.24 mA tube current ensuring a minimal radiation exposure of 2 mGy per scan. 

BLT data was automatically reconstructed with MILabs BLT Recon software (MILabs) and 

µCT data with MILabs Rec software (MILabs). 3D BLT segmentation and quantification were 

performed with Imalytics Preclinical software 2.1v (Gremse-IT). Segmentation was executed 

based on µCT data by iteratively drawing of scribbles to delineate the tissues 22,23. The volume 

of segmented spleen was dilated by a factor 40 to compensate for vertical signal shift, increasing 

the risk of inaccurate signal quantification by inclusion of signals resulting from other organs 

(Figure S1) 24. For comparison of the treatment groups, organ bioluminescence was normalized 

to the amount of signal in the whole mouse on each measurement day. 

Ex vivo analysis 

Cyclic Immunofluorescence staining 

Cyclic immunofluorescence staining was performed as it has been reported for the identification 

of PDAC targets 14. Xenograft tumors were embedded in Tissue Freezing Medium (Leica) and 

stored at -80°C until further use. 8 μm sections were cut on a CM3050 S cryostat (Leica) and 

collected on SuperFrost® Plus slides (Menzel). Serial sections were either used directly or 

stored at -70°C not longer than 2 weeks. For immunofluorescence staining slides were thawed 

in -20°C acetone and staining of sections was performed with fluorochrome-labeled antibodies 

hCD3, (Miltenyi Biotec) together with DAPI (Sigma-Aldrich) according to manufactures 

instructions. Finally, stained sections were covered with Fluorescence Mounting Medium 

(Dako) and coverslip. Images for ROI definition were acquired with EVOS® FL Cell Imaging 

System (Thermo Fisher Scientific) and analyzed using ImageJ 1.49v. 

After the definition of a ROI, another 8 μm section of the same frozen specimen was thawn in 

4% paraformaldehyde (PFA) at room temperature. Residual PFA was removed 3 times with 

autoMACS™ Running Buffer (Miltenyi Biotec). Fixed sections were stained with DAPI 

(Sigma-Alderich) according to manufactures’ instructions and stored at 4°C until further usage. 

For cyclic immunofluorescence staining slides were introduced into a MACSima™ system. 

The system facilitates sequential staining of multiple fluorochrome-labeled antibodies. One 

cycle consists of iterative fluorescent staining, image acquisition, and signal erasure. Cyclic 

section staining was performed with the following human-reactive REAfinity antibodies: CD3, 
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CD45RA, CD326, CD39, CD73, CD4, CD8, CD45RB, Ki-67, CD28, mCD31, and CD162 

(Miltenyi Biotec). Generated and post-processed Images were analyzed using ImageJ 1.49v. 

Xenograft clearing and immunostaining for 3D imaging analysis  

For spatial analysis of CAR T cell distribution within the tumor, tumor tissues were stained and 

cleared for light-sheet fluorescence microscopy (LSFM) using the MACS® Clearing Kit 

(Miltenyi Biotec). Tumors for clearing were selected based on the average BLI signal and tumor 

size of the group. Vascular networks of tumors were stained in vivo with Rhodamine lectin 

(Vector Laboratories). For this, 50 µl of Rhodamine lectin (emission maximum 575 nm) were 

intravenously injected into the tail veins 5min before the injected mice were sacrificed. Freshly 

excised tumors were fixed by overnight incubation at 2-8°C in 4% PFA Buffer. Remaining PFA 

was removed by three times washing in PBS before tissues were permeabilized in 5 ml 

Permeabilization Solution (Miltenyi Biotec) per sample for 24h at room temperature and under 

slow continuous rotation on a MACSmix Tube Rotator (Miltenyi Biotec). Permeabilized 

tumors were stained with CD3-Vio667 (Miltenyi Biotec) in Antibody Staining Buffer (Miltenyi 

Biotec) for 7 days at 37°C under gentle shaking. Subsequently, unbound antibody was removed 

by washing three times in Antibody Staining Buffer (Miltenyi Biotec) for at least 4h each at 

room temperature under slow continuous rotation MACSmix Tube Rotator (Miltenyi Biotec). 

Stained tissues were dehydrated by incubation in increasing ethanol dilutions from 30% ethanol 

to 100% ethanol for at least 4h at room temperature under slow and continuous rotation. 

Dehydration was followed by tissue clearing using 5 ml Clearing Solution and incubation for 

at least 6h at room temperature under slow and continuous rotation. 

Image acquisition and 3D LSFM data processing  

Cleared tumors were transferred into the imaging chamber of a light-sheet microscope 

(Ultramicroscope Blaze, Miltenyi Biotec) filled with MACS® Imaging Solution. Multichannel 

image acquisition of z-stack was performed dependent on sample size at a magnification of 1x 

or 4x with a zoom of either 0.6 or 1.66 and 4 µm step size. Background signal, Rhodamine 

lectin and CD3-Vio667 were acquired in the following channels: 488, 561 and 640 nm, 

respectively. Subsequent analysis was performed with Imaris 9.5.1v (Bitplane) and ImageJ 

1.49v software. Imaris software was used for 3D rendering of images and to determine the 

surface and volume of the tumor tissue, CD3+ areas and vessels. Tumor surrounding soft tissue 

was separated from the tumor by creating a mask based on manual delineation of the tumor 

margin. Voxels outside the mask were set to zero. Vasculature was segmented and 
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reconstructed based on Rhodamine lectin staining using the surface detection application. 

Analysis of CD3 stained areas was performed by surface segmentation or with Imaris “Spots” 

detection application, depending on the image resolution. Spot detection required an assignment 

of a cell diameter (8µm) and was used for the creation of artificial objects. This enabled the 

quantification of cell number and distance measurements to the tumor surface and the nearest 

blood vessels. Proximity of vessels to each other and different sizes of analyzed tumor 

determined the maximum distance. ImageJ 1.49v software was applied to investigate the gray 

values of the CD3+ and rhodamine lectin staining at maximum projection within the middle 

third of the tumors. 

Statistics 

Experimental results were analyzed using GraphPad Prism 9 software (Graph-Pad Software, 

USA). For the statistical comparison of two groups, unpaired t-tests were used. Analysis of two 

or more groups was conducted by One-way ANOVA with p < 0.05. Significance analyses of in 

vivo experiments were organized in a pairwise significance matrix (PSM). A comparison 

between two groups is represented by one box, as shown by Al Rawashdeh et al. 22. The order 

of group comparison is illustrated in Figure S2. Significant differences between two comparing 

groups are defined by a green box, while insignificant differences are indicated by a red box. 

Results  

Therapeutic efficacy of EGFR CAR T cells contrasts with 2D signal of the CAR T cells 

within the tumor  

To gain spatial-temporal information about CAR T cell behavior in a preclinical subcutaneous 

pancreatic xenograft mouse model, we used the recently established mutant version of click 

beetle red luciferase (CBR2opt), which had demonstrated a significantly higher total flux signal 

(photon/s) compared to standard firefly luciferase (Luc2) with D-Luciferin 16. A strong 

bioluminescence signal is especially important due to the small size of T cells, resulting in a 

low protein amount, and can additionally enhance detection in deeper tissues, thus cell 

distribution mapping after i.v. injection is higher as in s.c. models 25. For constitutive transgene 

expression, T cells were transduced lentivirally with bicistronic vectors co-encoding the CAR 

and CBR2opt genes (Figure 1A). EGFR CARs were used to target the EGFR+ AsPC1 tumors, 

while BDCA-2 CARs served as mock controls. In vivo cell tracking was performed as outlined 

in Figure 1B. Two hours after CAR T cell injection, 2D BLI imaging revealed a signal in the 

lung and liver as a result of the i.v. injection route (Figure S3) 26. On the next day, half of the 
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two EGFR and BDCA-2 CAR T cell treated groups, respectively, animals were treated with 

additional subcutaneous IL-2 application to assess the cytokine’s impact on local T cell 

distribution and phenotype 27. Longitudinal 2D BLI imaging demonstrated an increasing 

bioluminescence signal at the tumor site of EGFR and EGFR + IL-2 treated mice on day 6, 

while BDCA-2 treated animals indicated a signal amplification in an area attributable to the 

spleen in dorsal and ventral view (Figure 1C). The signal at the tumor site of EGFR treated 

mice further amplified over time and from day 13 on background signal started to intensify and 

T cells started to appear in other organs during the BLI scan, such as the liver (Figure 1C). BLI 

scans of BDCA-2 CAR T cell groups revealed a strongly increasing signal in the lower 

abdominal and head area (Figure 1C). Continuously increasing bioluminescence in dorsal, 

ventral, and tumor regions of interest (ROI) were quantified for further analysis (Figure 1D). 

The comparison of dorsal signal development - without tumor area - showed no significant 

difference between EGFR and EGFR + IL-2 animals, just BDCA-2 + IL-2 treated animals had 

a significantly higher signal, which remained after the discontinuation of additional IL-2 supply. 

A similar pattern was visible in the ventral comparison, with the exception that there was an 

additional significant difference in signal intensities between BDCA-2 and BDCA-2 + IL-2 

treated animals on day 6. However, we were not able to detect any differences between the 

tumor signals of the four treatment groups, besides a significant difference between BDCA and 

BDCA + IL-2 on day 6 and day 9. But these results contrasted the clear intensity peak at the 

tumor sites of EGFR CAR T cell treated animals visible on day 6 and day 13 and the significant 

tumor control of the EGFR CAR T cells at the endpoint of the analysis, in agreement with 

previous findings (Figure 1E) 28.   
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Figure 1: Therapeutic efficacy of EGFR CAR T cells does not correlate with 2D Signal of the 

transgenic cells within the tumor. (A) Structure of EGFR and BDCA-2 CARs. (B) Schematic 

representation of the in vivo study plan in the pancreatic xenograft tumor model. (C) The proliferation 

of CBR2opt-transduced CAR T cells in NSG mice was analyzed by 2D BLI measurements. n=7, Scale 

factor BDCA-2 groups: min: 1x106, max: 1x108, Scale factor EGFR groups: min: 5x105, max: 5x107 

(D) Quantification of signal amplification in the dorsal, ventral and tumor ROI, PSM p<0.05 (green) 

[one-way ANOVA]. (E) Tumor burden change over time after CAR T cells infusion and repeated 
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subcutaneous IL-2 injections, assessed by 2D Caliper measurements, PSM p<0.05 (green) [one-way 

ANOVA]. 

 

3D hybrid µCT/BLT visualizes antigen recognition-dependent intratumoral CAR T cell 

trafficking and expansion over time 

Subsequent to the 2D BLI measurements, 3D µCT/BLT measurements of in vivo CAR T cell 

distribution were performed. The baseline measurement on day 0 demonstrated a homogenous 

distribution of CAR T cells in all 4 groups (Figure 2A). The majority of the animals displayed 

a signal peak within the rib cage, originating from the lungs, even though individual mice 

exhibited a signal slightly below the thorax, attributed to originate from the liver. CAR T cell 

biodistribution on day 6 differed greatly between the EGFR and BDCA-2 groups. EGFR treated 

animals had a clear influx of CBR2opt expressing CAR T cells into the tumor at the right flank 

side of the mouse, sometimes even with a second signal intensity peak beneath the first peak. 

In contrast to BDCA-2 animals, for which BLT imaging revealed a signal on the left side of the 

spine, originating from the spleen accompanied by lack of signal in the tumor. On Day 13, BLI 

measurement was showing that EGFR treated animals appeared to have two distinct signal 

peaks matching with tumor and spleen site. However, the background signal started to increase 

after this time point. The same was true for BDCA-2 treated groups, which further showed a 

diluting spleen signal in favor of amplifying signals e.g. in the lower abdomen. Additionally, 

tumor influx of BDCA-2 CAR T cells in AsPC1 BDCA-2- negative tumor started to manifest. 

At the endpoint of the experiment, EGFR CAR T cell influx was not the dominating signal 

anymore due to enhanced signal in the whole mouse by arising xenogeneic graft-versus-host 

disease (GvHD). Visual examination of the BLT scans did not result in the detection of any 

differences in the CAR T cell biodistribution in the presence or absence of subcutaneous IL-2 

injection. Accordingly, further analysis was required to gain further knowledge. Consequently, 

volume determination of the tumor size revealed a strong therapeutic effect by EGFR CAR T 

cells, which was slightly increased by additional IL-2 between day 6 and day 13, however 

without any statistical significance (Figure 2B). While the highly experimenter-sensitive 2D 

Caliper measurement showed significant efficacy in clearing the tumor by EGFR CAR T cells, 

the more objective µCT based tumor volume assessment did not confirm these results (Figure 

2B). The overall CAR T cell distribution was also quantified, by organ segmentation and signal 

quantification. Longitudinal BLT measurements of all 4 groups demonstrated an increase of 

bioluminescence over time in the whole mouse, indicating CAR T cell proliferation, but the 

slope varied strongly dependent on the CAR and the presence of additional IL-2 (Figure 2C). 
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Mice treated with CAR T cells redirected against EGFR experienced a strong signal decrease 

between day 0 and day 3, which was prevented by local IL-2. Recovered signal of EGFR and 

intensity of EGFR + IL-2 treated animals reached a plateau at day 13, indicating a steady-state 

phase of T cell proliferation and death. Signal in BDCA-2 and BDCA-2 + IL-2 treated animals 

increased uniformly and continuously from day 0 without a strong signal decline at the 

beginning. This corresponded well to the 2D BLI data and was significantly different for 

BDCA-2 + IL-2 in comparison to all other groups throughout the entire experiment. An 

observed proliferation of BDCA-2 CAR T cell was significantly enhanced by an additional IL-

2 supply (Figure 2C). In contrast to 2D BLI analysis, 3D BLT enabled a clear quantification of 

the antigen-specific CAR T cell proliferation at the tumor site (Figure 2D). This strong CAR T 

cell expansion came to an end after day 13, aligning with a plateau of the anti-tumor effect in 

EGFR CAR T cell treated animals between day 16 and day 20, indicating an end of the active 

tumor-killing phase. During the same time, BDCA-2 treated groups demonstrated only a slowly 

increasing signal between day 0 and day 20. Nevertheless, we could not identify an additional 

effect of IL-2 on CAR T cell expansion at the tumor, since an overall higher signal in the whole 

mouse ROI was detected. This indicated that the subcutaneous injections had a stronger 

systematic effect rather than a local effect. Subjective visual analysis of the signal peak in the 

spleen suggested a target-specific effect. However, quantification of the bioluminescence 

within the spleen region of interest could not corroborate the visual impression (Figure 2D). 

Quantification of the signal progress in the liver supported a strong BDCA-2 CAR T cell 

proliferation in the body, which was further elevated by IL-2, albeit lack of statistical 

significance.  

Taken together, we demonstrated significant target-dependent trafficking of CAR T cells to the 

tumor correlating with indicative tumor efficacy by applying 3D BLT imaging. 
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Figure 2: 3D hybrid µCT/BLT visualizes antigen recognition-dependent intratumoral CAR T cell 

trafficking and expansion. (A) Representative in vivo bioluminescence images of CBR2opt-

transduced CAR T cell distribution in NSG mice analyzed by 3D BLT scans. n=7, Scale factor: 

individually adjusted to 90% of log range (B) Tumor burden change over time measured by µCT scan 

PSM p<0.05 (green) [one-way ANOVA]. (C) Quantification of bioluminescence amplification in the 

whole mouse, PSM p<0.05 (green) [one-way ANOVA]. (D) Quantification of bioluminescence 

amplification at the tumor and in the spleen, PSM p<0.05 (green) [one-way ANOVA]. 
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Spatial analysis of tumor-infiltrating T cells using LSFM reveals increased presence of T 

cells in the tumor periphery 

To better understand the interaction of the therapeutic cells with the solid tumor as well as the 

impact of additional IL-2 supply, 3D imaging at single-cell resolution was conducted using 

LSFM. For this, mice bearing tumors with representative bioluminescent signals and size for 

the respective cohorts were taken out on day 6 and 13 post therapy initiation, injected with 

rhodamine lectin, and 5 min later tumors were removed for further processing for light 

microscopy. To visualize T cells within the tumors, staining for CD3 was applied. Upon 

analysis, a striking observation was that the majority of the CD3+ stained areas were located in 

close proximity to the tumor surface or to larger feeding vessels, important sources for T cell 

transport and nutrient supply 29. Reconstruction of CD3+ areas in combination with color 

coding of the T cells based on their location in the tumor reinforced this observation and - 

moreover - revealed a spatially heterogeneous, island-like distribution of the intratumoral T 

cells (Figure 3B). Specifically for day 6, as expected, EGFR CAR T cell treated tumors 

exhibited a higher T cell infiltration rate than mock treated controls (Figure 1C, 2A and 3B) 

and in both cohorts the addition of IL-2 was associated with an increased amount of 

intratumoral CD3+ cells (Figure 3B). This is in line with the results of the 3D BLT 

quantification of the tumor.  

Intratumoral CD3+ cell distribution was quantified via the gray values of the CD3 and 

Rhodamine lectin staining at the maximum projection in the middle third of each tumor from 

both days and showed that the majority of T cells were located close to the tumor surface and 

vasculature (Figure 3C, 3D). Gray value comparison further verified the visual impression of 

increased T cell accumulation at the tumor margin and edges (Figure 3D). The BDCA 2 treated 

tumor revealed the lowest T cell infiltration, regardless of the time point, while the EGFR 

treated tumors had the highest T cell infiltration, albeit negligible difference between day 6 and 

day 13 (Figure 3D). IL-2 increased the overall profile intensity in the target-specific and 

unspecific groups, indicating a time-dependent factor for T cell accumulation in the tumor 

(Figure 3D). 
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Figure 3: Light-sheet fluorescence microscopy indicates a target-dependent advance for CAR T 

cell distribution at an early time-point. (A) 3D rendering of tumors from day 6 and day 13 CD3-

Vio667 staining (in green) merged with reconstructed 3D images of Rhodamine lectin stainings of 

vessels (in blue). The scale bar was adjusted to the tumor size between 300 – 500 µm. n=1, per group 

and day (B) Projection of reconstructed CD3-Vio667 stained surface, color gradient reflected the 

distance of the CD-stained surface from the tumor surface. (C) Colocalization of maximum intensity 
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projection gray value profiles of CD3 and Rhodamine lectin stainings on day 13. (D) Overlay of 

maximal intensity projected gray values of CD3 fluorescence intensities on day 7 and day 13. 

Subcutaneous IL-2 induces target unspecific CAR T cell proliferation in the tumor 

periphery 

The impact of antigen recognition and IL-2 support was further analyzed by detailed 

quantification of CD3+ cells within the tumor and in relation to the vasculature (Figure 4A). In 

addition, the tumor of the EGFR + IL-2 group of day 6 came apart into two individual tumors. 

Due to the highly autofluorescent structure of one of the tumor parts, the second part of the 

tumor was subjected to further analysis of CD3+ stained areas using the Imaris volume 

detection tool. As the tumor size differed depending on the applied treatment, the area occupied 

by CD3+ cells was set in relation to the total tumor volume (Figure 4C). As expected, a higher 

T cell infiltration rate was observed for EGFR CAR T cell treated tumors than for the BDCA-

2 CAR T cell treated counterparts (Fig. 4C). When IL-2 was supplied additionally, this effect 

was further enhanced as indicated by an almost 3% increase in the BDCA-2 and ~1% increase 

in the EGFR CAR T cell treated tumors, respectively, on day 6. Intriguingly, however, the 

efficiency of IL-2 support diminished rapidly, so that the tumors extracted on day 13 displayed 

either equal or diminished areas of T cell infiltration when compared to their CAR T cell only 

treated pendants. An in-depth analysis of the intratumoral immune cells using the IMARIS spot 

reconstruction for CD3+ cells and segmentation of the tumor into core and periphery revealed 

that the majority of the T cells localized in the outer layers of the tumors and only a small 

fraction was able to reach the core (Figure 4D). Importantly, when IL-2 was administered, the 

fraction of T cells in the periphery further increased, while the fraction in the core decreased. 

When the T cell distribution was assessed quantitatively from the tumor surface towards the 

core, a greater infiltration into the peripheral tumor layers was observed for the therapeutic 

EGFR CAR T cells when compared to the mock control (Figure 4E). However, from a distance 

of 400 – 500 µm inwards, BDCA-2 and EGFR CAR T cells exhibited a comparable infiltration 

frequency. Additional IL-2 supply resulted in a higher frequency of CD3+ cells within the outer 

300 µm of the tumor margin but then decreased steadily towards the tumor core, independent 

of the target specificity. To evaluate the penetration capacity of T cells from the vasculature 

into the tumor tissue, the distance of intratumoral CD3+ cells to the most adjacent blood vessel 

was measured. The relative frequency of CD3+ cells to the vessel network in a certain distance 

was measured (Figure 4F). Strikingly, only a minimal impact of IL-2 could be detected on the 

penetration capacity of T cells. Rather, the infiltration appeared to be guided by target 

recognition. 
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Figure 4: Subcutaneous IL-2 induces target unspecific CAR T cell proliferation in the tumor 

periphery. (A) Respective sizes of tumor samples were taken out for LSFM analysis on day 6 and day 

13. n=1. (B) Volume of surface reconstructed CD3+ areas within tumors. n=1. (C) CD3+ covered 

volume percent share of the tumor volume. (D) Quantification and percentage of spot reconstructed 

CD3+ stained areas on day 6 concerning spatial tumor resolution. Equal amounts of spot reconstructed 

CD3+ spot were assigned either to core or periphery. n=1 (E) Relative frequency of tumor-infiltrating 

spot-reconstructed CD3+ cells in the tumor margin (500 µm). n=1. (F) Distance of spot-reconstructed 

CD3+ to the vessel network.  
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Subcutaneous IL-2 enhances proliferation and activation, resulting in increased 

differentiation  

As shown before by LSFM analysis (Figure 3A, B), the majority of T cells were located close 

to the tumor surface and/or vasculature as indicated by positive stainings of structures by human 

CD3 and murine CD31 in cyclic immunofluorescence (Figure 5). Cytotoxic CD8+ T cells were 

present in samples of all 4 groups, albeit amounts varied strongly corresponding to the CD3+ 

amounts as quantified via LSFM before, with BDCA-2 treated having negligible T cells and 

EGFR + IL-2 treated having the highest amount (Figure 5). Phenotypic T cell analysis of 

CD45RA and CD45RB expression by infiltrating T cells revealed an equal distribution of CD3+ 

CD45RA+ and CD3+ CD45RA- T cells in EGFR CAR T cell treated tumors (Figure 5). This 

implies equal amounts of CD45RA+ naïve (TNaive), stem cell–like memory (TSCM), or 

effector memory T cells (TEMRA) and CD45RA- central memory T cells (TCM), effector 

memory T cells (TEM) within EGFR CAR T cell treated tumors 30,31. However, in the tumor 

samples taken from the EGFR + IL-2 CAR T cell treated group, the majority of CD3+ cells 

displayed no CD45RA or CD45RB expression, indicating induction of IL-2 dependent 

differentiation into mature T cell phenotypes. Neither BDCA-2 nor BDCA-2 + IL-2 CAR T 

cell treated tumors showed any expression of CD45 related makers, also due to an overall low 

amount of CD3+ cells. 

To further analyze the infiltrating T cells, their activation status was evaluated by investigating 

the upregulation of CD28 and CD162. CD28 is one of the most important costimulatory 

domains in antigen-recognizing T cells and is often incorporated into CARs 32. Nevertheless, 

CD28 is constantly expressed on a vast majority of CD8+ and CD4+ T cells and can mediate 

IL-2 dependent and independent T cell proliferation 33. Staining of CD28 and CD162 revealed 

no expression of these markers on T cells in BDCA-2 treated tumors. CD28 expression on 

CD3+ T cells was comparable in EGFR and EGFR + IL-2 CAR T cell treated tumor samples. 

However, CD162, known to be upregulated in activated T cells expression was highly 

expressed in T cells of the EGFR + IL-2 CAR T cell treated tumor. CD162 is upregulated on 

stimulated T cells and promotes T cell exhaustion, which slows down proliferation 34. Ki67 

proliferation marker expression profile of CD3+ in the EGFR + IL-2 CAR T cell treated sample 

pointed into the same direction, by a higher amount of CD3+ Ki67+ double-positive cells 

compared to the EGFR-treated sample. Overlays of Ki67+ with images stained with CD326, a 

protein expressed in epithelial-derived carcinomas, revealed a strong proliferation of tumor 

cells in all 4 groups. CD3+ Ki67+ CD326- signals were only observed in the 2 EGFR-treated 
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samples indicating active tumor cytotoxicity by T cells, unlike the 2 BDCA-2 treated samples 

35. Taking these findings in consideration, we have found a probable explanation for the lack of 

added value of IL-2 on long-term CAR T cell efficacy in our current model, insulated by BLT 

and LSFM analysis. 

 

 

Figure 5: Subcutaneous IL-2 enhances proliferation and activation of T cells, resulting in 

increased T cell exhaustion. Representative immunofluorescence images of the tumor and (CAR) T 

cell expression profiles 6 days after CAR T cell injection. CD3, CD8, CD28, CD39, CD45RA, CD45RB, 

CD73, CD162, CD326 and Ki67 stainings were performed on one tumor per treatment group and each 

image is representative of at least three regions of interest. ROIs during cyclic IF were chosen based on 

manual prestaining of DAPI, CD3, and EpCAM. Scale bar = 150 µm. 
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Discussion  

CAR T cells face several hurdles, especially in solid tumors and their TME. Here, we 

demonstrate a combination of in vivo and ex vivo tracking methods that enabled monitoring of 

T cell localization, distribution and status through the whole mouse and on a cellular level. We 

applied BLI, µCT/BLT, LSFM and cyclic immunofluorescence in combination with EGFR and 

BDCA-2 CARs to track CAR T cells in vivo and ex vivo. Proliferation and biodistribution of 

CBR2opt-expressing CAR T cells were successfully imaged in 2D and 3D for the first time. 

Even the initially low cell number of 5x105 cells was visible in deeper tissues, e.g. lung or liver. 

This proved that the recently established mutant version of click beetle red luciferase, CBR2opt, 

is an interesting alternative for imaging T cells to the widely used firefly luciferase in the long 

term, due to substantial higher light output in combination with D-Luciferin and near-infrared 

emission in combination with new substrate naphthyl-luciferin 16. A disadvantage of the 

standard firefly luciferase/D-Luciferin combination is the low sensitivity in deeper tissues such 

as the lung 36. 

However, the enhanced unspecific proliferation of BDCA-2 CAR T cells in this study induced 

a high amount of photons emitted from intestinal tissue below the tumor, as demonstrated by 

ex vivo examination. This signal interfered with the 2D quantification of the tumor 

bioluminescence signal. Thus, 2D BLI incorrectly detected BDCA-2 CAR T cell tumor 

infiltration although there was a lack of tumor infiltration in the early stage and a lack of tumor 

reduction in this group. Therefore, the lack of the ability to distinguish depth-resolved signals 

in 2D BLI was highlighted 37,38. 

To overcome this limitation, we performed hybrid 3D µCT/BLT measurements, enabling the 

creation of tomographic maps of the source intensity and location of the bioluminescence. The 

very initial measurement was in line with the 2D BLI results, in which lung and liver were the 

first organs infiltrated by the CAR T cells 39. Starting on Day 6 post CAR t cell injection, a clear 

tumor-specific signal was detected only in the EGFR-treated cohorts, with a maximum 

normalized tumor BLT signal at Day 9 (Figure 2A and Figure 2D). This finding confirmed that 

hybrid µCT/BLT circumvents the limitations of standard BLI and allows 3D CAR T cell 

tracking in vivo and longitudinal quantification of the target-specific T cell proliferation and 

therapeutic effect. Therefore, we can present hybrid 3D µCT/BLT as a tomography tool for 

preclinical longitudinal cell therapy monitoring and as an isotope-free alternative to µCT/PET 

and/or µCT/SPECT. Moreover, hybrid 3D µCT/BLT could gain more impact in combination 

with multiple luciferase/substrate pairs and potentially with fluorescence tomography (FLT 
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from MiLabs or FMT from PerkinElmer) in preclinical research 24,40,41. Apart from being 

isotope-free 3D tomography, hybrid 3D µCT/BLT has multiple advantages such as ease of use, 

lower costs, stability of the luciferase and easy access and storage, and lack of special isolation 

in the lab. As any other imaging modality, BLT imaging has certain limitations as demonstrated 

by the technical signal reconstruction issues of the spleen, which disabled an accurate 

quantification (Figure S1), and the signal dilution towards the end of the study. Several groups 

are working on the improvement of BLT acquisition and reconstruction by adjustment of 

experimental and computational strategies 42–44. 

Although advanced multimodal imaging strategies can provide spatial, temporal, and functional 

information in the whole mouse, they lack resolution on a single-cell level. This information is 

essential to investigate the solid tumor-specific barriers for CAR T cells. Some research groups, 

such as Mulazzani et al. and Murty et al., have used intravital microscopy to investigate cell 

therapies and the role of the TME at a cellular resolution 45,46. However, intravital microscopy 

requires technically challenging glass-window engraftment and it is limited to a certain depth. 

However, for the evaluation of complex TME redirected strategies in solid tumors, complete 

3D insights might be more advantageous. We approached this by the combination of high-

sensitivity whole mouse BLT imaging with high-resolution LSFM and cyclic IF microscopy on 

selected days. The connection of both in vivo and ex vivo methods enabled the spatial and 

functional analysis of CAR T cells in the solid tumor model. LFSM facilitates high-resolution 

profiling and mapping of single cells and revealed an approximation of CD3+ amounts between 

the groups, which indicated a decreased target-dependent expansion of CAR T cells in the 

tumor over time and low consistency of active tumor-killing, as well as target unspecific 

distribution of T cells over time. In this way, the multifaceted analysis characteristics of LSFM 

including color-coding of individual cells based on certain aspects, distance and covered area 

measurements as well as the creation of different layers enabled an in-depth spatial 

investigation of CD3+ T cells within the tumor. However, distance analysis requires a high 

resolution of the staining and is currently limited to a certain objective size. Additionally, 

distance measurements are highly influenced by the unorganized structure of the tumor itself 

and its vasculature 7. So, for the comparison of distance measurements, maximum values have 

to be determined. Nonetheless, the numbers of channels in LSFM are limited and therefore the 

application of co-expression or -labeling and induction of fluorescent protein expression might 

circumvent this limitation 47. Until now, protocols for LSFM and cyclic IF processes cannot be 

combined but we are actively working on joined protocols to gain all data from the same tumor 

in the future. Moreover, combining both techniques would require fewer animals and resources, 
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while increasing data output and complexity acquired. In the long-term, whole mouse clearing 

approaches might be able to fully close the gap between CAR T cells tracking in the whole 

mouse and on the cellular level, providing in-depth and toxicity-related insights. 

Despite these problems and chances of multi-modal imaging strategies, our applied strategy 

enabled the dissection of target-specific and unspecific CAR T cells behavior in the presence 

or absence of subcutaneous IL-2 on the whole mouse and cellular level. 2D and 3D in vivo 

CAR T cells tracking revealed distinct biodistribution patterns of the treatment groups. While 

all intravenously injected CAR T cells successfully infiltrated the lungs and liver shortly after 

injection, the biodistribution of CAR T cells to a later time point was highly influenced by target 

specificity. Although quantification was technically difficult, the majority of CBR2opt-

expressing BDCA-2 CAR T cells were homing to the spleen until day 6 and preferentially 

expanded there until day 13. At the same time, CBR2opt-expressing EGFR CAR T cells had 

infiltrated the tumor and started proliferating on day 6, while only a few animals showed CAR 

T cell infiltration in the spleen, indicating a dominating effect of target-specific T cell homing 

in contrast to natural spleen homing in immunodeficient NSG mice. On day 13 all EGFR CAR 

T cells treated animals revealed a clear spleen signal in 2D and 3D measurements that proved 

the successful trafficking of the applied CAR T cells to the spleen. The accumulation of CAR 

T cells has been often demonstrated by others in target unspecific CAR T cells and antigen-

experienced specific CAR T cells 48. Although CAR T cells could have infiltrated all spleens 

as early as day 3, due to the low cell number applied to the mice and the detection limit for a 

low number of cells, cells could not be visualized at this early time point by 2D and 3D imaging. 

Even though the majority of CAR T cell related research work includes mostly an endpoint 

analysis of the spleen, others such as Sellmyer et al. have shown a clear spleen homing on day 

7 before target positive tumor infiltration of CAR T cells on day 13 in a subcutaneous colon 

cancer model in NSG mice 49,50. Interestingly, they used a similar second-generation CAR and 

the same route of injection but performed PET CT combined with BLI imaging. Nonetheless, 

the small amount of CAR+ T cells, that was injected here was still enough for a temporal tumor 

control by target-specific EGFR CAR T cells, an antigen that has been validated in a clinical 

trial without severe side effects 51. The low amount of CAR+ T cells was chosen, due to the 

focus of this study on in vivo and ex vivo CAR tracking 52,53. Despite the low number of injected 

CAR+ T cells, the unspecific proliferation of BDCA-2 CAR T cells started early despite the 

lack of human BDCA-2 expression in mice 20. The unspecific proliferation in abdominal organs 

and the resulting bioluminescence signal in the 2D setting disabled the clear distinction between 

target-specific CAR T cell proliferation as detected in the 3D setting. The beginning of GvHD 
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was further emphasized by the weight loss in both groups, indicating GvHD yet tonic signaling 

of BDCA-2 CAR T cells or a donor-dependent effect in both groups cannot be fully excluded. 

On-set of GvHD is often noticed after a donor- and protocol-dependent time, even in 

immunodeficient NSG mice, as demonstrated before by others 54.   

However, BDCA-2 CAR T cells in the presence of administered IL-2 showed increased 

proliferation in the whole mouse and liver but not at the tumor site in comparison to BDCA-2 

CAR T cells alone. This further strengthened the hypothesis of a possible negative additive 

effect induced by an additional IL-2 treatment on already unspecific proliferating BDCA-2 

CAR T cells and confirmed a certain degree of systemic effect, which was not present in the 

EGFR + IL-2 treated group.  

Local administration of IL-2 was well tolerated by the mice and showed no side effects as often 

observed by systemic intravenously applied IL-2. The latter route of administration has been 

reported to induce several severe side effects when it was approved as a monotherapy in 

metastatic renal cell carcinoma and metastatic melanoma 55. Those side effects include fever, 

flu-like symptoms, nausea, low blood pressure, and cell counts and in combination with cell-

based immunotherapies, systemic IL-2 treatment has been demonstrated to be unfavorable in 

terms of efficacy in clinical trials 56. At the same time, IL-2 is still one of the most crucial factors 

for CAR T cells in the hostile TME, where T cell penetration, proliferation and differentiation 

are highly impaired, as by our cyclic IF stainings 57. Local injection of subcutaneous IL-2 has 

been shown here to circumvent these side effects. Furthermore, this route of application is easier 

transferable to the clinic in contrast to other strategies, which have been applied in vivo to 

induce IL-2 expression 58.  

IL-2 had a further effect on CAR T cells as detected by 2D and 3D in vivo imaging. Initially, 

we detected a loss of CBR2opt expressing cells via 3D BLT, not pronounced in 2D BLI 

quantification. This signal loss could potentially be caused by a combination of activation-

induced cell death (AICD) and apoptosis induced by the stress due to the injection and 

preparation procedure 59. However, IL-2 is known to promote AICD, here IL-2 supposedly 

supported the stressed cell recovery and accelerates the proliferation of CAR T cells 60. While 

local IL-2 was well tolerated, we still faced some of the common disadvantages of IL-2 

treatments 61. While CAR T cells express IL-2 after antigen recognition to support proliferation, 

excess of IL-2 at the site of the tumor in combination with other cytokines expressed by the 

tumor enhanced early exhaustion of T cells. The LSFM findings suggest a short-lived IL-2 

induced T cell proliferation in the tumor periphery independent of the CAR target. This 
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proliferation might have been further fueled by additional IL-2 expression upon antigen 

recognition in the target-specific group of EGFR CAR T cells 62. Both sources of IL-2 together 

seem to induce initially a strong proliferation of CAR T cells as displayed in cyclic IF stainings 

but failed to induce an enhanced killing effect due to increased activation, which in turn favored 

exhaustion in tumors of the EGFR + IL-2 treated group. Cyclic IF staining revealed a clear 

enhanced proliferation and activation of IL-2 supported EGFR CAR T cells, which seems to 

have led to overstimulation. Cyclic IF also indicated a high amount of stressed cells in this 

treatment group, which tend to differentiate into regulatory T cells (Treg) or undergo apoptosis 

63,64. Thus, the amount of locally supplied IL-2 must be fine-tuned and should be delayed to 

prevent overstimulation by this cytokine e.g. by TME redirected IL-2 supply or change of IL-2 

receptor kinetic as explored by other groups 65,66. This delayed stimulation could induce a 

prolonged active tumor-killing phase even at lower cell numbers, in contrast to the short phase 

between day 6 and day 16 as indicated in this study. CAR T cell penetration depths are another 

factor with the TME, which could improve tumor efficacy. LSFM analysis showed that the 

majority of CAR T cells were located close to the vasculature and that the CAR T cells rarely 

penetrated deeper into the solid tumor. This emphasizes the high need for strategies to improve 

CAR T cells infiltration into a solid tumor, such as attraction methods or reinforcement of 

extracellular matrix degradation mechanisms 67,68. 

Conclusion 

Overall, our study revealed for the first time that non-invasive imaging and longitudinal 

monitoring of CAR T cell distribution in vivo is feasible using a hybrid 3DµCT/BLT imaging 

system. Moreover, 3D CAR T cell tracking demonstrated the correlation of increased antigen-

specific CAR T cells at the tumor with the therapeutic efficacy. LSFM and cyclic IF proved to 

be advantageous for the analysis of CAR T cell-tumor cell interactions, assessment of CAR T 

intratumoral distribution at cellular resolution and analysis of IL-2 influence on CAR T cells, 

which induced a shift of CAR T cell proliferation, location, and phenotype within the tumor. 
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Supplementary Materials  

 

Figure S1: Compensation of vertical BLT spleen signal shift. Axial view of repesentative spleen 

signal on Day 6 in BDCA-2 treated mice. Spleen was manually reconstructed (green) based on CT scan. 

Shifted signal was included into the spleen ROI by dilatation of the ROI by factor 40 in x-, y. and 

dimension.  
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Figure S2: Organisation of the pairwise significance matrix for group comparisons. BLT and BLI 

of EGFR, EGFR + IL-2, BDCA-2 and BDCA-2 + IL-2 treated tumors were qnatified and compared. 

PSM p<0.05 (green), p>0.05 (red) [one-way ANOVA, multiple comparisons]. 

 

Figure S3: Homogenous distribution of CAR T cells, 2h after injection on Day 0. CAR T cells were 

injected intravenously via the tail vain. 2h after the injection, mice were intraperitoneally injected with 

100 µl D-Luciferin and measured at the IVIS Lumina in vivo imaging system. 

 

Figure S4: Ex vivo examination of organs by 2D BLI on Day 20. Directly after standard imaging 

procedure, including i.p. injection of 100 µl D-Luciferin, mice were sacrificed and organs were taken 

out quickly for 2D ex vivo imaging. 
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2 DISCUSSION 

2.1 Assessment of the Influence of CAR Composition on In Vivo 

Functionality 

Immunotherapy is an emerging tool for the therapy of tumors, due to the targeted cytotoxic 

potential of CAR T cells against cancer cells. This potential resulted in the FDA approval of to 

date four CAR T cell therapies for hematological malignancies after successful in vitro, in vivo, 

and clinical testing (Mullard 2021). CAR engineering can be facilitated in many different ways 

and each building block of a chimeric antigen receptor, antigen-binding, spacer, 

transmembrane, and signaling domains can originate from various immune or even non-

immune cells (Fesnak et al. 2016). This variation may impact CAR T cell abilities. Side-by-

side comparisons are missing for many CAR compositions and partially require fine-tailoring 

for specific tumor targets. Therefore, detailed analyses of specific building blocks are of high 

need to understand their full potential and enhance their efficacy against cancer cells. 

2.1.1 Impact of CAR components on in vitro and in vivo performance 

In order to analyze the impact of the extracellular spacer and antigen-binding domains on anti-

tumor efficacy, side-by-side comparisons of differing CARs were carried out. For this purpose, 

we applied three CD20-redirected CAR constructs for the treatment of lymphoma, since the 

majority of new developments in the context of CAR T cells research is made in this tumor 

entity and other hematological malignancies, such as leukemia. Thus, leukemia and lymphoma 

are the most established models for cell therapy evaluations. We used CD20, a well-established 

immunotherapy target for hematological malignancies, as a CAR target by applying a CD20-

specific scFv, derived from Leu16 (Polyak and Deans 2002; Shanehbandi et al. 2017). All three 

CD20-CARs had varying configurations of the extracellular domains, such as different Vh and 

Vl orientations of the scFv and IgG1- or CD8α-derived spacers, to dissect the influences of 

these building blocks.  

The composition of CAR T cell phenotypes was similar between all three CARs and the mock 

control during the automated manufacturing process, showing that the varying extracellular 

domains had no influence on CAR T phenotype during CAR T cell production. For CAR T cell 

generation, CD4+ and CD8+ T cells were extracted from a non-mobilized leukapheresis. This 

initial CD4/CD8 enriched fraction contained many undifferentiated naïve T cells. A previously 

established protocol was applied to generate CAR T cells of the three CARs (Lock et al. 2017). 

This 12-day protocol is based on CD3-CD28-mediated cell activation and the IL-7/IL-15 

stimulated expansion. It reduced the amount of naïve T cells and resulted in high amounts of 
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early differentiated TSCM and TCM cells in the finals cell products of all three CARs. In this way, 

the applied and improved protocol proved to be efficient for potent CAR T cell generation 

similar to other studies which have demonstrated that T cells with a memory phenotype, 

including CD62+ CCR7+ CD45RA+ CD45RO+ TSCM and CD62+ CCR7+ CD45RA- CD45RO+ 

TCM, execute superior in vitro and in vivo tumor killing and induce a higher persistence and 

proliferation potential in comparison to differentiated CD62- CCR7- CD45RA+ CD45RO- TEFF 

cells (Liu, Sun, and Chen 2020). Additionally, the amount of CD8+ TSCM cells has been shown 

to determine the total capacity for tumor eradication more than the amount of exhausted PD-1+ 

T cells in the finished cell product (Arcangeli et al. 2020; Jafarzadeh et al. 2020). The applied 

protocol, using IL-7 and IL-15 was previously validated in healthy donors and lymphoma 

patients, reaching sufficient amounts of memory phenotype CAR T cells in both groups (Lock 

et al. 2017). However, without any antigen stimulation during the manufacturing process, the 

composition of activation and expansion methods and cytokines had a higher impact on the 

phenotypes present in the final product than the introduced CAR receptor, as shown by 

comparisons of ex vivo CAR T cell expansion protocols (Gargett and Brown 2015). These 

protocols include activation with CD3 only or stimulation with IL-21 or the gold standard for 

T cell expansion, IL-2. Yet, a growing understanding for T cell homeostasis suggested that the 

applied dual stimulation with IL-7 and IL-15 rather than IL-2 mono-stimulation after 

CD3/CD28-mediated activation is beneficial for more robust conservation of early 

differentiated TSCM cells during transgenic cell manufacturing and expansion (Kondo et al. 

2018).  

The phenotypically matching cell products of all three CARs translated into a similar cytokine 

expression profile and in vitro killing efficacy after antigen recognition in comparison to Mock 

T cells. Comparable amounts of pro-inflammatory Th1 cytokines, GM-CSF, IFN-γ, IL-2, and 

TNF-α were secreted by all CD20-redirected CARs. This goes in line with the main impact of 

the identical signaling and costimulatory domains CD3ζ and 4-1BB in all 3 CARs on cytokine 

secretion and killing. Only modestly delayed tumor progression caused by anergized first-

generation CAR T cells, implied the addition of further costimulatory domains (Brocker and 

Karjalainen 1995). CD28 and the here applied 4-1BB costimulatory domains were the first in 

line for the creation of second-generation CAR T cells, due to their natural requirement for 

productive TCR activation or its maintenance, next to ICOS, OX40, or CD27 (Croft 2003; 

Shahinian et al. 1993). In terms of cytokine secretion after antigen stimulation, both CD28-

CD3ζ and 4-1BB-CD3ζ CAR induce similar levels of Th1 cytokines, GM-CSF, IFN-γ, IL-2, 

and TNF-α then first-generation CAR T cells (Imai et al. 2004; Maher et al. 2002). While CD28-
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CD3ζ CARs exhibit a faster release of Th1 cytokines than 4-1BB-CD3ζ CAR T cells, levels of 

tumor-favoring Th2 cytokines, including IL-4 and IL-10 were significantly lower in 4-1BB-

CD3ζ CAR T cells (Guedan et al. 2014; Hombach and Abken 2011; Milone et al. 2009). Of 

note, excessive cytokine release might contribute to one of the most severe side effects of cell-

based immunotherapy, the cytokine release syndrome (CRS) (Bonifant et al. 2016). Therefore, 

analysis of further parameters e.g. repeated killing or proliferation capacity might increase the 

safety profile of the evaluated CARs (Davenport et al. 2015; Garfall et al. 2019). Moreover, it 

has been shown, that too strong activation of CAR T cells can result in activation-induced cell 

death (AICD) (Green, Droin, and Pinkoski 2003). Nonetheless, short-term in vitro killing of 

leukemia cell lines was not strongly influenced by either CD28 or 4-1BB, as demonstrated by 

equal tyrosine phosphorylation patterns of CD3ζ, CD28-CD3ζ, or 4-1BB-CD3ζ CARs (Finney, 

Akbar, and Lawson 2004). Thus, they showed that the decision for 4-1BB and CD3ζ as 

costimulatory and signaling domains was advantageous for the preclinical development and 

influenced predominately the cytokine secretion after contact with and killing of antigen-

positive CD20+ JeKo-1, dependent on the target ratio despite the varying spacer and antigen-

binding domains.   

In vitro potential of the three CD20-redirected CARs, incorporating CD8α- and IgG1-derived 

spacers, for the treatment of hematological malignancies was demonstrated by efficient in vitro 

killing and cytokine expression. Subsequently, we compared the anti-tumor efficacy of the three 

CD20 CARs in a CD20+ Raji lymphoma model in immunodeficient NSG mice. The established 

lymphoma was only efficiently eradicated by CD20_lh_CD8 and CD20_hl_CD8 CAR T cells, 

while the construct CD20_hl_IgG1 failed to demonstrate any impact on Raji lymphoma cell 

proliferation similar to Mock T cells. This is in agreement with past studies, which reported a 

trend, that CD8α-based spacer, as incorporated here, and CD28-based spacer execute a stronger 

anti-tumor efficacy than IgG1-based spacer (Jensen et al. 2010; Savoldo et al. 2011; Till et al. 

2012).  

Our results can be explained by the observation that interactions between Fcγ Receptor- (FcγR) 

expressing innate immune cells and the CH2 domain of IgG1 can prevent CAR T cell efficacy 

(Almåsbak et al. 2015). Mice, including NSGs, express one inhibitory FcγRIIb and three 

activating FcγRs (mFcγRI, mFcγRIII, and mFcγRIV) (Bruhns and Jönsson 2015). The majority 

of NSG immune cells are either absent or defective, but innate immune cells, such as 

monocytes, neutrophils, macrophages, and DC cells are still present and can interact with 

human IgGs (Clémenceau et al. 2015). Despite the functional impairment of NSG immune cells, 
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binding of human IgG1 by all murine FcγRs is still possible and might even lead to off-target 

activation of the CAR T cell or the respective FcγR+ immune cell, eventually leading to AICD 

(Overdijk et al. 2012). We aimed to prevent this unspecific binding by modifications of the 

IgG1 spacer and replaced selected amino acids in the CH2 domain with the corresponding 

amino acids from the IgG2, which has a lower affinity to FcγRs than IgG1 (Hombach et al. 

2010). Here, the modified IgG1 spacer successfully abrogated FcγR-mediated off-target 

activation of the CAR T cells by NSG macrophages derived from a peritoneal lavage. This was 

demonstrated by killing assays, where CD20_hl_IgG1 CAR T cells were able to efficiently 

eradicate Raji lymphoma cells in the absence or presence of NSG macrophages. But in this 

study, the abrogated interaction between the modified IgG1 spacer and the murine FcγR+ 

immune cells did not translate into successful in vivo tumor eradication. Interactions of the here 

incorporated low-affinity residues derived from IgG2 with FcγRs might have been still strong 

enough to prevent further trafficking of CAR T cells to the tumor sites. Initial interactions with 

FcγR+ tissue-resident innate immune cells, e.g. macrophages in the gatekeeper organs, lung, 

and liver, shortly after injection might have trapped the CAR T cells (Gordon and Plüddemann 

2017; Li et al. 2016). This would explain the absence of CAR+ T cells but the presence of CAR- 

T cells in our ex vivo flow cytometry analysis on day 20 of spleen, bone marrow, and blood of 

CD20_hl_IgG1 CAR T cell treated animals. In contrast, CAR+ T cells were still present in 

spleen, bone marrow, and blood of CD20_lh_CD8 and CD20_hl_CD8 CAR T cell treated 

animals. However, others reported that similar modifications, introduced into IgG4-derived 

spacers, resulted in efficient tumor eradication and persistence (Hudecek et al. 2015; 

Jonnalagadda et al. 2015). This points in the direction of IgG1-specific or further underlying 

mechanisms, which prevent in vivo efficacy of CARs with IgG-based spacers. One example of 

these hindering mechanisms is the potential generation of immunogenic peptides by the human 

T cell itself, due to the introduction of murine scFvs, such as Leu16, or other non-self gene-

products, which might elicit HLA-restricted and TCR-triggered fratricide of CAR-expressing 

T cells (Berger et al. 2006; Riddell et al. 1996). Therefore, further research would be necessary 

to increase the in vivo functionality of IgG1-based spacers and reveal the underlying 

mechanisms e.g. by evaluating the influence of different NSG immune cells from various 

tissues, the immunogenic capacity of CAR molecules, or the in-depth vivo behavior of CAR T 

cells.  

Despite, the observed drawbacks of CD20_hl_IgG1-expressing CAR T cells, both 

CD20_lh_CD8 and CD20_hl_CD8 CARs exhibited a strong cytotoxic potential towards the 

lymphoma in the mouse model. Unfortunately, one of the mice in the CD20_lh_CD8 treated 
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group of the first in vivo comparative study developed a lymphoma localized in the jaw, which 

is hardly accessible for CAR T cells and in this way difficult to treat. Accordingly, the first and 

second in vivo analysis of CD20_lh_CD8 and CD20_hl_CD8 CAR T cells demonstrated the 

minor influence of the scFv orientation, in contrast to the strong influence of the spacer domain 

on CAR T cell in vivo efficacy. Here, both CARs, including a CD8α spacer, showed a robust 

and durable anti-tumor activity. This is in line with previous studies using 4-1BB-CD3ζ CARs, 

in which this combination was proven to be superior to other first- but similar to other second-

generation CAR T cells in terms of tumor eradication (Brentjens et al. 2007). Thus, taken 

together the application of 4-1BB-CD3ζ CARs in the well-established lymphoma model has 

proven its strong potential for hematological CAR T cell therapy by the efficient in vivo tumor 

eradication. However, some reports have also shown a higher risk for constitutive T cell 

activation or tonic signaling of 4-1BB-CD3ζ CARs, leading to accelerated T cell differentiation 

and exhaustion, compared to other second-generation CARs, depending on the scFv or applied 

vector system (Song et al. 2011). The CAR composition requires the integration of 4-1BB in a 

rather unnatural dimeric structure, which enables easier activation of downstream TCR 

signaling by the already partially altered conformation, depending on scFv orientation or spacer 

domain (Chattopadhyay et al. 2009; Van Der Stegen, Hamieh, and Sadelain 2015). Certain viral 

vectors might also contribute to tonic signaling of T cells (Gomes-Silva et al. 2017). 

Nonetheless, the here evaluated scFv orientations in combination with the spacer domains of 

CD8α and IgG1 were not prone to induce tonic signaling. In contrast, we found long-lasting 

persistence of CD20_lh_CD8 and CD20_hl_CD8 CAR T cells, demonstrated by their presence 

in blood, bone marrow, and spleen of treated animals on day 20. The persistence is a decisive 

and special characteristic of 4-1BB-CD3ζ CAR T cells in comparison to other second-

generation CARs (Carpenito et al. 2009). Multiple mechanisms are in discussion as a reason 

for this favorable feature of 4-1BB-CD3ζ CARs, including lower expression of pro-apoptotic 

factors, a persistent increase of telomerase activity, or reduced exhaustion and apoptosis upon 

repeated antigen stimulation (Fan et al. 2021; Van Der Stegen et al. 2015). This question has 

not yet been answered, albeit growing preclinical and clinical knowledge of third-generation 

CAR T cells further supports an underlying benefit for incorporation of 4-1BB to enhance 

persistent CAR T cells circulation and efficacy (Guedan et al. 2018). In-depth side-by-side 

comparisons might resolve the reason.  

All in all, CD20_lh_CD8 and CD20_hl_CD8 were confirmed as potential candidates for further 

clinical transfer. Nonetheless, the displayed results illustrated the influence of the various CAR 

building blocks on in vitro and in vivo characteristics, although in vitro analysis alone is not yet 
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able to fully predict in vivo performance. This became clear early on, when the failed in vivo 

activity of first-generation CAR T cells encouraged the establishment of second, third, and 

further generations of CARs (Brocker and Karjalainen 1995). The lack of in vitro to in vivo 

transferability requires the further improvement and fine-tailoring of preclinical CAR T cell 

validation methods, to ensure a higher safety level before translation into first-in-human trials.  

2.1.2 Development of a Novel Spacer Class Derived from the Siglec family 

Since comparison of CD20-redirected CARs in the lymphoma mouse model demonstrated the 

crucial influence of the spacer domain on in vivo efficacy, we choose a comparatively long 

spacer derived from IgG1. In contrast to our expectations, this did not translate to a superior in 

vitro or sufficient in vivo functionality. This decision was supported by previous studies, which 

demonstrated that membrane-proximal targets, such as CD20 expressed on blood cancer cells, 

require a longer spacer in contrast to membrane-distal targets, to ensure the optimal distance 

between target and effector cell surface (Guest et al. 2005; Haso et al. 2013; Hudecek et al. 

2013; James et al. 2008). The importance of an optimal distance between CAR T cell and target 

cell can be explained by the fact, that the spacer domain has to mimic the optimal inter-

membrane distance between effector:target to form a functional immunological synapse, as 

naturally occurring between TCR and MHC (Hudecek et al. 2015). Targeting of CD20 should 

have benefited from the usage of a long spacer, such as IgG1, compared to our second spacer 

the short but highly flexible CD8α spacer, which allows the binding of inaccessible epitopes 

(Wilkie et al. 2008). However, none of the approved cell therapies uses a disadvantageous IgG-

based spacer, contributing to a shortage of unimpaired spacers for membrane-proximal targets. 

Therefore, we aimed to develop a functional spacer class for these targets. 

We performed a literature screening of various receptors, expressed on immune and non-

immune cells to identify possible candidates for the novel spacer class. Our screening 

determined the sialic acid-binding immunoglobulin-type lectin (Siglec) family as a suitable 

option for CAR spacers due to Ig-like receptor modularity and expression profiles on various 

immune cells (MacAuley, Crocker, and Paulson 2014). The receptors of the Siglec family 

consist of a V-set Ig-like domain at the N-terminal end and a varying numbers of C2-set 

domains, as adaptive spacers, at the C-terminus (Bornhöfft et al. 2018). Following the principle 

of the adaptation of the spacer length to the location of the epitope, depending on the respective 

target, we selected one, two, or three C2-sets derived from Siglec-3, -4, -7, or -8 for evaluation 

of the new spacer class. Similar amounts of C2-set were also previously tested in IgG-derived 

spacers for transgenic cell therapy (Clemenceau et al. 2015; Watanabe et al. 2016). Yet, 
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exaggerated spacer shortening might eventually lead to signaling abrogation (McComb et al. 

2020). The designed Siglec spacer length ranged between 280 aa (Siglec-4) to 119 aa (Siglec-

3), similar to 230 aa of full-length IgG spacers in comparison to the 45 aa of the short but highly 

flexible and versatile CD8α spacer.   

In this way, we replaced the CD8α domain of the previously analyzed anti-CD20_hl_CD8α_4-

1BB-CD3ζ CAR with the novel Siglec-derived spacers. Subsequently, we performed CAR 

expression in HEK and T cells in comparison to the original CAR. While expression in HEK 

cells was only modestly influenced by the respective Siglec spacers, some CARs were not 

expressible in T cells. Thus, testing more than one Siglec-derived spacer was convenient due to 

the possible impact of the “inert” depicted hinge and transmembrane domains on CAR 

expression levels. However impact of the transmembrane domain was shown to be more 

influential than the spacer domain, especially for dimerization and subsequent signal 

transduction (Muller et al. 2021). The spacer domain might control the modality of CAR 

expression by membrane transport efficacy of the CAR, while the transmembrane domain is 

thought to regulate the amount of CAR signaling by controlling the CAR surface expression 

level (Fujiwara et al. 2020). Nonetheless, this was only evaluated by comparisons of the 

established spacer and transmembrane domains, including CD3, CD4, CD28, or CD8α, and 

might vary in so far untested combinations. We further investigated the in vitro functionality of 

Siglec spacers with beneficial expression patterns in T cells, such as Siglec-4, Siglec-7.2, and 

Siglec-8. By evaluating degranulation, cytokine, and exhaustion marker expression after 

coculture with Raji cells, we revealed the comparable in vitro functionality of the longest 

Siglec-4 spacer, with a total of three C2-sets, to the established CD8α spacer. Neither the Siglec-

7.2 nor the Siglec-8 spacer were too short to induce activation of transduced T cells. On one 

hand, we proved in vitro the principle for membrane-proximal targets, but on the other hand, 

the experimental setup was not fully appropriate for further evaluation of the feasibility of 

Siglec-7.2 and Siglec-8 to be used as possible short spacers for membrane-distal epitopes. 

Further experiments with membrane-distal targets would be necessary to evaluate the full 

potential of both spacers for efficient CAR T cell therapy.  

This distance-dependent spacer principle was further challenged by the translation to a PDAC 

model. Thus, we compared the Siglec-4 spacer to the CD8α spacer and a modified version of 

the IgG4 spacer in a 4-1BB-CD3ζ CAR setting. However, the applied IgG4 spacer needs 

adjustments to abrogate interactions with FcγR+ murine immune cells. Hudecek et al. described 

mutations, which successfully blocked interactions of IgG4-based CAR spacers with FcγR+ -
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expressing immune cells (Hudecek et al. 2015). CARs were redirected against CD66c and 

TSPAN8, two newly discovered targets for the immunotherapy of PDAC (Schäfer et al. 2021). 

While the here applied scFv for TSPAN8 is redirected to a membrane-proximal epitope, like 

CD20, the scFv redirected to CD66 binds a membrane-distal epitope. In vitro cytotoxicity 

assays showed a pronounced cytotoxic potential against AsPC1 PDAC cells of all tested CARs, 

besides CD66c_lh_Sig4 CAR T cells. Endpoint analysis of cytokine and exhaustion marker 

expression confirmed the infunctionality of CD66c_lh_Sig4 CAR T cells, by low expression of 

Th1 cytokines, IL-2, TNF-α, GM-CSF and IFN-γ and exhaustion markers, LAG3, PD1, and 4-

1BB. We showed with this examination of killing capacity, Th1 cytokine expression, and 

exhaustion markers the selectivity of the long Siglec-4 spacer towards membrane-proximal 

targets. The inferiority of IgG-based spacers was confirmed by in vitro evaluation in the PDAC 

model. Interestingly, cytokine and exhaustion marker expression profile was tremendously 

lower in TSPAN8_hl_Sig4 transduced T cells compared to TSPAN8_hl_CD8 CAR T cells at 

similar levels of cytotoxicity against TSPAN+ AsPC1 cells. Thus, an extension of in vitro 

analysis by the inclusion of exhaustion markers LAG3, PD1, and 4-1BB proved to be practical 

to increase the safety and well-balanced analysis of the CARs for potential clinical transfer 

(Garfall et al. 2019). By examining the vivo efficacy of Siglec-4, CD8α, and IgG4 spacers 

incorporated into TSPAN8-redirected CAR T cells in a xenograft PDAC mouse model, we 

found that all three CARs showed an anti-tumor efficacy of varying strengths. Both 

TSPAN8_hl_CD8 and TSPAN8_hl_Sig4 CAR T cells were able to eradicate the pancreatic 

tumor completely within a short time frame. TSPAN8_hl_IgG4 transduced T cells were 

efficient to control tumor growth of AsPC1 cells but did not induce full tumor clearance. Ex 

vivo analysis further reinforced the beneficial exhaustion marker and cytokine expression 

profile of TSPAN8_hl_Sig4 CAR T cells. Our in vivo and ex vivo results showed reduced pro-

inflammatory Th1 cytokine secretion and low expression levels of exhaustion markers in 

TSPAN8_hl_Sig4 CAR T cells. These CAR T cell characteristics are associated with a better 

clinical prognosis due to the reduced risk for severe CRS (Bonifant et al. 2016; Gust et al. 2020). 

Nevertheless, the overall amount of ex vivo retrieved TSPAN8_hl_Sig4 transduced CAR T 

cells was decreased compared to TSPAN8_hl_CD8 CAR T cells, indicating a lower in vivo 

proliferation due to comparative injected cell numbers at the start of the experiment. But the T 

cells of TSPAN8_hl_Sig4 CAR T cell treated animals displayed a more favorable early 

differentiated TCM phenotype, which has been found by others in lymphoma models to be 

associated with a higher proliferative capacity (Liu et al. 2020). Differences of 

TSPAN8_hl_Sig4 and TSPAN8_hl_CD8 CAR T cell expression profiles demonstrate the 
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importance of the knowledge of exhaustion marker profiles in response to CAR generation or 

target cell contact for further preclinical in vivo studies. However, many reasons for the 

observed differences between TSPAN8_hl_Sig4 and TSPAN8_hl_CD8 CAR T cells are 

possible and should be addressed before a potential clinical transfer of TSPAN8_hl_Sig4 CAR 

T cells. One possible explanation is the previously discussed influence of the spacer domain on 

the membrane transport efficacy of the CAR (Fujiwara et al. 2020). Preclinical and clinical 

studies have evaluated the steering influence of CAR surface density on in vivo efficacy and 

activation (Ho et al. 2021; Walker et al. 2017). In the future, comparisons of CAR densities on 

TSPAN8_hl_Sig4 and TSPAN8_hl_CD8 CAR T cells as well as other examinations, e.g. to 

analyze Siglec-4 spacer interactions with cell surface ligands, have to be performed to validate 

this hypothesis. Whereas further research is mandatory for clinical transfer, Siglec-derived 

spacers were successfully established in hematological and solid tumor settings.   

2.2 Imaging of CAR T cell therapy 

One contributing factor for the limited success of cell therapy in PDAC (Akce et al. 2018) is 

the reduced accessibility for CAR T cells in solid tumors, due to the TME, which is most 

pronounced in PDAC (M M D’Aloia et al. 2018; Ho, Jaffee, and Zheng 2020). Here, imaging 

methods are versatile and useful tools to detect, quantify and visualize transgenic cells and 

enable the tracking of cells in vivo, thereby promoting translational research. However, 

established preclinical research methods, such as flow cytometry, do not facilitate longitudinal 

or spatial analysis, which is indispensable for examining CAR T cells within the structure of 

solid tumors or inside an animal model. Thus, this study aimed to establish and apply imaging 

tools that, provide longitudinal and spatial information, for the in vivo and ex vivo tracking of 

CAR T cells in a subcutaneous tumor PDAC mouse model to support clinical translation of 

CAR T cells for pancreatic cancer. 

2.2.1 In Vivo Tracking of CAR T cells by 2D BLI and 3D BLT Imaging 

We generated new CARs, suitable for lentiviral transduction of transgenic cells, to perform 

spatiotemporal in vivo tracking of CAR T cells. Two scFvs were chosen for the application in 

a PDAC model. One of the selected scFvs, derived from the chimeric monoclonal antibody 

C225, was redirected to the epidermal growth factor receptor (EGFR) (Prewett et al. 1996). 

EGFR is a crucial driver of tumorigenesis in many solid tumors, including PDAC (Durkin et 

al. 2003; Nedaeinia et al. 2014). A second scFv was selected as target unspecific but functional 

control, in contrast to an unspecific mock control. The chosen scFv was created based on an 

internal humanized antibody clone MB101, specific for blood dendritic cell antigen 2 (BDCA-
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2). In contrast to EGFR, BDCA-2 is not expressed on established PDAC cell lines, including 

AsPC1, but is exclusively expressed on the surface of human plasmacytoid dendritic cells 

(pDC) (Dzionek et al. 2000). Generated scFvs were fused to the previously applied combination 

of flexible CD8α spacer and transmembrane domains, as well as to the 4-1BB costimulatory 

and CD3ζ signaling domains. This second-generation CAR sequence serves currently as the 

standard for clinical trials in PDAC (DeSelm et al. 2017). The second-generation CARs were 

further connected via a furin-P2A self-cleaving site with the click beetle red luciferase gene 

(CBR2opt) for cell tracking.  

Subsequently, we evaluated the in vivo biodistribution of the newly generated CARs in 2D and 

3D in a subcutaneous PDAC xenograft model, using the previously described AsPC1 pancreatic 

cancer cell line. 2D tracking of CAR T cells enabled the visualization and quantification of the 

bioluminescent signal from dorsal, ventral and tumor ROIs. Two hours after CAR T cell 

intravenously injection via the tail vein, CAR T cells of both treatment groups had mainly 

accumulated in the lung and partially in the liver. These organs are the first to pass, when cells 

are injected via the tail vein (Fischer et al. 2009). A clear visible 2D BLI signal was detected in 

injected mice, depicting CAR T cell localization in these organs. Here, CBR2opt luciferase 

proved its enhanced potential. One of the disadvantages of standard firefly luciferase combined 

with D-Luciferin is the low emission for cell tracking in deeper tissues, such as the lung 

(Weissleder and Ntziachristos 2003). Even at the comparatively low cell number of 5x105 

CAR+ T cells, imaging of lung-infiltrating CAR T cells was facilitated by CBR2opt plus D-

Luciferin. This validated the rational selection of the recently established CBR2 mutant, from 

the range of available luciferase (Hall et al. 2018). When paired with D-Luciferin, this mutant 

version emitted significantly more photons per second when paired with D-Luciferin in 

comparison to standard firefly luciferase in a C57BL/6 black mouse model. The size and protein 

content of natural and modified T cells highlight the need for a bright and strong 

luciferase/substrate combination (Lin and Amir 2018). Furthermore, CBR2opt offers an 

extended emission spectrum in the near-infrared area when paired with the novel substrate 

naphthyl-luciferin (Hall et al. 2018). Thus, CBR2opt was shown to facilitate deep tissue 

imaging or dual imaging with other luciferase/substrate combinations (Zambito et al. 2021).  

Applying this 2D and 3D BLI imaging approach, we showed after therapy induction, a different 

biodistribution pattern of BDCA-2 and EGFR CAR T cells in vivo. While BDCA-2 transgenic 

cells infiltrate the spleen first, target-specific EGFR CAR T cells home directly to the tumor 

within the first week. During the second and third weeks of the experiment, BDCA-2 CAR T 
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cells proliferated in the treated mice. At the same time, EGFR CAR T cells proliferated 

primarily at the tumor site and only to a limited extent in the spleen and in the third week in the 

abdomen. 2D ventral and dorsal ROI quantifications confirmed the observed increased 

proliferation of target unspecific BDCA-2 CAR T cells.  

Besides the well-established 2D BLI measurement, we performed, to our knowledge, the first 

longitudinal 3D BLT study to assess CAR T cell treatment in mice. The visualization of 3D 

measurements recapitulated the 2D visualization in a more detailed and accurate manner, due 

to the 3D perspective. On day 0, two hours after injection, all treated mice showed a clear signal 

cloud inside the thorax. Some mice even displayed a slight branching of the signal in the center, 

indicating accumulation of T cells in both parts of the lung or exhibited a second signal peak in 

the upper abdominal area, presumably arising from the presence of T cells within the liver. 

Furthermore, 3D BLT imaging enabled the clear presentation of the tumor-infiltrating EGFR-

redirected CAR T cells on day 6, whereas, BDCA-2 specific CAR T cells were mainly found 

in the spleen. Spleen homing and proliferation of EGFR CAR T cells in the spleen, was only 

detected after day 13. However, towards the end of the study, the acquired and reconstructed 

bioluminescence signals declined inaccuracy due to the strong proliferation of CAR T cells in 

the whole mouse induced by the onset of GvHD, as proven by 2D ex vivo examination of the 

organs. Both, 2D BLI and 3D BLT enabled a coherent in vivo biodistribution analysis of EGFR 

and BDAC-2 redirected CAR T cells, albeit 3D BLT provided additional spatiotemporal 

information. Only a few other cell tracking studies of solid tumor redirected CAR T cells in 

mice have been reported so far, since the majority of CAR T cell research work includes only 

endpoint analysis of CAR T cell localization and BLI is mainly applied for tumor control 

examination. These few studies use different imaging modalities or culture protocols and 

reported a slightly divergent biodistribution pattern of solid tumor redirected CAR T cells to 

our results (Lee et al. 2020; Sellmyer et al. 2019; Torres Chavez et al. 2019). Sellmyer et al. 

performed CAR T cell tracking in NSG mice with PET reporter genes and the applied GD2 4-

1BB-CD3ζ CAR T cells homed within the first 7 days to the spleen before redistributing to the 

GD2+ subcutaneous tumors in the upper back area at day 13 (Sellmyer et al. 2019). Torres 

Chaves et al. detected primarily trafficking of PSCA-redirected CD28-CD3ζ CAR T cells to 

the subcutaneous Capan-1 tumor at day 7 in NSG mice, using 2D BLI, but did not analyze the 

spleen or further cell biodistribution (Torres Chavez et al. 2019). Lee et al. performed PET CT-

based cell tracking in a solid Raji lymphoma mouse model and confirmed a strong accumulation 

in lung and liver two hours after injection and a shift to the spleen from day 1, but could not 

detect any CAR T cells in the tumor until the endpoint of the experiment at day 7 (Lee et al. 
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2020). Importantly, PET-CT imaging enables a more precise quantification of in vivo signal 

distribution, whereas BLT imaging enables more frequent measurements. Furthermore, 

different CAR T cell generation or culturing conditions, as well as co-transduction with PET 

reporter genes, may have resulted in these differing biodistribution patterns in vivo, e.g. due to 

altered CAR T cell phenotypes. Further extensive research is needed to reveal the underlying 

mechanisms of the differing biodistribution patterns of the CAR T cells.  

2D BLI and 3D BLT measurements of the tumor ROI or the segmented tumor enabled the 

quantification of the antigen-dependent proliferation of EGFR CAR T cells. This proved again 

the sufficient anti-tumor efficacy of 4-1BB-CD3ζ second-generation CARs as described in 2.1. 

and in the literature (DeSelm et al. 2017). Despite the clearly visible signal peak in EGFR CAR 

T cell treated mice, 2D BLI quantification displayed a similar increase of bioluminescence in 

BDAC-2 CAR T cell treated animals. The unspecific proliferation of BDCA-2 CAR T cells in 

the intestine may have interfered with the technical signal detection of the 2D tumor ROI. In 

contrast to 2D BLI, reconstruction and tumor segmentation of 3D BLT signals enabled the 

efficient detection of proportional CAR T cell tumor homing and antigen-recognition induced 

proliferation of EGFR CAR T cells at the tumor site. Thus, 3D BLT imaging could potentially 

facilitate a more distinct dissection of tumor homing and anti-tumor efficacy mechanisms or 

toxicities of various CARs, as described in 2.1., to support the understanding of underlying 

processes and to assist the clinical translation of cell therapy research. Furthermore, CT-

supported tumor size assessment is more accurate than 2D caliper measurements as 

demonstrated here. Nonetheless, the application of CT measurements for the replacement of 

2D assessment without any further 3D imaging does not justify the effort and expenses.  

Further quantification of the 3D BLT signal increase over time in the whole mouse and other 

organs confirmed the strong proliferation of target-unspecific BDCA-2 CAR T cells, which was 

also strengthened by the 2D BLI dorsal and ventral ROI quantification. Unfortunately, technical 

signal reconstruction problems prevented a successful evaluation of the spleen signal, but 

improvements of technical reconstruction methods are still ongoing. Nonetheless, both 2D and 

3D signal quantification showed a differently pronounced initial signal reduction of EGFR CAR 

T cells, which was not observed in BDCA-2 CAR T cell treated animals. The initial signal loss 

detected between day 3 and day 10 in EGFR CAR treated animals contrasted the strong 

proliferation at the tumor site during the same period. EGFR CAR T cell death may have 

resulted from stress induced by the preparation and injection procedure combined with 

activation-induced cell death (AICD) (Künkele et al. 2015). The proportional contribution of 



154 

 

each factor needs to be further evaluated. The previously discussed research studies in the 

context of the in vivo biodistribution of CAR T cells did not include any comparable 

longitudinal measurements between day 0 and day 7 (Lee et al. 2020; Sellmyer et al. 2019; 

Torres Chavez et al. 2019). The missing BLI signal decrease of BDCA-2 CAR T cells points 

to a scFv dependent influence, these cells started early on to proliferate, although injected CAR 

T cells number was comparatively low and human BDCA-2 is not expressed in mice (Dzionek 

et al. 2000). Multiple factors could have contributed to the unspecific proliferation. As 

previously discussed, tonic signaling is a risk factor of 4-1BB-CD3ζ CARs in contrast to other 

second-generation CARs, which can also induce early exhaustion (Chattopadhyay et al. 2009; 

Gomes-Silva et al. 2017; Song et al. 2011; Van Der Stegen et al. 2015). However, over the 

course of this experiment weight loss in both groups started as early as two weeks after the start 

of the experiment and endpoint ex vivo organ imaging in both groups confirmed strong 

bioluminescence signals in similar organs, including intestine, lung and ovaries. These organs, 

together with the liver, are some of the most prevalent organs associated with xenogeneic 

GvHD (Shrestha et al. 2020). Although a scFv specific effect cannot be fully excluded, a donor-

dependent influence might have further contributed to the strong unspecific proliferation and 

early on-set of GvHD. Another contributing factor to GvHD could be a low transduction 

efficiency caused by the extended construct size, resulting in the injection of high numbers of 

untransduced T cells (Kumar et al. 2001). However, all virus-based CAR T cell generation 

techniques depend on high viral titers and transduction efficiencies decrease with the increasing 

size of the construct. Other CAR generation methods, such as transposons or electroporation-

based systems do not have the same size restraints and can facilitate the gene transfer of 

advanced CARs, without the requirement of double transduction or the risk of low transduction 

efficiencies (Almåsbak et al. 2011; Huang et al. 2008).  

These gene transfer techniques could also be beneficial for the evaluation of reasons for the 

unspecific proliferation of BDCA-2 CAR T cells or the life cycle and localization of 

CD20_IgG1_4-1BB-CD3ζ CAR, described previously, due to the expanded construct options. 

Nonetheless, tracking of CD20_IgG1_4-1BB-CD3ζ CAR T cells with CBR2opt, could already 

reveal the possible interaction location of FcR+ expressing cells and CAR T cell interaction. 

Moreover, luciferase genes of choice could be expressed under the control of an inducible 

promotor, activated by the CAR signaling after target recognition. While other promotors are 

under investigation, the nuclear factor of activated T cells (NFAT) promotor is the most 

established inducible promotor for T cells (Uchibori et al. 2019). During activation of CD3ζ 

and CD28 containing CARs, downstream signaling promotes the transcription of NFAT 
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regulated genes, after activation by phosphatase calcineurin (Serfling et al. 2006). Luciferase 

expression regulated by the NFAT promotor combined with BLT imaging could indicate 

unspecific cell activation by tonic signaling, in case of BDCA-2 CAR T cells, or activation in 

specific organs, such as lung or liver, in case of CD20_hl_IgG1_4-1BB-CD3ζ CARs. This 

would pave the way for further selection of proteomic, transcriptomic or genomic examinations 

to obtain insights into the underlying mechanisms.  

NFAT regulated activation analysis would also be advantageous for PET CT imaging, a 

technique that has been widely applied for CAR T cell tracking. Multiple reporter genes and 

probes have been validated in preclinical studies and later applied in clinical trials e.g. analyzing 

herpes simplex virus type 1 thymidine kinase with 9-[4-[18F]fluoro-3-

(hydroxymethyl)butyl]guanine (NCT00730613 and NCT01082926) (Krebs et al. 2020). So far, 

NFAT regulated activation has mainly been applied in the context of TCR dependent 

mechanisms and in vivo CAR T cell activation was evaluated with ICOS-redirected antibody-

based PET (Ponomarev et al. 2001; Simonetta et al. 2021). These studies showed the high 

accuracy of PET CT imaging in detection of CAR T cell activation. By contrast, 3D BLT is not 

as advanced and established as clinical transferable PET imaging and still needs some 

improvements, as demonstrated by the problematic signal reconstruction of the spleen or the 

decreasing specificity at the end of our study caused by the on-set of GvHD. Other groups are 

actively working on improvements to overcome the current drawbacks (Bentley, Rowe, and 

Dehghani 2020; Feng et al. 2008; Zhang et al. 2018). Despite these challenges, we demonstrated 

that, hybrid 3D µCT/BLT is an alternative isotope-free tomography tool for preclinical CAR T 

cell tracking. Additionally, some BLT devices already enable an easy dual optical imaging of 

sequential BLT and fluorescence molecular tomography (FMT), encouraging combinatorial 

preclinical research. Further advantages of BLT imaging as compared to PET-CT are the cost-

efficiency, an easy usage, the stability of the luciferase and the luciferin storage conditions. 

Further technical and biochemical improvements of devices, filters, reconstruction patterns and 

luciferase/substrate combinations might be able to further compensate the current drawbacks, 

and the more frequent longitudinal measurements, as well as the benefits of non-radioactive 

methods, justify the continued development of BLT imaging.  

 

2.2.2 Ex Vivo Tracking of CAR T cells by LSFM and Cyclic Immunofluorescence 

While in vivo bioluminescence enabled a whole-body spatiotemporal imaging of CAR T cells, 

resolution on a cellular level is missing but essential for solid tumor and TME redirected 
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research. Thus, in vivo tracking was subsequently followed by ex vivo tracking using light-

sheet fluorescence microscopy (LFSM) and cyclic immunofluorescence stainings. We 

performed LFSM using a fluorescent anti-CD3 antibody and rhodamine lectin for vessel 

visualization with tumors taken out on day 6 and day 13. An additional channel detected the 

autofluorescence of the tumor tissue for tumor segmentation. Information combined from all 

three channels enables the spatial resolution and proportion of CD3+ T cells inside the tumor as 

well as distance measurements between T cells, vessels, and tumor surface. Intratumoral T cell 

distribution differed depending on treatment with either target-specific EGFR or target-

unspecific BDCA-2 CAR T cells. In alignment with 2D BLI and 3D BLT visualizations, on 

day 6 only a few CD3+ T cells infiltrated the tumor in BDCA-2 CAR T cell treated animals. At 

the same time, CD3+ T cells of EGFR CAR T cell treated animals had infiltrated one-half of 

the tumor, potentially originating from larger feeding vessels at the bottom half of the tumor, 

which was close to murine back muscles. During the next week, the antigen-recognition-

induced proliferation of CD3+ T cells in the EGFR group resulted in the full infiltration of the 

tumor. At the same time, the amount of CD3+ T cell in the BDCA-2 treated tumor increased, 

potentially fueled by the discussed unspecific proliferation, and ongoing in vivo biodistribution 

of CAR T cells. Further staining profile analysis of CD3 and rhodamine lectin staining patterns 

confirmed that the majority of T cells was either present at the tumor margin or in close 

proximity to the larger feeding vessels.  

Besides the visualization, we quantified and compared signals of each channel. CD3+ covered 

volume analysis demonstrated the low proportion of tumor-infiltrating T cells in the target 

unspecific group, whereas CD3+ T cells of the EGFR CAR T cell treated group which had 

homed to the tumor, proliferated and further penetrated the tumor alongside the larger feeding 

vessel. Over time, almost 15% of the EGFR treated tumor was infiltrated with CD3+ T cells. Of 

note, at that time point, antigen-dependent proliferation and active killing were already 

decreasing and some CD3+ T cell may have died due to AICD or could have been exhausted, 

contributing to the problematic in vivo persistence of CAR T cells, especially in the TME of 

solid tumors (Borghans and Ribeiro 2017; Nakajima et al. 2019). Nonetheless, the amount of 

CD3+ T cells in the tumors of the EGFR group was still two times higher than the amount 

measured in the BDCA-2 group, which also increased over time. It has long been known that 

some mechanisms, MHC-dependent and -independent, support tumor cell recognition, 

activation, and proliferation, without an additional CAR or specific TCR (Golby, Chinyama, 

and Spencer 2002; Katz and Rabinovich 2020; Tietze et al. 2012). These could have contributed 

to a target-independent proliferation of BDCA-2 at the tumor. 
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Higher resolution on day 6, caused by the larger tumor size on day 13 and the subsequent 

requirement of a larger objective, enabled another evaluation method for CD3+ T cell with the 

Imaris “Spot Detection” tool and more examination options. We segmented the detected CD3+ 

spots and thereby facilitated the estimation of CD3+ T cells in the tumor core and periphery. In 

both treatment groups, the majority of T cells were located in the tumor periphery and did not 

efficiently enter the tumor core. However, the low total number of CD3+ T cells in BDCA-2 

may be falsely interpreted into a better tumor infiltration capacity. Distance measurements of 

each CD3+ spot to the tumor surface proved that CD3+ T cells of the EGFR treated group 

managed to infiltrate deeper into the tumor, while target specificity did not induce increased 

infiltration from the vasculature. This emphasized a central problem for CAR T cells in solid 

tumors but also introduced a tool to analyze CAR-related improvements to overcome these 

barriers e.g. as presented in the context of heparan sulfate degrading CAR T cells (Caruana et 

al. 2015).  

As demonstrated here, LFSM offers various analysis options, such as color-rendering of single 

cells based on distinctive characteristics, covered area and distance measurements and 

generation of diverse layers. This enabled an in-depth spatial investigation of CD3+ T cells 

within the tumor. However, the unorganized architecture of the tumor and its vasculature can 

impede the resolution of the stainings and the distance measurements between the reconstructed 

cell surface and vessel network (Jain 2013). Unregulated tumor growth in different dimensions 

inhibits the direct comparison of tumor surface distances to a certain structure, unless the tumors 

have comparable volumes. Evaluation of vasculature-related reconstructions and measurements 

are also complex, since tumor vasculature networks grow highly unregulated and vessels close 

to each other are difficult to distinguish for data interpretation. Moreover, LSFM has a limited 

number of channels. Cyclic immunofluorescence confirmed and extended the here gained data 

from LSFM, in terms of CD3+ and vessel distance. This emphasized the relevancy of this 

combination, which is required to increase the amount of accessible data, especially in the 

context of the complex TME of solid tumors. Furthermore, co-expression or -labeling, as well 

as induction of fluorescent protein expression, could extend LSFM options (Ueda et al. 2020). 

Whole mouse clearing approaches might be able to provide a full bridging between whole 

mouse and cellular level cell tracking for in-depth and toxicity-related insight in preclinical 

research (Cai et al. 2019). Another solution to connect whole-body and cellular CAR T cell 

tracking is intravital two-photon microscopy. This technique has a deep tissue penetration due 

to the absorption of near-infrared photons and low scattering but often requires the technically 

challenging engraftment of an intravital window (Ishii and Ishii 2011). Some groups provided 
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interesting insights into CAR T cell persistence and functionality in hematologic tumor models 

by the application of this technique for single-cell tracking with multiple colors (Cazaux et al. 

2019; Mulazzani et al. 2019; Murty et al. 2020). Nevertheless, solid tumor and TME aimed 

research may benefit from a spatial whole tumor analysis, which is not fully possible with two-

photon microscopy depending on tumor size or stage. Thus, a combination of LSFM and cyclic 

immunofluorescence was used in this study. Each method requires currently an individual 

tumor and therefore results in a lower sample size, while a workflow combination of both 

methods is still under development. Tissue clearing and dehydration are necessary steps for 

LSFM which use reagents that potentially interfere with antigen retrieval in cyclic 

immunofluorescence staining, the latter enabling in-depth ex vivo phenotyping of CAR T cells 

and the TME. Still, microscopy-based ex vivo CAR tracking by 2-photon microscopy or 

LSFM/cyclic immunofluorescence is inevitable and necessary for CAR engineering research in 

solid tumors.  

 

2.3 Supporting CAR T cells in TME of PDAC 

Essential T cell functions, such as penetration, proliferation and differentiation are highly 

impaired in the TME (Anderson, Stromnes, and Greenberg 2017). Therefore, CAR T cell 

therapy faces various barriers especially in solid tumors e.g. PDAC with its dense and 

immunosuppressive TME (Chu et al. 2007). We combined in vivo and ex vivo CAR T cell 

tracking strategies to facilitate the analysis of local and systemic IL-2 effects as well as on the 

cellular level as a possible and exemplary support strategy for CAR T cells in the TME. In vivo 

tracking of CAR T cells revealed a systemic effect of subcutaneous IL-2 injections at the tumor 

site on the whole-body level. 2D and 3D bioluminescence imaging revealed significantly higher 

signals in BDCA-2 + IL-2 CAR T treated animals, as displayed by 2D ventral and dorsal ROI 

or segmented whole mouse signal quantification. During the initial treatment phase, IL-2 co-

treated EGFR or BDCA-2 CAR T cell treated animals displayed increased bioluminescent 

signals compared to the groups without additional IL-2 support, indicating higher live cell 

numbers in these treatment groups. Comparison of signals in the segmented whole-body, tumor, 

and liver ROIs showed that IL-2 prevented the cell loss due to the injection procedure in both 

groups and further increased target unspecific expansion of BDCA-2 CAR T cells. This effect 

reduced the likelihood of AICD as a strong contributor to early signal loss in EGFR treated 

groups, since AICD is enhanced by excess IL-2 (Richter et al. 2009). Despite the systemic effect 

of local IL-2, treated mice did not experience any side effects. Nevertheless, local IL-2 was not 
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able to increase the amount of CAR T cells at the tumor significantly, neither in EGFR nor in 

BDCA-2 CAR T cell treated animals on a whole-body level or to enhance anti-tumor efficacy 

of EGFR CAR T cells. 

But, visual examination of LSFM data exhibited an influence of IL-2 on CAR T cell infiltration 

into the tumor on the cellular level in both CAR T cell treatment groups. However, the majority 

of CD3+ cells was still located at the tumor margin or in proximity to the large feeding vessels. 

Quantification of LFSM-based ex vivo tracking pointed to first disadvantages of local 

administration of IL-2 support. At an early time point, day 6, the EGFR + IL-2 treated animal 

showed more CD3+ covered volume within the tumor than the EGFR CAR T cell treated animal 

without any IL-2 support. Analysis of the later time point 6 days after the last IL-2 injection 

revealed fewer CD3+ T cells in the target-specific and IL-2 supported group compared to the 

target-specific group without IL-2. Proportional covered volume was also analyzed in BDCA-

2 treated animals, but the initial target-specific effect of the EGFR CAR T cells was not 

sustained until day 13. Spot detection-based measurements indicated the IL-2 dependent 

expansion of CD3+ T cells in the tumor margin in both groups as validated by higher cell 

numbers in the defined periphery and closer proximity to the tumor surface and a reduced T 

cell infiltration rate in deep tissue. However, limited channels of LFSM hampered the detailed 

identification of the underlying mechanism, e.g. by costaining of activation markers.  

Cyclic immunofluorescence stainings provided more insight into the impact of IL-2 on tumor-

infiltrating CAR T cells. An enhanced number of co-localizations of CD3+ with activation (e.g. 

CD28), and proliferation (Ki67) markers was detected on cells in tumor tissue of the EGFR + 

IL-2 group in comparison to the EGFR group at day 6. Thus, the applied local IL-2 potentially 

induced in our study a short-term expansion of CD3+ T cells in the tumor periphery, but at the 

cost of a reduced T cell penetration depth and long-term T cell exhaustion. This would explain 

the lack of added value of IL-2 on CAR T cell efficacy.  

IL-2 is expressed by CD4+ T cells after antigen recognition and plays a decisive role in CD4+ 

and CD8+ T cell proliferation. However, in patients, systemic monotherapy induced not only 

high efficacies but also resulted in severe toxicities (Rosenberg 2014). Fever, flu-like symptoms, 

nausea, low blood pressure, and cell counts were the critical side effects, which occurred in 

treated patients with solid tumors ultimately leading to the loss of the FDA approval as a 

monotherapy in metastatic renal cell carcinoma and metastatic melanoma (Klapper et al. 2008; 

Rosenberg 2014; Schwartzentruber 2001). Systemic IL-2 support was evaluated for cell-based 

immunotherapies in clinical trials but did not improve anti-tumor efficacy (Cao, Lei, and Zhu 
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2019). Clinical trials demonstrated a higher efficacy of a low amount of intraperitoneal and 

intratumoral injections of IL-2 in comparison to systemic treatment, albeit not all tumors are 

sensitive to IL-2 treatment (Den Otter et al. 2008). Thus, local IL-2, dose-adjusted based on 

clinical trials could enhance CAR T cell infiltration in the immunosuppressive TME. However, 

excess IL-2 might induce differentiation of CD4+ into multiple phenotypes, including CD3+ 

CD4+ Foxp3+ Tregs (Zorn et al. 2006). However, cyclic immunofluorescence results, such as 

low CD45RA or CD28 expressions in BDCA-2 and BDCA-2 + IL-2 treated groups indicate 

that the applied dose of IL-2 was not too high for an overactivation of T cells, without additional 

IL-2 expression after target recognition by specific CAR T cells. Combined sources of 

endogenous and exogenous IL-2 resulted in an initial stronger proliferation in the EGFR + IL-

2 treated group, which did not result in an enhanced anti-tumor efficacy due to the early 

exhaustion of those T cells. Therefore, IL-2 supplementation requires a careful dosing and fine-

tailored application scheme, e.g. by longer injection intervals or TME-redirected antibody-

based supply (Catania et al. 2015; Parisi et al. 2020; Ziffels, Pretto, and Neri 2018). Other or 

improved cytokines and chemokines might reduce the risk of overstimulation (Danielli et al. 

2015). Further studies could evaluate a more specific local IL-2 treatment scheme after the 

initial killing phase, as in this case after day 16. However, the optimal time point might vary 

for different CARs and TME support techniques, e.g. other cytokines and application methods 

and depend on the various in vivo biodistribution patterns found by in vivo imaging of the used 

CAR and TME-treatment options.    

 

2.4 Conclusion and Outlook 

The first objective of this project focused on the evaluation of the influence of the CAR 

composition on in vitro and in vivo functionality, which encouraged the development of a new 

spacer class. Three CD20-redirected CARs with variable scFvs and spacer domains 

demonstrated a similar in vitro killing potential and cytokine expression profile, whereas one 

CAR showed no tumor reduction. The remaining two CARs displayed a safe in vivo profile for 

clinical transfer. Since the critical CAR contained a problematic IgG1-based but modified 

spacer domain, this non anti-tumor efficiency can be explained by non-activating interaction 

with FcγR+ cells of the introduced modification. These modifications were not able to fully 

abrogate interactions with FcR+ murine immune cells during in vivo testing. However, in vitro 

target-dependent cytotoxicity of the modified CAR was not prevented by these murine immune 

cells. This highlights the missing in vitro to in vivo transferability and further emphasizes the 
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high need for further research to clarify the in vivo distribution patterns of cell-based 

immunotherapies, to enhance CAR T cell efficacy in solid tumor and to avoid potential 

unfavorable side effects. IgG-based spacers are not suitable for preclinical transfer and this 

resulted in a shortage of suitable spacers for membrane-proximal targets to mimic the natural 

immunological synapse. Siglec-4 of the Siglec protein family displayed a beneficial profile, in 

terms of the cytotoxic potential and potent marker and cytokine expression profile and was able 

to successfully recapitulate this anti-tumor potential in a PDAC xenograft model. In vivo testing 

revealed a similar cytotoxic potential but superior cytokine and marker expression profile of 

Siglec-4 CARs compared to established CD8α CARs in response to the PDAC xenograft. 

Multiple factors could contribute to this preferential anti-tumor pattern, such as CAR surface 

densities. Further research would be required to validate the clinical reduced risk for CRS in 

response to Siglec-4 CARs. Nevertheless, the novel spacer class was successfully tested and 

established in PDAC xenograft models.  

Although we verified the general functionality of cell-based immunotherapies, in solid tumors 

such as PDAC, in the clinical setting however, CAR T cells do not only need to find the way to 

the tumor but also through the pronounced TME and survive there. Hence, preclinical in vivo 

and ex vivo cell tracking strategies are necessary to identify the best CARs and TME-addressing 

support mechanisms with only marginal side effects. For the first time, 3D µCT/BLT imaging 

was successfully established and applied for CAR T cell tracking. Therefore, 3D µCT/BLT 

imaging represents a valuable and isotope-free tool to assess longitudinal and spatiotemporal in 

vivo biodistribution of cell-based therapies and the antigen-recognition-induced target-specific 

proliferation of CAR T cells within tumors. Expression of the luciferase gene under the NFAT 

promotor would even allow the localization and kinetic examination of in vivo CAR T cell 

activation for preclinical and toxicity-related research. Nonetheless, technical improvements 

are mandatory for the signal reconstruction of some organs, e.g. the spleen, which is essential 

for immunotherapy research. Ex vivo tracking, using LSFM and cyclic immunofluorescence, 

extends the whole-body analysis at a cellular level, enabling proportional, distance, and 

phenotypical evaluation of the target-specific T cell reaction. A combination of both, LSFM 

and cyclic immunofluorescence, techniques for one tumor, would reduce the costs, save animals, 

and extend the available data. The presented stringent in vivo and ex vivo strategy facilitated 

the evaluation of local IL-2 as possible support for CAR T cells in the TME. The subcutaneous 

under the tumor applied treatment had a short-term stimulatory effect on the CAR T cells, but 

induced overstimulation that resulted in decreased tumor infiltration and early exhaustion. In 

this way, local IL-2 did not increase the anti-tumor efficacy of CAR T cells, subsequently 
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disqualifying the local IL-2 supply method. TME-redirected supply of IL-2 or other cytokines 

and chemokines without the overstimulation risk as well as adjusted application schemes could 

be a strategy for the future to support CAR T cell accumulation and efficacy in the 

immunosuppressive TME of PDCA.  

Overall, this study evaluated the preclinical eligibility of multiple CARs, for hematological and 

solid tumor treatment, including constructs with the new Siglec-4 derived spacer. The new 

spacer revealed a high preferential cytokine and activation profile for clinical transfer. In 

addition, 3D BLT CAR T cell tracking was established and facilitated together with ex vivo 

LSFM and cyclic immunofluorescence tracking, ultimately excluding local IL-2 for enhanced 

CAR T cell efficacy in solid tumors, such as PDAC. But to make CAR T cell therapy a valid 

option for PDAC patients, major adjustments are required. One central point is the modification 

of the TME to bring CAR T cells to the tumor and to sustain their anti-tumor potential in the 

immunosuppressive environment. These modifications may include adjustments of the CAR 

itself e.g. to ensure an early differentiation state for a sufficient cytotoxic potential. TME-

modifying options, such as supporting cytokines, enhanced metabolic capacities or ECM-

degrading enzymes, can be applied additionally to the CAR T cell therapy or as part of the CAR 

itself. In vivo and ex vivo imaging strategies, as demonstrated here, are decisive tools to 

evaluate the efficacy, safety, and feasibility of the adjusted CARs and combined TME-targeting 

options on whole-body and single-cell level.       
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